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Introduction 

INTRODUCTION 
 
Each year approximately 30.000 new stroke patients are reported in the 
Netherlands.1 Due to the ageing of the population it is expected that this number 
will increase rapidly the next few decades, since stroke incidence increases 
exponentially with age.2,3 An estimated 70% of the patients who survive a stroke 
are unable to walk independently during the first three to four weeks post-
stroke.4 Clearly, regaining independent walking ability forms a major goal of all 
rehabilitation programs and is, indeed, of great significance to patients who have 
suffered a stroke.5,6 Although the reported figures vary, approximately 50-85% of 
the patients who survived a stroke will eventually regain some degree of walking 
ability.4,7 Several studies show that most of the motor recovery following stroke 
occurs within the first 3 months post-stroke and that the initially steep recovery 
curve levels at about 6 months to a year post-stroke.4 
 
Characteristics of hemiplegic gait 
The population of stroke patients is a heterogeneous group. Severity but also 
location and type of stroke determine to a large extent the symptoms and 
outcome. Hence, patients who eventually regain some form of walking ability 
may vary greatly in walking speed, spatio-temporal characteristics and kinematic 
gait patterns. Nevertheless, in a number of studies it was attempted to classify 
hemiplegic gait patterns8-12 and it appears that some specific movement patterns 
can be observed in sub-groups of patients. 
 
The average walking speed of stroke patients is lower than that of healthy 
controls but the reported values vary depending on the severity of the stroke, the 
time post-stroke and the age of the subjects.13 Compared to healthy controls, 
patient’s stride lengths are smaller and the duration of gait cycles is longer.14 
Hemiplegic stroke patients show prolonged double support phases in their gait 
cycle, especially the double support phase that precedes the swing phase of the 
hemiplegic side. It is assumed that this is caused by a prolonged duration of the 
pre-swing phase on the hemiplegic side, as a result of insufficient power and 
inappropriate initiation of hip flexor muscles.10 Furthermore, the single support 
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phase on the hemiplegic side is relatively short in relation to the duration of a 
complete cycle,10,13 a finding which is related to a decreased ability to bear weight 
on the hemiplegic side.15,16 
 
Concerning patterns in joint kinematics Olney and Richards13 concluded in their 
review that hemiplegic gait can be classified by a combination of (1) a reduced 
hip joint angle amplitude in the sagittal plane, caused by a decreased hip flexion 
at heel-strike and a decreased hip extension at toe-off, (2) a reduced knee joint 
angle amplitude caused by increased knee flexion at heel-strike and decreased 
knee flexion at toe-off and during swing and (3) increased plantar flexion of the 
ankle at heel-strike and during swing and decreased plantar flexion at toe-off. 
Abnormalities in these joint kinematics often lead to secondary compensations in 
other body segments. For example, a reduced knee flexion during swing can be 
accompanied by circumduction or upward pelvic tilt.17,18 
 
The relation between gait characteristics and functional recovery 
Functional recovery of walking ability is often quantified by employing clinical 
measures, such as the Bartel Index,19,20 the Rivermead Mobility Index21 or the 
Functional Ambulation Categories22 but also gait velocity23 or walking distance24 
are frequently used as measures for recovery. Recovery of body functions, such 
as muscle strength, can be assessed by measures such as the Fugl Meyer25 or the 
Motricity Index.26 It is clear that these measures correlate highly: when body 
functions such as muscle strength recover to normal, chances are high that 
functional recovery of walking ability will be present as well. Another means of 
recording recovery of gait after stroke is gait analysis in which the specific 
characteristics of hemiplegic gait patterns can be analysed. Again, patients whose 
gait patterns recover towards a normal gait pattern will most likely show 
functional recovery. For example, patients who show a higher degree of 
symmetry in their gait, generally walk faster than those who show an 
asymmetrical gait pattern.27,28 
 
These high correlations between functional recovery and recovery of body 
functions and gait patterns, however, do not necessarily mean that the recovery 
of body functions or gait patterns towards a normal value are always a 
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requirement for functional recovery. In some patients the impaired body functions 
may lead to gait patterns that reflect compensations, which may be energy 
inefficient in a normal gait pattern and are therefore considered pathological. In a 
stroke patient, however, structural changes have taken place in the central 
nervous system and the changed motor patterns may reflect adaptations that are 
optimal for the altered state of the system. The relation between the recovery of 
gait patterns and functional recovery of walking ability might therefore be less 
straightforward as one may initially think. The observed spatio-temporal and 
kinematic changes, described above, may in fact be compensatory patterns that 
facilitate functional recovery of walking ability. 
 
Unilateral spatial neglect and walking 
In many studies it is shown that the presence of unilateral spatial neglect is 
associated with poor outcome after stroke and impedes functional recovery.29-33 
Patients with neglect perform at a lower level than patients without neglect on 
both cognitive and sensory-motor measures, show poorer recovery of motor 
function and are more impaired in activities of daily living.34,35 Although 
extensive research is available on the relation between neglect and motor 
performance concerning the upper extremities,36-38 little is known on how neglect 
influences motor performance with regards to the lower extremities and in 
particular walking. There is of course a strong indirect relation between the 
presence of neglect and impaired motor ability, caused by the severity of the 
stroke: the more severe and extensive the lesion, the more impaired motor ability 
and the more persistent and severe neglect will be. However, there are stroke 
patients who are able to walk and suffer from neglect and clinicians report 
specific movement patterns in these patients during walking. They tend to drift 
towards the not neglected side and bump into objects, like doorposts, on the 
neglected side. This seems to be contradictory, because in order to bump into an 
object on the neglected side, a patient would need to drift towards the neglected 
side. 
 
Some of the walking behaviour in neglect patients may be explained by a model 
proposed by Karnath and by recent work on prism adaptation treatment of 
neglect. Karnath et al.39 argued that the process of converting the sensory input 
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coordinates from the periphery into an egocentric, body-centred coordinate 
system is disturbed in neglect patients. The disturbed coordinate conversion 
introduces a systematic error, which results in a deviation of the spatial reference 
frame towards the ipsilesional side. They argue that neglect patients will 
systematically displace their subjective orientation of the sagittal midplane, i.e. 
their ‘subjective straight ahead’, to the ipsilesional side. Karnath et al.40 confirmed 
this hypothesis in a laser-pointing task performed by neglect patients. Patients 
were asked to point a laser to the position, which they felt to lie exactly ‘straight 
ahead’. Patients positioned the laser approximately 15° to the ipsilesional side of 
their objective body orientation. Karnath's model is further supported by the 
results of prism adaptation studies.41,42 These studies show that neglect patients 
may benefit from prism adaptation treatment; a treatment which is specifically 
aimed at shifting the subjective body midline (back) to the contralesional side. 
 
How may this theory refer to walking? When walking straight ahead, but not 
specifically towards a target, healthy subjects will walk toward what they feel as 
‘straight ahead’. This would cause neglect patients to drift towards their 
ipsilesional side, since their subjective ‘straight ahead’ is displaced to this side. 
However, when explicitly walking towards a target, such as a doorway, patients 
will need to maintain their heading by aligning their subjective body midline 
with the target. This means that neglect patients need to rotate their objective 
body position to the contralesional side, to adjust for the ipsilesional 
displacement of their subjective body midline, which will cause a heading error 
to the contralesional side. Similar heading errors can be induces by means of 
prism glasses. It was shown that when subjects walk towards a target wearing 
prism glasses, their walking trajectory will describe a curvilinear path deviating 
to the side of the heading error. In other words, the heading error to the 
contralesional side in neglect patients will cause them to walk towards the target 
describing a walking trajectory, which is curved towards the contralesional side. 
This may explain the reports of clinicians that when neglect patients walk 
through a doorway they frequently bump into the door post on their neglected 
side. 
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AIM AND OUTLINE OF THE THESIS 
 
The studies presented in this thesis were performed as part of a national 
program, which main goal was to gain more insight into the mechanisms that are 
involved in the recovery of gait after stroke and to what extent these mechanisms 
may be influenced. These insights are a necessary prerequisite for developing 
rehabilitation programs based on firm scientific principles, a basis lacking in most 
existing programs. This thesis will focus on the recovery of kinematic and spatio-
temporal gait characteristics and their relation with functional recovery of 
walking ability after stroke. Furthermore, the specific effect of neglect on the 
walking trajectory of stroke patients will be investigated. In the thesis it will be 
attempted to answer the following questions regarding the gait of stroke patient. 
 
• Is recovery of joint kinematics towards a normal pattern a requirement for 

functional recovery of walking ability? 
• Is symmetry of gait a requirement for functional recovery of walking ability? 
• Can compensatory gait patterns be detected, and if so, do they facilitate 

functional recovery of walking? 
• If compensatory gait patterns develop in time, can it be predicted in an early 

stage which patients develop these patterns? 
• What is the effect of neglect on the walking trajectory of stroke patients? 
 
To be able to quantify asymmetries in gait while subjects walk on the floor, 
instead of on a treadmill, it was necessary to develop a device that records the 
positions of the feet. From these positions spatial parameters such as step- and 
stride length and temporal parameters such as toe-off and heel-strike can be 
calculated. The design and validation of this device is presented in chapter 2 of 
this thesis. Chapter 3 and 4 show the results of a cohort study in which the 
recovery of joint kinematics and spatio-temporal characteristics in stroke patients 
is investigated during a period of 48 weeks post-stroke and related to the 
functional recovery of walking ability. 
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It is known that primary sensory systems such as proprioception and the 
vestibular system deteriorate with age. Since stroke patients are generally older 
people it is important to investigate to what extent the deteriorated 
proprioceptive and vestibular systems may contribute to errors in heading 
control, before the effect of neglect on heading is evaluated. Therefore, in chapter 
5 the effect of ageing on the ability to maintain heading while prism glasses 
induce a heading error during walking is investigated and data are presented on 
how well older people are able to adapt to this visual distortion in comparison to 
younger subjects. Chapter 6 addresses the effect neglect has on the walking 
trajectory in stroke patients and why heading control may differ between 
different neglect patients. 
 
A concluding discussion is presented in chapter 7. An attempt is made to answer 
the questions raised above. Clinical implications and possible implementations 
are discussed, and suggestions are made for future research. 
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ABSTRACT 
 
The duration of stance and swing phase and step and stride length are important 
parameters in human gait. In this chapter a low-cost ultrasonic motion analysis 
system is described that is capable of measuring these temporal and spatial 
parameters while subjects walk on the floor. By using the propagation delay of 
ultrasound when transmitted in air, this system is able to record the position of 
the subjects’ feet. A small ultrasonic receiver is attached to both shoes of the 
subject while a transmitter is placed stationary on the floor. Four healthy subjects 
were included to test and validate the device. Subtracting positions of the foot 
with zero velocity yielded step and stride length. The duration of stance and 
swing phase was calculated from heel-strike and toe-off. Comparison with data 
obtained from foot contact switches showed that applying two relative thresholds 
to the speed graph of the foot could reliably generate heel-strike and toe-off. 
Although the device was validated on healthy subjects in this study, it promises 
to be extremely valuable in examining pathological gait. When gait is 
asymmetrical, walking speed is not constant or when patients do not completely 
lift their feet, most existing devices will fail to correctly assess the proper gait 
parameters. Our device does not have this shortcoming and it will accurately 
reveal asymmetries and variations in the patient’s gait. As an example, the 
recording of a left hemiplegic patient is presented in the discussion. 
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INTRODUCTION 
 
In human gait a complete stride cycle can be divided into a stance phase and a 
swing phase. Within these phases two other periods can be distinguished, the 
double support and the single support phase. Closely linked to these temporal 
parameters are the spatial parameters step length and cycle length (stride 
length).1,2 These important kinematic parameters of the human gait can be 
determined by measuring the position of the feet during walking. By relating 
these positions to time, both spatial and temporal parameters can be determined. 
 
Several methods have been presented to determine the length and duration of 
these phases.3-7 However, problems arise when both the spatial and temporal 
parameters have to be recorded in subjects with a pathological gait pattern. If 
patients do not completely lift their feet, techniques using electrical contacts or 
foot switches do not work properly. Techniques using cameras and markers are 
restricted in their range of view. Furthermore, these methods are very expensive 
and the data analysis is complex. 
 
The aim of this study was to develop an ultrasonic motion analysis system that is 
capable of measuring temporal and spatial gait parameters. The range in which 
this device can be used should be in accordance with the dimensions of a 
common gait lab so that subjects can walk on the floor. 
 
 
METHODS 
 
Ultrasonic distance measurement 
In order to separately assess both step length and duration, the actual position of 
the feet during walking has to be recorded. For this an ultrasonic device is used. 
The device consists of two transmitters, one on either side of the gait lab, and two 
receivers, one on each foot. Only one transmitter is used at a time, depending on 
the direction of walking. The transmitter sends out a burst of ultrasound and the 

15 



Chapter 2 

delay it takes for this burst to reach the receiver is recorded. From this delay the 
distance between the transmitter and the receiver can be calculated from: 
 

svtd ⋅=            (1) 
 
In this d is the distance in meters, t is the propagation delay in seconds and vs is 
the velocity of sound waves in air.  
 
Sound velocity can be approximated by: 
 

cs Tv 6.05.331 +=           (2) 
 
where Tc is air temperature in degrees centigrade. 
 
Figure 1 represents a block diagram of the ultrasonic device. The ultrasonic burst 
consists of 8 pulses with a frequency of 40 kHz. In order to avoid ambiguous 
measurements, it is necessary to wait with transmission of another ultrasonic 
burst until the previous one has been received. The device is set to transmit 
bursts every 25 ms, making the maximum distance about 8.6 meters. The 
propagation delays for both receivers are measured using a 12-bit counter that 
reaches full range in 25 ms, resulting in a theoretical resolution of 2.1 mm (8.6 m 
/ 212). The 12-bit counter starts counting the moment a burst is transmitted. Its 
output is stored and immediately converted to an analogue output signal when 
the transmitted burst is received by an ultrasonic receiver. This asynchronous 
D/A conversion eliminates time lag errors that would occur if D/A conversion 
had been triggered synchronously by the burst generator. The input signal 
processor eliminates most noise from the input signal by low pass filtering and 
testing if the signal consists of a minimum of 8 pulses. Furthermore, it disables 
the input after a valid signal is received for the remaining part of the 25 ms 
period. 
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Figure 1. Block diagram of the ultrasonic gait analysis system. 
 
 
 
Subjects 
Four healthy subjects, two males and two females, were used to test the device. 
Ages of the subjects were 22, 27, 30, and 49. The subjects were informed about the 
procedures of the experiment and approved to these. 
 
Procedure 
Subjects wore regular shoes without high heels. The ultrasonic receivers were 
attached on top of the shoes pointing forward, using textile adhesive tape. The 
receivers were connected to a small terminal box the subjects wore on a belt. 
From this terminal box a cable led back to the transmitter. To be able to validate 
the temporal parameters, electrical foot contact switches were used. These 
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switches consisted of two pieces of conductive adhesive tape, attached to the 
front and the back of the sole of each shoe, in combination with an aluminium 
walkway. By applying a low voltage to the walkway, contact with the conductive 
tape could be detected and the moment of heel-strike and toe-off recorded. Each 
subject walked six times way and forth: twice at comfortable speed, twice at high 
speed and twice at low speed. 
 
Data processing 
Data were recorded using a 200 Hz sampling frequency. Despite the thorough 
noise reduction by the input signal processor some artefacts still occurred, 
probably due to temporary occlusion of a receiver. However, detecting steep 
changes in the output signal and interpolating the signal at these points could 
easily remove these few artefacts. The signal was smoothed using a second order 
zero-phase forward and reverse digital Butterworth lowpass filter with a 20 Hz 
cut-off frequency. To calibrate the device, data was recorded for each receiver at 7 
static points (1, 2, 3, 4, 5, 6, 7 meters). By means of a linear regression this resulted 
in two scaling equations (one for each receiver) for converting the signal from 
voltage to meters. 
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RESULTS 
 
Figure 2 shows the processed data in the normal speed walking condition for one 
subject (male, 30 yr). It is seen that step and stride length can easily be 
determined by subtracting positions of the foot with zero velocity.  
 
 
 
 

 
Figure 2. Position of feet of a typical subject walking at normal speed. Step and stride length can be 
determined by subtracting the positions of the foot with zero velocity. 
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In Figure 3 both position and speed of one step are presented. The speed of the 
foot was calculated by differentiating the position graph, after which a second 
order zero-phase forward and reverse digital Butterworth lowpass filter with a 5 
Hz cut-off frequency was applied. 
 
 
 
 

 
Figure 3. Toe-off and heel-strike can be calculated by differentiating the position graph and applying two 
different thresholds. When the speed of the foot raises above the level of 30% of Vmax (the maximum 
velocity the foot reaches within a step), toe-off occurs. Heel-strike occurs when the velocity drops below 
35% of Vmax. 
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By comparing the speed graph to the data recorded by the foot contact switches 
in the three speed conditions and for all subjects, it appeared that in all conditions 
and for all subjects toe-off and heel-strike could be calculated from the speed 
graph by applying two thresholds. These thresholds were relative to the 
maximum speed of the foot within one step, Vmax. For toe-off the threshold was at 
30% of Vmax (sd: 0.029) and for heel-strike is was at 35% of Vmax (sd: 0.054). 
 
The values of toe-off and heel-strike calculated by applying these thresholds  
were compared to the data recorded by the foot contact switches. The difference 
between these measurements was considered an error and the average (rms) and 
maximum errors for all subjects are presented in Table 1. 
 
 
Table 1. Average and maximum error in toe-off and heel-strike when comparing the ultrasonic device 
with foot contact switches. The average error is calculated as an rms. The reported speeds for each 
condition is the average speed of all subjects. 

condition Toe-off Heel-strike 
 avg error (ms) max error (ms) avg error (ms) max error (ms) 
slow (0.85 m/s) 21.9 60 31.4 55 
normal (1.35 m/s) 10.8 25 12.4 35 
fast (1.91 m/s) 8.88 25 12.0 25 

 
 
 
DISCUSSION 
 
The ultrasonic device presented in this study is capable of reliably measuring 
temporal and spatial parameters in gait. Step and stride length can be determined 
by subtracting positions of the foot at positions with zero velocity. Duration of 
stance and swing phase can be determined by calculating heel-strike and toe-off 
and duration of double support phase by combining heel-strike and toe-off from 
both feet. The errors observed in heel-strike and toe-off, as reported in Table 1 of 
the results, are random errors and are mostly due to the repetition rate of the 
ultrasonic device (40 Hz; 25 ms). Furthermore, this error results from the 
comparison of the ultrasonic measurements with data obtained from foot contact 
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switches. Obviously, these foot contact switches will introduce an error of their 
own, thus the actual errors of the ultrasonic measurements are smaller than those 
reported. 
 
Compared to the method by Peham et al.,6 using high-speed video recordings to 
determine the stance phase in horses’ gait, the reported error in toe-off and heel-
strike appears to be rather large. However, this is mainly due to the fact that they 
analyze horses’ gait. The transitions between stance and swing in these gait 
patterns are steeper as they are in gait patterns of humans (as can be seen in 
Figure 3 in their article), making the detection of these moments more reliable for 
horses’ gait. The higher sample rate applied by Peham et al. (240 Hz compared to 
40 Hz in our device) will also increase their reliability. A disadvantage of the use 
of cameras for the determination of gait parameters is the rather limited range. 
Common camera based gait analysis systems are usually limited to a maximum 
range of about 3 meters. Our device has a maximum range of about 8 meters 
which makes it possible to perform gait analysis on the floor rather than being 
limited to treadmill analysis. Further disadvantages of a camera based system, 
compared to our device, are its rather complicated usage and data analysis and 
the high costs of the system. However, our device is of course more limited in the 
parameters it can measure when compared to a camera-based system. 
 
A system which is also capable of measuring both spatial and temporal 
parameters in gait is the GAITRiteTM system.5 This system uses a 3.7 meter long 
walkway with a grid of embedded pressure-sensitive sensors. The length of this 
walkway can be doubled by using two walkways. By detecting when a foot 
makes contact with the floor, this system is capable of measuring the exact 
moments like heel-strike and toe-off. Since our device infers these moments from 
the speed of the foot, it is to be expected that the GAITRite system will be more 
reliable in measuring these parameters. However, the maximum sample rate of 
the GAITRite system is 80 Hz, which will limit its superiority. As for the spatial 
parameters, the GAITRite system has a resolution of 1.27 cm compared to 2.1 mm 
for our device, making our device superior for this parameter. 
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Most existing low-cost devices, like foot contact switches, infer step and stride 
length from the step and stride time, assuming a constant walking speed. When 
gait is asymmetrical or when walking speed is not constant this will result in 
incorrect measurements. Since our ultrasonic device records the actual position of 
the feet these errors will not occur; on the contrary, it will accurately display the 
asymmetry. 
 
The data reported in this study are based on healthy subjects. However, this 
device promises to be extremely valuable in examining pathological gait since 
our device can accurately display asymmetries in gait patterns. An example is 
shown in Figure 4, the recording of a left hemiplegic patient.  
 
 
 
 

 
Figure 4. Gait analysis of left hemiplegic patient. A lag of the right, non-paretic leg can be observed and 
an asymmetry in both swing and stance phase. 
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It clearly demonstrates that the non-paretic leg is lagging behind in position: 
when a step is made with the non-paretic leg, the foot does not pass the 
supporting foot (of the paretic side) but is placed next to it. It further shows 
asymmetries in both swing and stance phase: a prolonged double support phase 
preceding the swing phase of the non paretic leg and a relatively short single 
support phase of the paretic leg. These data are consistent with reported data of 
similar patients.8,9 
 
Although this device was originally designed for measuring gait while subjects 
walk on the floor it can also be used perfectly well in combination with a 
treadmill. Its unique measurement possibilities and the ease of use both in 
application to the subjects and in analysis of the data may make this ultrasonic 
motion analysis system a valuable addition to the gait lab. 
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ABSTRACT 
 
The objective of the present study was to gain insight into the relation between 
changes in gait patterns over time and functional recovery of walking ability in 
stroke patients. Thirteen stroke patients, admitted or awaiting admission for 
inpatient rehabilitation three weeks post stroke, and 16 healthy control subjects 
were included in the study. At 3, 6, 12, 24, and 48 weeks post stroke functional 
recovery of walking ability was assessed with the Rivermead Mobility Index 
(RMI) and the Functional Ambulation Categories (FAC). When possible, 
kinematics of the knee, hip and pelvis were assessed through gait analysis in an 
8x4m gait lab. Minimal scores of 8 on the RMI and 4 on the FAC were necessary 
before patients were classified as functionally recovered. The results showed that 
patients, whose joint kinematics during ambulation had recovered to within the 
range of the control group, all showed functional recovery of walking ability. 
However, some patients whose kinematics had developed towards an abnormal 
pattern also showed functional recovery. We conclude that the recovery of joint 
kinematics towards a normal pattern is not a requirement for functional recovery 
of walking ability. Early recognition of compensatory walking patterns that 
facilitate functional recovery may have implications for rehabilitation programs. 
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INTRODUCTION 
 
Regaining walking ability is of great importance to stroke patients and is a major 
goal in all rehabilitation programs.1,2 Although the reported figures vary, 
approximately 50-80% of patients who survive a stroke will eventually regain 
some degree of walking ability.3 Several studies have shown that most of the 
motor recovery occurs within the first 3 months post-stroke, and that the initially 
steep recovery curve levels at about 6 months to a year post-stroke.3-7 
 
Recovery of walking ability is often quantified with clinical measures, such as the 
Rivermead Mobility Index8 (RMI) or the Functional Ambulation Categories9 
(FAC), but gait velocity is also often used as a measure of recovery.10 Another 
way to record recovery of gait after stroke is through gait analysis, in which the 
specific characteristics of hemiplegic gait patterns can be analyzed. Several 
studies have been performed in which classifications of different types of 
hemiplegic gait patterns in stroke patients were suggested.11-14 However, much is 
still unknown about the relation between the changes in gait patterns over time 
and functional recovery of walking ability in stroke patients. The aim of this 
study, therefore, was to gain more insight into this relation. The study addressed 
the changes that take place in joint kinematics in the first year post-stroke and 
how they relate to the recovery of functional walking ability. 
 
Though gait patterns between stroke patients may vary greatly, some specific 
movement patterns can be observed in sub-groups of patients, and a number of 
studies have attempted to classify these hemiplegic gait patterns. In their review 
Olney and Richards12 concluded that, concerning patterns in joint kinematics, 
hemiplegic gait can be classified by a combination of: (1) a reduced hip joint angle 
amplitude in the sagittal plane, caused by a decreased hip flexion at heel-strike 
and a decreased hip extension at toe-off; (2) a reduced knee joint angle amplitude 
caused by increased knee flexion at heel-strike and decreased knee flexion at toe-
off and during swing; and (3) increased plantar flexion of the ankle at heel-strike 
and during swing and decreased plantar flexion at toe-off. Abnormalities in these 
joint kinematics often lead to secondary compensations in other body segments. 
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For example, reduced knee flexion during swing can be accompanied by 
circumduction, vaulting, or upward pelvic tilt.15,16 These secondary 
compensations may be energy inefficient in a normal healthy gait pattern. In a 
stroke patient, however, structural changes have taken place in the central 
nervous system so that the changed motor patterns may reflect adaptations that 
are optimal for the altered state of the system. The relation between the recovery 
of joint kinematics and functional recovery of walking ability might therefore be 
not as straightforward as one might think, and the observed kinematic changes 
towards a compensatory pattern that differs from the normal pattern might even 
facilitate functional recovery of walking ability. 
 
In the present study recovery of knee and hip joint kinematics in stroke patients 
were recorded and compared with functional recovery of walking ability as 
measured with the FAC and the RMI. Furthermore, pelvic rotation in the sagittal 
plane was recorded because it was expected that pelvic rotation might be used to 
compensate for a reduced hip joint angle amplitude in the sagittal plane. 
 
 
METHODS 
 
Subjects 
The present study was part of a larger study in which the effects on gait of hemi-
neglect in right hemisphere stroke patients was researched. The patients in the 
present study formed a control group in the larger study and was comprised, 
therefore, only of right hemisphere stroke patients. Patients were included by 
screening all stroke patients at the neurological wards of two local hospitals and 
if they met the inclusion criteria they were asked to participate in the study. 
Patients had to (1) be within 20 to 80 years of age; (2) have suffered a first time, 
single right hemisphere cerebrovascular accident; (3) have no severe cognitive 
disorders that would have interfered with the study’s purpose; (4) have no other 
pre-morbid disorders that would have affected the study’s results; and (5) have 
been admitted for inpatient rehabilitation three weeks post stroke. 
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Over a period of 20 months, 15 patients were included. Two patients dropped 
out: one patient suffered a second stroke one month after the first stroke and one 
patient never attained any walking ability within 48 weeks post stroke. The 
remaining 13 patients included 7 men and 6 women. Average age ± standard 
deviation (SD) was 59.4±12.7 years (range, 35-79y). For comparison purposes 16 
healthy control subjects (8 men, 8 women) volunteered. Average age of the 
control group was 61.3±11.1 years (range, 33-77y). None of the control subjects 
had a history of motor disability, vestibular disorder, or neurological damage 
that would have interfered with the aims of the present study. The study was 
approved by the hospital’s ethics committee and an informed consent was 
obtained from each participant. 
 
Procedure and materials 
At 3, 6, 12, 24, and 48 weeks post stroke (T1 up to T5) patients’ motor function 
and, if possible, gait characteristics were assessed. Motor function was assessed 
with the RMI and the FAC. Gait analysis, however, did not begin until a patient 
was able to walk several meters independently. The use of an assistive device 
was allowed. Gait analysis was conducted while patients walked at a self-
selected, comfortable speed across the floor of an 8x4m gait laboratory. Patients 
were asked to walk from one side to the other side of the lab and back, resulting 
in two walking cycles. In the control group, gait characteristics were assessed 
once. 
 
Knee angle was measured with Penny & Giles goniometers. Piezoelectric 
gyroscopes were used to record angular velocity in the sagittal plane of the thigh 
and pelvis. Temporal parameters, used for normalizing kinematic data (heel-
strike, toe-off, mid-stance, mid-swing), were recorded by means of an ultrasonic 
motion analysis system.17 Data were sampled at 200 Hz and further processed on 
a personal computer using Matlab, version 5.3. 
 
Data analysis 
Kinematics were calculated for each stride of both walking cycles and then 
averaged. The first and last strides of each cycle were omitted from analysis. 
Maximum knee flexion during swing can be used to quantify abnormalities in 
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knee flexion patterns.15,18 However, typical of a stiff-knee pattern, which often 
occurs in a hemiplegic gait, is the decrease in flexion amplitude, while a constant 
flexion during the full stride cycle may still be present. Therefore, we introduced 
the difference between knee flexion at mid-swing and mid-stance (Dknee) to 
quantify abnormalities in knee flexion patterns. It was expected that Dknee 
would be especially sensitive for revealing a stiff-knee pattern. Thigh and pelvis 
angle were obtained by integrating the angular velocity signals from the 
piezoelectric gyroscopes. An integration procedure always introduces an 
unknown constant in the output signal. As a result, the absolute values of the 
thigh and pelvis angle are arbitrary, but the shape and amplitude of the 
calculated signals are valid. Reduced hip flexion and extension can be 
compensated by sagittal rotation of the pelvis. To quantify this compensatory 
pelvis rotation, we calculated the difference between pelvis angle in the sagittal 
plane at heel-strike of the hemiplegic side and heel-strike of the non hemiplegic 
side (Dpelvis). In a symmetric gait pattern, the value of Dpelvis should be about 
zero, since the pelvis angle in the sagittal plane at heel-strike left equals the angle 
at heel-strike right.  
 
The FAC and RMI were used to classify whether a patient’s gait had functionally 
recovered. Minimum scores of 4 on the FAC and 8 on the RMI were required for 
a patient to be classified as functionally recovered. 
 
Statistical analysis 
To determine whether the patients group scores on the FAC and RMI improved 
in time a repeated measures analysis of variance (ANOVA) with one within-
subjects factor [measurement] with 5 levels [T1 to T5] was performed. If justified, 
post hoc median tests on Dknee, Dpelvis and hip rotation amplitude in the 
sagittal plane (Ahip) were performed between patients (sub-) groups and the 
control group. A reduced knee flexion would result in a decreased Dknee and a 
reduced hip flexion and extension in a decreased Ahip. Therefore, Dknee and 
Ahip were tested single sided, knowing that in a hemiplegic gait pattern these 
variables will be lower than normal. 
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RESULTS 
 
Table 1 shows mean, standard deviation and minimum and maximum values of 
the comfortable walking speed (Speed) for the control group. Furthermore, the 
difference between knee flexion during mid-swing and mid-stance (Dknee) and 
hip rotation amplitude in sagittal plane (Ahip) are shown, as is the difference 
between pelvis angle in the sagittal plane at heel-strike left and heel-strike right 
(Dpelvis). 
 
 
Table 1. Healthy control subjects. 

Variable mean sd min. max. 
Speed (m/s) 1.24 0.095 1.08 1.42 
Dknee (°) 38.0 2.13 33.2 44.6 
Ahip (°) 46.5 3.86 40.3 53.7 
Dpelvis (°) 0.1 1.46 -2.7 3.0 

 
 
The mean comfortable walking speed of the patients group at T5 was 0.81±0.43 
m/s. Five patients used a walking cane and two patients required the use of an 
ankle-foot orthoses during the experiment. Seven patients did not need an 
assistive device while walking. 
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RMI and FAC scores 
Figure 1 shows the mean group scores on both the RMI and the FAC for each 
measurement. Both tests showed a significant main linear effect for measurement 
[FRMI(1,12)=34.4, P<0.001; FFAC(1,12)=29.3, P<0.001]. 
 
 
 
 

 

Figure 1. Mean group score on Rivermead Mobility Index and Functional Ambulation Categories for 
each measurement. 
 
 
 
Dknee 
Dknee is presented for each patient and for each measurement in Figure 2. Visual 
assessment of the hemiplegic side of Figure 2 clearly reveals two subgroups. In a 
subgroup of seven patients in the upper part of the figure, Dknee recovered to 
values at T5 close to the control group. In a subgroup of six patients in the lower 
part of the figure, Dknee was low and did not recover. A median test at T5 
showed a significant difference between the subgroups (P=0.010; single sided). 
Furthermore, median tests showed that the subgroup in which Dknee recovered 
did not significantly differ from the control group (P=0.097; single sided), while 
the subgroup that did not recover did significantly differ from the control group 
(P=0.018; single sided). 
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Figure 2. Dknee, the difference between knee flexion during mid-swing and mid-stance, presented for 
each patient and each measurement. Solid lines represent patients whose gait had functionally recovered 
at T5 according to the FAC (score≥ 4) and RMI (score ≥ 8). Non-solid lines represent patients whose gait 
had not functionally recovered at T5: dashed lines = FAC < 4, RMI ≥ 8; dash-dotted lines = FAC < 4, 
RMI < 8. The dotted, straight horizontal lines represent the mean, minimum and maximum Dknee value 
of the control group. 
 
 
 
Figure 3 shows the mean knee angle profiles for each patient. Based on both the 
joint angle profiles and the value of Dknee in Figure 2, the gait of patients in 
which Dknee had not recovered at T5 can all be classified as a stiff-knee gait at T5. 
 
Dpelvis 
Dpelvis is presented for each patient and for each measurement in Figure 4. 
Visual assessment of Dpelvis did not reveal different subgroups at T5 as clearly as 
it did with Dknee in Figure 2. Therefore, patients with a Dpelvis within the range 
of the control group were classified as subjects with a recovered Dpelvis and 
patients with a Dpelvis outside the range of the control group were classified as 
subjects with a Dpelvis that had not recovered. 
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Figure 3. Mean knee angle profiles for each patient at T1, or first possible measurement, and T5. Both 
hemiplegic side (HS) and non hemiplegic side (NHS) are presented. The upper part of the figure shows 
the profiles of patients whose Dknee had recovered at T5; the lower part of the figure shows the profiles of 
patients whose Dknee had not recovered at T5. Knee angle profiles at T5 of patients whose Dknee had 
recovered closely resembled profiles of healthy controls. Legend: see Figure 2. Abbreviations: Ext, 
extension; Flex, flexion. 
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Figure 4. Dpelvis, the difference between the sagittal pelvis angle at heel-strike of the hemiplegic side and 
heel-strike of the non hemiplegic side, presented for each patient and each measurement. Legend: see 
Figure 2. The dotted, straight horizontal lines represent the mean, minimum and maximum Dpelvis 
value of the control group. 
 
 
 
Figure 5 shows the mean hip and pelvis angle profile in the sagittal plane for each 
patient. Median tests showed a reduced hip angle amplitude (Ahip) on the 
hemiplegic side in patients whose Dpelvis had not recovered when compared 
with patients whose Dpelvis had recovered (P=0.015; single sided), and 
compared to healthy controls (P=0.035; single sided). Patients whose Dpelvis had 
recovered did not significantly differ from controls (P=0.318; single sided). The 
pelvis angle in Figure 5 clearly shows that the large negative values of Dpelvis at 
T5 in Figure 4 reflect a pendulum pelvis movement: the lower part of the pelvis is 
rotated forward at heel-strike of the hemiplegic side and it is rotated backward at 
heel-strike of the non hemiplegic side. 
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Figure 5. Mean hip and pelvis angle profile in the sagittal plane for each patient at T1, or first possible 
measurement, and T5. Both hemiplegic side (HS) and non hemiplegic side (NHS) of hip angle are 
presented. Positive values for pelvis angle denote rotation of the upper part of the pelvis forward (UF); 
negative values denote rotation of the lower part forward (DF). Pelvis rotation is normalized according 
to a cycle of the hemiplegic side (heel-strike HS to heel-strike HS). The upper part of the figure shows the 
profiles of patients whose Dpelvis had recovered at T5, the lower part of the figure shows the profiles of 
patients whose Dpelvis had not recovered at T5. Hip and pelvis angle profiles at T5 of patients whose 
Dpelvis had recovered closely resembled profiles of healthy controls. Legend: see Figure 2. 

38 



Functional recovery of gait and joint kinematics 

DISCUSSION 
 
Maximum knee flexion during swing is often used to quantify abnormalities in 
knee flexion patterns15,18 so that a spastic paretic stiff-legged gait is defined as 
reduced knee flexion during swing.19,20 However, typical of a stiff-knee pattern is 
the decrease in flexion amplitude, while a constant flexion during the full stride 
cycle may still be present. The lower part of Figure 3 shows that, for some 
patients, maximum knee flexion during swing of the hemiplegic side reached 
values close to values in a healthy gait pattern, while at the same time the 
amplitude of the signal was far from normal. Therefore, maximum knee flexion 
during swing is not suitable for revealing a stiff-knee pattern. In the present 
study the difference between knee flexion at mid-swing and mid-stance (Dknee) 
was used to quantify a stiff-knee gait. It appears that this parameter is quite 
sensitive for detecting a stiff-knee gait. Since no EMG recordings were made, the 
stiff-knee gait patterns cannot be classified with full certainty as spastic paretic 
stiff-legged gait, but it is likely that Dknee is more sensitive in detecting a spastic 
paretic stiff-legged gait than the maximum knee flexion during swing. 
 
From Figures 2 and 3 it can be concluded that when no stiff-knee gait is present 
after stroke, patients’ gait will also functionally recover. Absence of a stiff-knee 
gait is not, however, a requirement for functional recovery since three patients 
with a stiff-knee gait also showed functional recovery. The question arises 
whether a stiff knee may be functional or, to go even further, would these three 
patients have recovered walking in a functional sense when no stiff knee had 
developed? Several mechanisms have been proposed as a cause of stiff-knee gait. 
Spasticity of mainly the quadriceps was long considered to be the sole cause of 
stiff-knee gait. But recent work has indicated hip flexor weakness or poor ankle 
mechanisms are possible causes also.18,21,22 When a stiff-knee gait in a stroke 
patient is mainly caused by spasms, it could be the consequence of a lack of 
inhibition from higher cortical areas on spinal structures. However, we argue 
here that a stiff knee may emerge also as a result of a compensatory strategy due 
to cortical lesions having destroyed the smooth exploitation of motor programs 
required for normal gait. In order to optimize the output, the brain constructs a 
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second best option in that a novel motor strategy (program) develops that enables 
the patient to support his weight during single support on the hemiplegic side 
and regain functional walking ability. This principle of output optimization on 
the basis of a novel strategy is an emergent characteristic of the neural system 
that has clear survival value.23,24 Nevertheless, why did three stiff-knee gait 
patients show functional recovery while three others did not? Part of the answer 
to this question may be found in radiological or clinical differences between 
subjects, e.g. the more severe the stroke, the less chance of functional recovery. 
These variables were not included in the experimental design as independent 
variables, however, and were therefore insufficiently recorded to be part of a post 
hoc analysis. Location and type of stroke did not, however, appear to differ 
between these patients and neither did the use of an assistive device during 
walking. 
 
Figure 2 shows that development of a stiff-knee gait can be predicted by Dknee at 
the first possible gait analysis: if Dknee is below 10º it will not reach a normal 
value and a stiff-knee gait will develop. However, when a stiff knee can be 
functional, early recognition may be valuable for rehabilitation as in some cases it 
might be favourable to train the patient in using his stiff-legged gait rather than 
trying to change the gait towards a normal, symmetrical gait. 
 
We used the difference between pelvis angle in the sagittal plane at heel-strike of 
the hemiplegic side and heel-strike of the non hemiplegic side (Dpelvis) to 
quantify possible compensatory pelvis rotation due to a reduced hip flexion and 
extension. For healthy subjects with a normal gait pattern, Dpelvis should be 
about zero degrees, which was indeed the case. Furthermore, all patients whose 
Dpelvis recovered within the range of the controls showed hip rotation 
amplitudes (Ahip) within the normal range. Patients whose Dpelvis did not 
recover, however, showed a significantly smaller hip rotation amplitude on the 
hemiplegic side. The lower right part of Figure 5 shows that the divergent values 
of Dpelvis indicated a pendulum movement of the pelvis that compensates for 
the reduced hip rotation on the hemiplegic side: the lower part of the pelvis is 
rotated forward during flexion of the hip and backward during extension. 
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All patients whose Dpelvis recovered, and who thus had no pendulum 
movement of the pelvis and a sagittal hip rotation amplitude within the normal 
range, showed functional recovery of gait. However, four patients whose Dpelvis 
did not recover, also showed functional recovery. Therefore, the recovery of 
Dpelvis, indicating a normal pelvis rotation and a hip rotation amplitude within 
the normal range, is not a requirement for functional recovery of gait. Since the 
pendulum movement of the pelvis in these patients appears to be a compensation 
for a reduced hip rotation, it is of course not unexpected that functional recovery 
is possible. For these patients, it may even be a requirement for functional 
recovery. Again, the question arises whether, in some cases, it would not be 
favourable to train a patient to use a pendulum movement of the pelvis rather 
than trying to change their gait towards a normal, uncompensated gait. In this 
experiment the compensatory pelvis rotation could not be predicted in an early 
phase as it could with the stiff-knee gait. However, supportive training once this 
type of gait develops might still show promise. As with “stiff-legged gait 
training”, more research is needed to explore which cases might benefit from 
such a supportive training. 
 
 
CONCLUSION 
 
Recovery of joint kinematics in hemiplegic stroke patients towards a normal 
pattern is not a requirement for functional recovery of walking ability. Presence 
of a stiff-knee gait and a pendulum movement of the pelvis do not always 
impede functional recovery of walking ability. In some cases, the abnormal gait 
patterns may even be a compensatory or adaptive strategy that facilitates 
functional recovery. Early recognition of these compensatory walking patterns 
may have implications for rehabilitation programs. The question arises whether 
physical therapy for these patients should aim at changing their gait towards the 
normal pattern. It is with necessary modesty argued that a training focused on 
the use of the compensatory pattern may be indicated here. 
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ABSTRACT 
 
Achieving symmetry in gait is one of the specific goals in stroke rehabilitation. 
The purpose of the present study was to determine whether symmetry in step 
length and single support duration is a requirement for functional recovery of 
walking ability after stroke. Thirteen stroke patients, admitted for inpatient 
rehabilitation three weeks post stroke, and 16 healthy control subjects were 
included to the study. At 3, 6, 12, 24, and 48 weeks post stroke functional 
recovery of walking ability was assessed by means of the Rivermead Mobility 
Index and the Functional Ambulation Categories. Patients required a minimum 
score of 8 on the RMI and 4 on the FAC to be classified as functionally recovered. 
Step length and single support duration were assessed by means of gait analysis 
while subjects walked at a self-selected comfortable speed. Patients whose step 
length symmetry and single support duration symmetry had recovered to values 
within the range of the control group, all showed functional recovery. However, 
several patients whose gait symmetry had not recovered to normal values did 
show functional recovery of walking ability. Therefore, it is concluded that 
symmetry in step length and single support duration is not a requirement for 
functional recovery of walking ability after stroke. Gait symmetry should be 
considered a rather questionable goal in stroke rehabilitation. 
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INTRODUCTION 
 
Several studies have demonstrated that hemiparetic stroke patients often show 
an asymmetric gait pattern in contrast to healthy subjects.1-4 Both spatio-temporal 
and kinematic gait characteristics may be affected and achieving symmetry in 
these characteristics is one of the specific aims in rehabilitation approaches for 
stroke patients.5-7 
 
Much is still unknown, however, about the relation between gait symmetry and 
functional recovery of walking ability in stroke patients or how changes in gait 
symmetry across time interact with the recovery of walking ability. Certainly, the 
better and faster walkers show a higher degree of symmetry in general.8,9 Still, 
several studies show contradicting results concerning the relation between gait 
symmetry and walking ability. For example, a study of Brandstater et al. showed 
that patients with a greater degree of motor recovery walked faster and more 
symmetrically than those with less motor recovery.10 However, Hesse et al. 
concluded that although a 4-week NDT rehabilitation program improved several 
gait parameters, among which stance-duration symmetry, the functional 
performance of these patients did not improve considerably.11 
 
A possible limitation in several studies that might account for the apparent 
contradictions are the applied measures for recovery. Clinical measures like the 
Fugl Meyer12 or the Motricity Index13 are often applied to assess motor recovery 
in stroke patients. However, these assessments rather focus on body functions 
than on activities and participation. They do not take into account that patients 
are able to develop compensations, which may enable them to establish walking 
ability at the level of activities even though the recovery of body (motor-) 
functions is less profound. Walking speed is quite often used to assess motor 
recovery as well14,15 but is still rather limited in quantifying walking ability at the 
activity level. 
 
Furthermore, the research in which the relation between gait parameters and 
motor recovery is studied focuses mainly on correlations between the measured 
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variables. It would be more interesting to establish if the recovery of gait 
parameters towards normal values, which is a goal in many stroke rehabilitation 
programs, is a requirement for functional recovery of walking ability. The aim of 
this study is, therefore, to gain more insight into the relation between gait 
symmetry and functional recovery of walking ability. The study addresses the 
changes that take place in spatio-temporal kinematics during the first year post-
stroke and how they relate to the functional recovery of walking ability. 
Functional recovery of walking ability will be defined as the ability to 
independently perform common activities in daily living such as being able to 
walk outside without help. It will be quantified by means of the Rivermead 
Mobility Index (RMI)16 and the Functional Ambulation Categories (FAC).17 
 
 
METHODS 
 
Subjects 
The present study was part of a larger study in which the effects of hemi-neglect 
in right hemisphere stroke patients on gait was researched. The present group of 
patients formed a control group in this larger study and consisted therefore only 
of right hemisphere stroke patients. Patients were included by screening all 
stroke patients at the neurological wards of two local hospitals. If patients met 
the inclusion criteria they were asked to participate in the study. Patients had to 
(1) be within 20 to 80 years of age, (2) have suffered a first time single right 
hemisphere cerebrovascular accident, (3) have no severe cognitive disorders that 
might interfere with the aims of the present study, (4) have no other pre-morbid 
disorders that might interfere with the aims of the present study and (5) be 
admitted for inpatient rehabilitation three weeks post stroke. 
 
Fifteen patients were included during a period of 20 months. Two patients 
dropped out: one patient suffered a second stroke one month after the first stroke 
and one patient never reached any walking ability within the duration of the 
study. The remaining group of 13 patients consisted of 7 men and 6 women. The 
average age was 59.4 years (sd: 12.7 years, range: 35-79 years). For comparison 16 

48 



Symmetry of gait and functional recovery 

healthy control subjects (8 men, 8 women) volunteered. The average age of the 
control group was 61.3 years (sd: 11.1 years, range: 33-77 years). None of the 
control subjects had a history of motor, vestibular or neurological disorders that 
may have interfered with the aims of the present study. The study was approved 
by the hospital’s ethics committee and an informed consent was obtained from 
each subject. 
 
Procedure and materials 
At 3, 6, 12, 24 and 48 weeks post stroke (T1 up to T5) patient’s functional walking 
ability was assessed by means of the RMI and the FAC. Gait characteristics were 
assessed by means of gait analysis, however, gait analysis did not start until a 
patient was able to walk independently for several meters. The use of an assistive 
device was allowed. Gait analysis was conducted while patients walked at a self-
selected comfortable speed on the floor of an 8x4m gait lab. Patients were asked 
to walk from one side to the other side of the lab and back, resulting in two 
walking cycles. 
 
Spatial (step length) and temporal (single support duration, heel-strike, toe-off, 
mid-stance, mid-swing) parameters were recorded by means of an ultrasonic 
motion analysis system.18 Data were sampled at 200 Hz and further processed on 
a personal computer using Matlab 5.3. 
 
Data analysis and statistical analysis 
Kinematics were calculated for each separate stride of both walking cycles and 
then averaged. The first and last stride of each walking cycle were omitted from 
analysis. The average walking speed was calculated only for these analysed 
cycles. The single support difference, SSDiff = (mean single support hemiplegic 
side) - (mean single support non hemiplegic side), was used to reveal 
asymmetries in the duration of single support phases between the hemiplegic 
and non-hemiplegic side. SSDiff is about zero for a symmetrical gait pattern. It is 
negative when the single support phase on the hemiplegic side is shorter than on 
the non-hemiplegic side, which is characteristic in a hemiplegic gait. 
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A similar parameter was used to reveal asymmetries in step length: SLDiff = 
(mean step length hemiplegic side) - (mean step length non hemiplegic side). 
Again, for a symmetrical gait pattern this parameter is about zero. A longer step 
length on the hemiplegic side results in a positive value, a shorter step length on 
the hemiplegic side results in a negative value. 
 
The FAC and RMI were used to classify whether a patient’s gait had functionally 
recovered or not. A patient required a minimum 4 on the FAC (patient is able to 
walk independently outside on a flat surface, but requires assistance with stairs, 
slopes or uneven grounds) and 8 on the RMI (patient is able to walk outside on 
pavements without help; a score of 8 allows 1 item to be scored 0 preceding this 
item) to be classified as functionally recovered.  
 
To determine whether the patients group improved in time on the FAC and RMI, 
a repeated measures analysis of variance (ANOVA) with one within-subjects 
factor [measurement] with 5 levels [T1..T5] was performed. If justified, post hoc 
median tests on SSDiff and SLDiff were performed between patients (sub-) 
groups and healthy controls. 
 
 
RESULTS 
 
In Table 1 data from the control group is presented. It shows the mean, standard 
deviation, minimum and maximum of Speed, SSDiff and SLDiff. 
 
 
Table 1. Comfortable walking speed (Speed), the difference between single support duration left and 
right (SSDiff) and the difference between step length left and right (SLDiff) for 16 healthy control 
subjects. 

Variable mean sd min. max. 
Speed (m/s) 1.24 0.0954 1.08 1.42 
SSDiff (s) -0.0058 0.0078 -0.0206 0.0092 
SLDiff (cm) 0.05 2.32 -5.02 4.69 
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The mean group scores on both the RMI and the FAC are presented for each 
measurement in Figure 1. To make the scores of the two assessments comparable, 
scores were converted to a percentage of the maximum test score. Both tests 
showed a significant main linear effect for measurement [FRMI(1,12)=34.4, 
P<0.001; FFAC(1,12)=29.3, P<0.001]. 
 
 
 
 

 
Figure 1. Mean relative group score on Rivermead Mobility Index and Functional Ambulation 
Categories for each measurement. 
 
 
 
Figure 2 shows the average comfortable walking speed for each patient and for 
each measurement. The figure reveals that the walking speed at T5 of five 
patients had recovered to values close to the control group. Eight patients’ 
walking speed had not recovered to normal values, however only three of these 
patients did not show functional recovery. 
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Figure 2. Average comfortable walking speed presented for each patient and each measurement. Solid 
lines represent patients whose gait had functionally recovered at T5 according to the FAC (score ≥ 4) and 
RMI (score ≥ 8). Non-solid lines represent patients whose gait had not functionally recovered at T5: 
dashed lines = FAC < 4, RMI ≥ 8; dash-dotted line = FAC < 4, RMI < 8. The dotted, straight horizontal 
lines represent the mean, minimum and maximum comfortable speed of the control group. 
 
 
 
SSDiff is presented for each patient and each measurement in Figure 3. Visual 
assessment of Figure 3 appeared to reveal two subgroups. In a subgroup of seven 
patients in the upper part of the figure, SSDiff had recovered to values at T5 close 
to the control group. In a subgroup of six patients in the lower part of the figure 
SSDiff had not recovered. A median test at T5 showed a significant difference 
between the subgroups (P=0.003; single sided). Furthermore, median tests 
showed that the subgroup in which SSDiff had recovered did not significantly 
differ from the control group (P=0.500; single sided); the subgroup that had not 
recovered did significantly differ from the control group (P=0.006; single sided). 
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Figure 3. Single support difference (SSDiff) for each patient and each measurement. Legend: see Figure 
2. The dotted, straight horizontal lines represent the mean, minimum and maximum SSDiff of the 
control group. 
 
 
 
Figure 4 shows SLDiff for each patient and each measurement. Visual assessment 
of Figure 4 did not reveal different subgroups at T5 as clearly as it did in Figure 3. 
However, at least four cases could be identified, three with large positive SLDiff 
values and one with large negative SLDiff values, whose gait had functionally 
recovered but whose SSDiff values did not fall into the range of healthy controls. 
One patient, who had not functionally recovered at T5, showed an extreme shift 
in step length asymmetry. This patient had a large positive value of SSDiff at T3, 
which means that the step length of the hemiparetic side was larger than the non-
hemiparetic side at T3. At T5, however, SSDiff was extremely negative, indicating 
that at T5 the patterns had reversed: the step length of the non-hemiparetic side 
was larger than the step length of the paretic side. 
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Figure 4. Step length difference (SLDiff) for each patient and each measurement. Legend: see Figure 2. 
The dotted, straight horizontal lines represent the mean, minimum and maximum SLDiff of the control 
group. 
 
 
 
DISCUSSION 
 
All patients whose walking speed had recovered to values close to the speed of 
healthy controls showed functional recovery of walking ability. However, several 
patients, although their speed increased during the period of one year post 
stroke, never reached a normal walking speed but did show functional recovery 
of walking ability at one year post stroke. In other words, walking at a speed 
within the range of healthy controls was not a requirement for functional 
recovery. This finding, to some extent, argues against the use of walking speed 
alone as a measure for functional recovery. Certainly, correlations between 
walking speed and measures like the FAC and RMI will be high and a normal 
walking speed also implies that walking has functionally recovered. However, 
using merely walking speed as a measure for functional recovery will yield 
several ‘false negatives’. 
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In the present study symmetry in the single support phase implied functional 
recovery of walking ability. All patients whose SSDiff recovered to values close to 
those of the control group functionally recovered. Symmetry, however, was not a 
requirement for functional recovery, because the subgroup that had SSDiff values 
at T5 significantly lower than the control group included three patients whose 
walking ability showed functional recovery. Similar effects were present for the 
step length symmetry. If SLDiff recovered to normal values, walking ability 
recovered to a functional level. However, recovery of SLDiff to normal values 
was not a requirement for functional recovery. 
 
Symmetry is often used to measure success of treatment in stroke 
rehabilitation.2,5-7 Based on the fact that all patients in the present study showed 
functional recovery of walking ability if their step length and single support 
phase were symmetrical, this use appears to be justified at first sight. Several 
studies1,7,14 question the usage of symmetry as an outcome measure, however, 
and they argue that it is difficult to offer theoretical defence for it. Olney et al. 
wrote: ‘One would not expect a bilateral machine with motors of unequal power 
on each of its sides to produce an optimal solution by using equal outputs from 
those motors.’.1 Furthermore it is doubted whether training of gait symmetry will 
increase a patient’s walking ability and whether symmetry in gait should be a 
goal in stroke rehabilitation at all. The data in the present study support this 
point of view, because, even though all patients with a symmetrical gait pattern 
showed functional recovery, an asymmetrical gait pattern did not impede 
functional recovery. Symmetry in gait is not a requirement for functional 
recovery of walking ability. 
 
One might even raise the question whether these patients’ walking ability would 
have recovered to a functional level at all if this asymmetry had not been present. 
It is argued here that the asymmetrical gait pattern may reflect compensations or 
strategies indeed required by the patient to be able to walk. For example, when a 
paretic leg lacks the strength to fully support the body weight for the duration of 
a normal single support phase, is it not sensible to try to reduce the duration of 
this phase? In a study in which 34 gait variables in hemiparetic gait were 
examined, Griffin et al. already showed that symmetry hardly influenced gait 
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speed and that asymmetric variables were in fact more important.14 Regarding 
asymmetrical timing in foot contact, the authors argue that ‘the unequal timings 
may be a compromise between providing sufficient balance without greatly 
increasing the energy-absorbing double-support time’. 
 
If a compensatory gait pattern can facilitate functional recovery in some cases 
then this should have implications for physical therapy. For these patients 
training to use compensatory strategies may be preferred instead of trying to 
change the gait towards the normal, uncompensated gait. The changed motor 
behaviour of these patients should not be considered pathological but adaptive. 
 
From the present data it was not possible to predict at an early stage which 
patients would eventually show an asymmetrical gait pattern. Neither was it 
possible to predict from the data whether patients who showed an asymmetrical 
gait pattern and who did not functionally recover would have recovered 
functionally had they been trained to use compensatory strategies. Therefore, any 
recommendation regarding compensatory trainings based on the current 
experiment should be done with necessary modesty. For this further research that 
evaluates the effects of such training is needed. Research in which changes in 
kinematic variables are investigated that relate more to the cause of asymmetries 
in gait, such as reduced knee flexion during swing, may help in designing these 
trainings. The data in the present study do show, however, that gait symmetry is 
a rather questionable goal in stroke rehabilitation. 
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ABSTRACT 
 
Degradation of major sensory systems such as proprioception, the vestibular 
system and vision may be a factor that contributes to the decline in walking 
stability in older people. In the present study this was examined by introducing a 
visual distortion by means of prism glasses shifting subject’s view 10 degrees to 
the right while subjects walked towards a target (exposure condition). Shifting 
the view while walking towards a target will cause subjects to alter their heading 
in such a way that their walking trajectory describes a curvilinear path. It was 
expected that older people, when compared to young people, would have greater 
difficulty adjusting their heading and would show a greater decrease in heading 
stability, quantified by means of the standard deviation of the lateral position 
(SDLP). This was indeed the case. When performance in a pre- and post-exposure 
condition, in which subjects walked without prism glasses, were compared to 
each other, older people (O-group) showed a greater decrease in heading stability 
than young people (Y-group) and middle aged people (M-group). Furthermore, it 
appeared that during the exposure condition adaptation effects were present in 
the Y- and M-group, which were absent in the O-group. It is discussed that this 
adaptation is a form of realignment of the proprioceptive and visual system. The 
absence of realignment in the O-group is argued to be caused by degradation of 
the proprioceptive system, which results in a lowering of the proprioceptive bias 
of vision. 
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INTRODUCTION 
 
Falls in older people during walking often result in serious injuries. Reported 
numbers vary but approximately one third of community living people over 65 
years of age report one or more falls each year.1-3 Approximately 20 per cent of 
these falls require medical attention and almost 10 per cent result in a fracture.2,4 
Although much is still unknown about factors associated with falls and gait 
stability in older people, age related changes in sensory input may play an 
important role. 
 
Three major sensory systems can be distinguished, which provide feedback about 
the position of our body relative to the environment: proprioception, the 
vestibular system and vision. It has been well documented that these systems 
degenerate with age. Older people show a decreased sensitivity of joint receptors 
in both ankle and knee5 and the perception-threshold for vibratory stimuli 
increases with age.6 Age-related changes have been reported also for the 
vestibular system and include a decline in primary vestibular neurons and up to 
40% reduction of hair cells.7,8 Regarding the visual system, reduction of the ability 
to deduce heading from optical flow, reduction in contrast sensitivity, decreased 
depth perception, restriction of the visual field and reduced acuity are specific 
age-related changes.9-12 Although vision declines substantially with age, older 
people still rely heavily on the visual sense and some experiments report that 
older people are even more dependent on visual information for maintaining 
balance during gait than younger people.13,14 
 
To assess the effects of visual distortions on motor performance and the ability to 
adapt to these distortions, the prism adaptation paradigm is a frequently 
employed experimental procedure. Although experiments have been performed 
in which walking subjects wore prism glasses,15,16 no experiments have 
investigated the ability to adapt to these distortions during walking and, until 
now, the prism adaptation paradigm has not been applied to a gait related 
experiment. In a typical prism adaptation experiment subjects perform a motor 
task, usually throwing or pointing to a target, while wearing prism goggles.17,18 
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During the task, named the exposure condition, motor performance and visual 
input have to be adapted and realigned. By adding a pre-exposure and post-
exposure condition, in which the task is performed without prism goggles, the 
after-effect of the prism adaptation can be assessed. In these throwing or pointing 
experiments two specific adaptation mechanisms can be distinguished: strategic 
perceptual-motor control and adaptive spatial (re)alignment.19,20 
 
Strategic perceptual-motor control refers to a relatively fast working type of 
adaptation. It can be viewed as a feed forward system, based on knowledge of 
results, in which the difference between task-goal and perceived performance is 
used to adjust the (motor-) output. For example, when a subject has just started 
the exposure condition in a target-pointing task with prism goggles shifting the 
visual field to the right and he intends to point at a target perceived straight 
ahead, he will point towards a position to the right of the target. During the 
pointing movement he might adjust his movement to the left, properly pointing 
at the target, but in subsequent trials he will already initiate a movement more to 
the left. This adjustment, probably initially based on a cognitive-verbal strategy 
(“I know I deviate to the right, therefore I point more to the left”), is referred to as 
strategic perceptual-motor control. 
 
Adaptive spatial alignment is a much slower process and refers to the changes 
taking place within a sensory system to make its represented space realign with 
the represented space of another sensory system. In the previously mentioned 
example proprioceptive limb space does, at first, not align with visual limb space. 
During the pointing task, if performed under the proper circumstances, the 
proprioceptive representation of space will gradually align towards the visual 
representation of space. However, when a subject is able to fully optimise task 
performance using constant visual feedback, realignment will hardly take place.19 
In the previous example this would be the case when the complete pointing 
trajectory is visible to the subject. Concealing a part of the pointing trajectory 
would prevent constant visual feedback, facilitating realignment. Realignment 
will cause an after-effect typical for a prism adaptation task: in the mentioned 
pointing experiment, using prism goggles shifting the visual field to the right, 
subjects will point left of the target after removal of the goggles. 
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In the current experiment the prism adaptation paradigm is used for distorting 
the visual input while subjects walk. Although the paradigm does not directly 
apply to walking, it is possible that similar effects occur in a walking experiment. 
When walking towards a target while prism goggles shift the view to the right, 
subjects will reach the target but their walking trajectory will show a curve right 
of the midline.15,16 If realignment were to take place during the exposure 
condition, in time the curve would decrease and subjects would start walking 
straighter. In the post-exposure condition an after-effect would then be present 
resulting in a walking curve left of the midline. However, since there is a constant 
visual feedback during this exposure condition, it is expected that realignment 
will hardly take place. Hence, a typical prism adaptation after-effect will most 
likely be absent. 
 
Instantly after the prism goggles are removed, subjects will have to readjust their 
heading. Since this readjustment is driven by visual, proprioceptive and 
vestibular input, a decrease in the latter two may have a negative effect on it. 
Welford21,22 describes in a model, derived from the signal detection theory, that 
signals from sensory organs and signals within the central nervous system have 
to be distinguished against a background of random activity. A decrease in signal 
amplitude leads to a decrease in signal-to-noise ratio, which causes a slowing of 
performance in older people. Based on this theory, it is expected that the decrease 
in proprioceptive and vestibular output will cause the heading readjustment to 
take longer in older people, which may have a negative effect on the heading 
stability. This expectation is verified by recording subject’s walking trajectories 
before, during and directly after wearing prism goggles. Heading stability will be 
defined in terms of subject’s deviation from the optimum walking trajectory. It is 
expected that older people will show a larger decrease in heading stability than 
younger people when they have to adjust to large changes in visual input. 
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METHODS 
 
Subjects 
Thirty-six healthy subjects, divided into three age-groups, participated in the 
study: 12 young people (Y group), 12 middle aged people (M group) and 12 older 
people (O group). The age and sex distributions of these groups are presented in 
Table 1. During intake an anamnesis was taken by means of a standard 
questionnaire concerning medical history and current use of medication. 
Furthermore, a short physical examination was performed in which motor ability 
and possible vestibular disorders were assessed. No subject had a history of 
motor, vestibular or neurological disorders and all subjects had normal or 
corrected to normal vision. Subjects in the Y group were recruited from hospital 
staff and students. Subjects in both the M and O group were recruited through 
local newspaper advertisements. They all were physically active and lived 
independently. The study was approved by the hospital’s ethics committee and 
an informed consent was obtained from each subject. 
 
 
Table 1. Age distributions of male and female subjects per age-group 

 mean min max SD n 
Young 24.8 20 29 2.8 12 

male 24.2 20 29 2.9 6 
female 25.3 21 29 2.7 6 

Middle aged 59.7 50 69 7.3 12 
male 60.3 50 69 7.7 6 
female 59.0 50 68 7.6 6 

Old 76.7 70 83 4.4 12 
male 76.5 70 83 5.5 6 
female 76.8 72 82 3.5 6 

Values of age are in years 
 
 
Materials 
During the experiment subjects wore prism glasses inducing a 10° shift of the 
visual field to the right. The glasses were covered on the sides preventing subjects 
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from not looking through the glasses. The prism glasses could be worn in 
combination with glasses already worn by subjects. As a safety precaution 
subjects wore a girdle that was loosely held by the experimenter not limiting the 
subjects in their movements. The experiment was carried out in a section of 7.8 by 
4.0 metres of a larger gait lab, separated by means of curtains. The section was 
low on visual stimuli: apart from the targets the section was completely empty, 
no clearly visible details were present on the white walls or white curtains and 
the floor had a plain grey colour. The area was illuminated by 12 fluorescent 
tubes, each 36W, fitted in a 3.0 m high plain ceiling. A two-dimensional ultrasonic 
positioning system (adapted version of a motion analysis system23) assessed the 
position of subjects while walking. The positioning system was attached to a belt 
around the waist, close to the centre of mass of the subjects. Data from this device 
were recorded using a 200Hz sampling frequency and further processed on a 
personal computer using Matlab 5.3. Time related samples were converted to 
position related X,Y-coordinates (see Figure 1) with a resolution of 5.0 mm in the 
X-direction and 4.0 mm in the Y-direction. 
 
Procedure and design 
The experiment consisted of three conditions: a pre-exposure, an exposure and a 
post-exposure condition. In all three conditions subjects had to walk towards a 
target: a 10 cm diameter ball. For each subject the target heights were adjusted to 
just above the subject’s head. Both targets were hung at 65 cm from the far 
opposing walls, resulting in a distance between the targets of 6.8 m. Before 
measurements commenced, the ultrasonic positioning system was calibrated by 
determining the X,Y-coordinates while subjects were positioned exactly 
underneath the balls. The coordinates of these two positions were used in the 
analysis to determine the midline, which connected the two balls. 
 
Subjects were instructed to constantly focus on the ball and to walk towards the 
ball where they actually saw it, stand still underneath it, turn around, focus on 
the ball on the opposite side and again walk towards where they saw it. During 
the pre-exposure condition subjects wore no prism glasses and were instructed to 
walk one cycle to the first ball and back to the second ball. In the subsequent 
exposure condition subjects had to walk eight cycles to the first ball and back to 
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the second ball while wearing prism glasses. After completing the exposure 
condition, subjects were instructed to keep focussing on the ball while the 
experimenter removed the prism glasses. Immediately after the glasses were 
removed subjects had to start walking towards the ball, stand still underneath it, 
turn around and walk towards the ball on the opposite side. This cycle was the 
post-exposure condition. 
 
During the complete experiment subjects had to await instructions from the 
experimenter (“Walk towards the ball”, “Turn left”, “Walk towards the ball”, 
“Turn right”) before taking actions. All cycles and conditions were performed 
without pauses in between. Depending on the walking speed of the subject a 
complete cycle (two walks and two turns) took 15-20 s. Proper application of the 
prism glasses between the pre-exposure and exposure condition took about 20 s. 
Removal of the prism glasses between the exposure and post-exposure condition 
was instantly and subjects were instructed to start walking towards the ball the 
moment the glasses were removed.  
 
Dependent variables 
When subjects walk from point A to B the optimum walking trajectory would be 
a straight line. A way to determine the amount subjects deviate from this 
trajectory is by calculating the standard deviation of the lateral position (SDLP): 
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in which n is the number of sampling intervals in the trial, yi is the lateral 
deviation at each sample interval and y the mean lateral deviation of the trial. For 
each walking trial during the pre- and post-exposure condition this is equivalent 
to the distance subjects deviated from the virtual midline connecting the two 
balls: the more a subject deviated from the midline the higher the SDLP. 
 
To determine whether there were differences between age-groups during the 
exposure condition, the mean heading-error (MHE) was determined. The 

66 



Effect of ageing on prism adaptation during walking 

heading-error is defined as the angle between the subject’s heading and the 
virtual line connecting the subject’s position and the target (the correct heading, 
Figure 1). In theory this heading-error should equal the prismatic shift.16 Some 
studies, however, show that parameters like walking speed or perceived target 
height may influence the heading-error.15,24 As it is shown in Figure 1, calculating 
the heading-error requires differentiating the walking trajectory to obtain 
subject’s heading. This procedure introduces a high degree of noise. Furthermore, 
the heading-error is very sensitive to walking induced body sway, especially 
when the subject is close to the target. Therefore, the heading-error needs to be 
averaged over all the sampling intervals of all trials, resulting in one MHE for the 
complete exposure condition: 
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in which N is the number of trials (16 in exposure condition) and n is the number 
of sampling intervals per trial. 
 
 
 
 

 
Figure 1. Walking trajectory and heading-error. When subjects walk from A to B wearing prism glasses 
they will show a curved walking trajectory. The heading-error is defined as the angle between the 
subject’s heading and the correct heading. In theory this heading-error should equal the prismatic shift. 
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To establish if adaptation effects occurred during the exposure condition, the 
gradient of the line fitting the SDLPs of the consecutive exposure trials was 
calculated (GRADS). During the exposure condition the SDLP is not a suitable 
measure for heading stability, since the optimum walking trajectory is not a 
straight line. However, the SDLP does quantify the amount subjects deviate from 
a straight line, i.e. the lower the SDLP the straighter the walking trajectory. Since 
the start and end points of the curved walking trajectory equal the positions of 
the balls, a straighter walking trajectory implies that the deviation from the 
midline declines. Therefore, a negative GRADS indicates that the subject’s 
walking trajectory became straighter and that the deviation from the midline 
declined during the exposure condition. The average SDLP over all exposure 
trials (SDLPexp) was calculated to quantify the mean amount a subject deviated 
during the exposure condition. 
 
Walking speed for each trial was calculated as the mean walking speed over the 
middle four metres of the walked trajectory. This way acceleration effects at the 
start and deceleration effects at the end of the trial did not influence the 
calculated walking speed. Averaging walking speed over trials resulted in a 
mean walking speed for each condition (Vpre, Vexp, Vpost). 
 
Statistical analysis 
To test whether age-groups differed in pre-post differences on SDLP, a repeated 
measures analysis of variance (ANOVA) was performed on SDLP with one 
within-subjects factor CONDITION with 2 levels, pre-exposure and post-
exposure [PRE,POST] and one between-subjects factor AGE-GROUP with three 
levels, young, middle aged and old [Y,M,O]. To determine whether age-groups 
were comparable in heading stability during the pre-exposure condition, a 
comparison of age-group [Y,M,O] means was made by one-way ANOVA for 
SDLPpre. Furthermore, comparisons of age-group [Y,M,O] means were made by 
one-way ANOVA for SDLPexp and MHE to determine whether the age-groups 
showed equal main exposure effects during the exposure condition. To verify 
whether possible between age-groups differences in SDLPexp and MHE could be 
explained by differences in speed, a comparison of age-group [Y,M,O] means was 
made by one-way ANOVA for Vexp. To test for differences between male and 
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female subjects, comparisons of gender-group [MALE,FEMALE] means were 
performed by one-way ANOVA for SDLPpre, SDLPexp, SDLPpost, Vpre, Vexp, Vpost 
and MHE. If a significant effect was found in an ANOVA, a Bonferroni corrected 
post hoc analysis was performed. 
 
Age-group [Y,M,O] means on GRADS were compared by means of one-way 
ANOVA. GRADS represents the gradient of the best linear fit through all SDLPs 
of the consecutive exposure trials. Therefore, a between-groups comparison of 
GRADS is equivalent to the linear TRIAL x AGE-GROUP effect of a repeated 
measure ANOVA with one within-subjects factor TRIAL with 16 levels 
[TRIAL1..TRIAL16] and one between-subjects factor AGE-GROUP [Y,M,O]. 
However, by performing an ANOVA on GRADS, post hoc analysis on the linear 
TRIAL x AGE-GROUP effect become available. The between-groups comparison 
of GRADS assumes a linear relationship between SDLP and TRIAL. This linear 
relationship was used faute de mieux. 
 
All variables were checked for outliers by means of box plots and for normal 
distribution by means of P-P plots. 
 
 
RESULTS 
 
Figure 2 shows the mean walking trajectories of the three age-groups. All three 
conditions, pre-exposure, exposure and post-exposure, are presented in the 
figure. The upper curves of the exposure condition represent the trajectories from 
A to B and the lower graphs of the exposure condition represent the trajectories 
from B to A. In the first post-exposure condition subjects walked from A to B and 
in the second they walked from B to A. 
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Figure 2. Mean age-group walking trajectories. Upper curves of the exposure condition represent 
trajectories from A to B and lower curves of the exposure condition represent trajectories from B to A. In 
post-exposure condition 1 subjects walked from A to B, in post-exposure condition 2 subjects walked 
from B to A. 
 
 
 
A repeated measure ANOVA for SDLP during pre-exposure and post-exposure-1 
condition showed a significant main effect for AGE-GROUP [F(2,33)=4.29, 
P=0.022] and a significant main effect for CONDITION [F(1,33)=37.8, P<0.001]. 
More importantly, a significant AGE-GROUP x CONDITION interaction was 
found [F(2,33)=4.06, P=0.027]. Bonferroni corrected post hoc analysis showed a 
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significantly larger post-pre effect (SDLPpost-1 - SDLPpre) for the O group 
compared to the Y group (P=0.024). 
 
 
Table 2. Age-group mean values 

Variable Young Middle aged Older P valuea

SDLPpre (m) 0.03 (0.01) 0.03 (0.02) 0.03 (0.01) NS 
SDLPexp (m) 0.12 (0.01) 0.13 (0.02) 0.13 (0.02) NS 
Vexp (m/s) 1.25 (0.17) 1.26 (0.13) 1.10 (0.21) 0.040 
MHE (°) 9.3 (2.5) 9.8 (2.0) 10.2 (1.5) NS 

Values are mean (± SD); NS: not significant 
a One-way ANOVA 
 
 
A significant between-group (age) effect was found for Vexp. Bonferroni corrected 
post hoc analysis showed no significant effects. No significant age-group effects 
were found for SDLPpre, SDLPexp and MHE (Table 2). A significant difference 
between male and female subjects was found on Vpre and Vexp (Vpre-male=1.25 m/s, 
Vpre-female=1.12 m/s; P=0.012; Vexp-male=1.27 m/s, Vexp-female=1.14 m/s; P=0.034). All 
other variables (SDLPpre, SDLPexp, SDLPpost, Vpost and MHE) did not show 
significant sex differences. 
 
Figure 3 shows the average SDLP for each age-group during the exposure 
condition. In the figure it appears that the SDLP declines only for the Y and M 
group. The gradient of the best linear fit indeed showed a significant between-
groups effect [F(2,33)= 4.87, P= 0.014]. Bonferroni corrected post hoc analysis 
showed a significant effect between the Y and O group only (P=0.012). Post hoc 
T-tests revealed that only the Y and M group had significantly lower than zero 
gradients (P=0.002 and P=0.001). The O group did not show a significantly lower 
than zero gradient (P=0.475). 
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Figure 3. Average SDLP for each age-group during exposure condition. 
 
 
 
The sawtooth pattern of the curves for the Y and M group in Figure 3 suggests 
that the walking direction might influence the SDLP during the exposure 
condition, since all the odd numbered trials represent walks in one direction and 
even numbered trials walks in the opposite direction. However, the figure also 
shows that this effect is opposite for the Y and M group, that is, even numbered 
trials for the Y group appear to have a lower SDLP whereas for the M group they 
appear to be higher. So, not surprisingly, a post hoc comparison of SDLP means 
between odd and even numbered trials was not significant. Within the age-
groups the effect appeared to exist as well, but again, the effect was not the same 
for every subject within a group. We are not sure yet what may have caused this 
effect, but we suspect a different offset of the positioning system per subject. A 
way to deal with the effect causing the saw tooth would be to average the SDLP 
over every two trials. However, for the analysis of the SDLP gradient this would 
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have had no effect whatsoever: the linear slope of the remaining 8 mean trials 
would be exactly the same as the one of the original 16 trials. 
 
 
DISCUSSION 
 
In the current experiment older people showed a significantly larger effect on the 
SDLP pre-post difference than the middle aged or young people. It is important 
to notice that this effect is not the typical prism adaptation after-effect. The non-
linear walking trajectory in the post-exposure condition was to the right of the 
midline, which is the same side as the curved walking trajectory during the 
exposure condition. If a typical prism adaptation after-effect had been present, 
the walking curve would have been to the left of the midline in the post-exposure 
condition. 
 
We argue that the deviating walking trajectory in the post-exposure condition is 
caused by problems older subject have to adapt to changes in visual stimuli. The 
removal of the prism glasses may, for a short period, have disoriented the 
subjects’ body representation leading to a decrease in heading stability, that is, a 
deviation from the optimum walking trajectory. Degradation of major sensory 
systems like the proprioceptive and vestibular system could be a plausible 
explanation for this result. With these systems fully intact, as they are in healthy 
young people, they form, together with vision, a highly redundant source of 
information about the position of our body relative to the environment. A young 
subject has several sources of information to overcome distortions in the 
information of one or more sensory modalities. With age this redundancy 
diminishes. All sensory information is required to maintain a correct 
representation of body position and distortion of any part of this information 
results in a distortion of this representation. A secondary cause of this effect may 
be a decrease in speed of information processing. It is well known that ageing 
causes such a decrease and this might contribute to the increase in time older 
people need to adapt to changes in visual stimuli. 
 

73 



Chapter 5 

Another clear difference between the age-groups was found during the exposure 
condition. Subjects in both the Y and the M group showed a significant decrease 
in SDLP while the SDLP of the O group appeared to remain level. This indicates 
that the Y and the M group somehow adapted to the prism distortion while the O 
group did not. To understand why this difference occurred it first needs to be 
established what kind of adaptation took place. For this matter it is illustrating to 
report that all subjects were asked afterward if they had realised that they had 
walked in a curve during the exposure condition. None of the older people had 
consciously experienced that they had walked in a curve. They all were 
convinced that they had walked in a straight line from ball to ball. Most of the 
subjects in the other age-groups were quite aware that they had walked in a 
curve however. If the decline in SDLP was caused by some form of strategic 
control, the lack in the O group to consciously detect that they walked in a curve 
could account for the absence of adaptation in this group. After the first few 
exposure trials subjects in both the Y and the M group knew they had to walk in 
a curve to reach the target and anticipated to this knowledge in consecutive trials. 
However, subjects were given the explicit instruction to walk towards where they 
saw the ball and not where they expected it to be. Initiating a curve to anticipate 
to previous results would mean that they did not fully follow this instruction. 
Furthermore, Figure 3 shows that the adaptation in the Y and the M group is a 
rather slow process. This would suggest that the mechanism underlying the 
adaptation in these two groups might better be understood in terms of 
realignment.  
 
To explain why no realignment occurred in the O group a better understanding 
of this type of adaptation is required. When two sensory modalities conflict with 
one another, each will influence the other to a greater or lesser extent in an 
attempt to resolve the intersensory discrepancy. The extent in which they 
influence each other is referred to as intersensory bias25 and depending on both 
cognitive and non-cognitive parameters the intersensory bias for each modality 
may be altered. In several experiments it has been established that in a typical 
prism adaptation experiment the visual bias of proprioception is about 80% and 
proprioceptive bias of vision is about 20%.25 This means that after prism 
adaptation the felt position of a target has shifted 80% towards the initially, at the 
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start of the exposure condition, seen target position while the seen position of the 
target has shifted 20% towards the initially felt target position. The visual 
supremacy over proprioception in this experiment is referred to as visual capture. 
 
The adaptation during the exposure condition observed in the Y and M group 
might very well be a reflection of the proprioceptive bias of vision. The 
proprioceptive modality influenced the visual modality in such a way that the 
walking trajectory became straighter. The proprioceptive and visual systems 
were realigning. The fact that most subjects in these groups reported that they 
were aware that they walked in a curve implies that realignment was not 
complete and that an intersensory discrepancy still existed. For the older people 
it is likely that degradation of the proprioceptive system or it’s output will lower 
the proprioceptive bias of vision and make the visual system even more 
dominant, that is, the proprioceptive modality will hardly influence the visual 
modality and no realignment will occur. 
 
In the current experiment it is difficult to discriminate between the exact 
contributions of proprioception and the vestibular system to the representation of 
body position relative to the environment. Therefore, the lowering of the 
proprioceptive bias of vision with age might reflect degradation of the vestibular 
system as well. One might even consider the existence of an additional vestibular 
bias of vision and a lowering of that bias with age. However, to our knowledge 
such a bias has not yet been described in literature. 
 
The apparent absence of realignment in the O group and the presence of 
realignment in the Y and M group do appear to contradict the interaction effect 
found between age-group and measurement on the SDLP in the pre- and post-
exposure condition. Realignment should have caused an after-effect that would 
have made the subjects in the Y and M group deviate to the left in the post-
exposure condition and so increasing their SDLP for this condition. However, as 
it was mentioned in the introduction, the presence of constant visual feedback 
will strongly suppress realignment and in this experimental design realignment 
is far from full. Furthermore, the design of the post-exposure condition is not 
suitable to expose typical after-effects. For this only the target should be visible to 
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a subject and no visual feedback about the walked trajectory should be available. 
A possible experimental design to correctly reveal after-effects might be to 
strongly reduce subjects view angle during the post-exposure condition. 
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ABSTRACT 
 
A lateral deviation of the walking trajectory is often observed in stroke patients 
with unilateral spatial neglect. However, existing research appears to be 
contradicting regarding the direction of this deviation. The aim of the present 
study was to gain more insight into the walking trajectory of neglect patients. In 
the present study twelve right hemisphere stroke patients (6 neglect, 6 no 
neglect), 8 left hemisphere stroke patients (none neglect) and 10 healthy control 
subjects were instructed to walk towards a target while a two-dimensional 
ultrasonic positioning system recorded their walking trajectory. Patients’ 
recovery of walking ability was assessed and they were tested for the presence of 
neglect. Neglect patients showed a larger lateral deviation in their walking 
trajectory compared to stroke patients without neglect or healthy control subjects. 
Neglect patients with good walking ability showed a deviation to the 
contralesional side. Neglect patients with limited walking ability showed a 
deviation to the ipsilesional side. Within the neglect group we found no relation 
between the severity of neglect and lateral deviation. Differences in walking 
ability may account for the contradicting results between studies regarding the 
lateral deviation in neglect patients’ walking trajectory. We argue that when a 
neglect patient’s walking ability is limited, walking towards a target becomes a 
dual task: heading control and walking. A limited walking ability will cause a 
lower task priority of heading control compared to walking, which results in a 
change of heading control strategy. This change of strategy may be causing the 
change in walking trajectory deviation. 
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INTRODUCTION 
 
Many studies have shown that the presence of unilateral spatial neglect (USN) is 
associated with poor outcome after stroke and impedes functional recovery.1-5 
Patients with USN perform at a lower level than patient without USN on both 
cognitive and sensory-motor measures, show poorer recovery of motor function 
and are more impaired in activities of daily living.6,7 Although the relation 
between neglect and motor recovery after stroke is still unclear, it does appear 
that treatment of neglect can facilitate the improvement of patients’ motor and 
functional capacaties.8 
 
A lateral deviation of the walking trajectory is often observed in stroke patients 
with USN. However, existing research appears to be contradictory regarding the 
direction of this deviation. Reported deviations of the walking trajectory of stroke 
patients with a left USN are to the right9,10 but also to both sides11 and further it is 
reported that neglect patients show a tendency to bump into objects on their 
neglected side.12,13 In the study in which deviations to both sides were observed11 
it appeared that the severity of the USN determined to what side patients 
deviated: while walking through a doorway patients with a mild left USN 
bumped into the left side while patients with more severe left USN bumped 
predominantly into the right side. 
 
In all these experiments, however, the task which the patients had to perform 
was either walking through a doorway or the task was vaguely described. To our 
knowledge no experiment has been performed in which patients with USN were 
asked to walk in a straight line towards a clearly defined target. Furthermore, the 
above-mentioned studies do not mention the exact shape of the complete walking 
trajectory in the transverse plane. Deviations are generally measured at one 
specific point, e.g. the distance that subjects deviate from a doorpost while 
walking through a doorway. 
 
Karnath et al. demonstrated in a laser pointing task14 that stroke patients with 
USN systematically displaced their subjective orientation of the sagittal midplane 
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to the ipsilesional side. This finding is supported by the results of prism 
adaptation studies which also found that neglect patients displaced their 
subjective body midline to the ipsilesional side.15 It is known that prism 
adaptation can induce neglect-like behaviour in healthy subjects.16,17 Inducing a 
shift of the visual field by means of prism glasses, and with that inducing a 
heading error between the subject’s heading and the correct heading, causes 
healthy subjects to walk towards a target describing a curved walking 
trajectory.18,19 
 
In the present study the walking trajectory of patients with USN will be recorded 
while they walk towards a clearly visible and well defined target. When asked to 
walk towards a target in a straight line, subjects need to constantly align their 
subjective body midline with the target. Since the displacement of the subjective 
body midline in patients with USN is to the ipsilesional side, they will, initially, 
need to rotate their objective body position to the contralesional side to align their 
subjective body midline with the target. This rotation towards the contralesional 
side will introduce a heading error between the patient’s heading and the correct 
heading. Analogue to the curved walking trajectory of healthy subjects wearing 
prism glasses, we expect that it will cause patients to walk towards the target 
describing a curved trajectory to the contralesional side. 
 
 
METHODS 
 
Subjects 
We studied 12 right hemisphere stroke patients, 8 left hemisphere stroke patients 
and 10 healthy age matched control subjects. Patients were included from an 
inpatient rehabilitation centre and had to be within 20 to 80 years of age, to have 
suffered a first time single unilateral cerebrovascular accident and to have no pre-
morbid disorders that may have interfered with the aims of the present study. 
None of the healthy control subjects had a history of motor, vestibular or 
neurological disorders that may have interfered with the aims of the present 
study. Control subjects were recruited through local newspaper advertisements. 
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The study was approved by the hospital’s ethics committee and a written 
informed consent was obtained from each subject.  
 
Procedure 
The experiment was carried out in a quiet and “stimulus-poor” room of 7.8 by 4.0 
meters. Apart from the targets the room was empty and no salient details were 
present on the walls. Subjects were instructed to walk towards a ball with a 
diameter of 10 cm that was positioned at a height just above each subject’s head 
on each side of the room. The distance between the balls was 6.5 m. Subjects were 
instructed to constantly focus on the ball and to walk at a self selected 
comfortable speed towards the ball in a straight line, stand still underneath it, 
turn around, focus on the ball on the opposite side and walk towards it again in a 
straight line. If the walking ability of a subject allowed it, this procedure was 
repeated eight times (resulting in 16 walking trials). A two-dimensional 
ultrasonic positioning system (adapted version of a motion analysis system20) 
registered the position of the walking subject. The positioning system was 
attached to a belt around the waist of the subject, close to the centre of mass. Data 
from this device were recorded using a 200Hz sampling frequency and further 
processed on a personal computer using Matlab 5.3. Time related samples were 
converted to position related X,Y-coordinates with a resolution of 5.0 mm in the 
X-direction and 4.0 mm in the Y-direction. 
 
Assessments 
All patients were tested for the presence of USN by means of the Bells test,21 
Schenkenberg’s Line Bisection test,22 a letter cancellation task and a double 
simultaneous stimulation test to assess the presence of extinction (the failure to 
notice stimuli on the neglected side when simultaneously stimulated from both 
sides). The number of tests on which a patient showed neglect marked the neglect 
score. A neglect score of 0 was required to be classified as having no neglect. 
Walking ability was quantified in terms of walking speed, the Rivermead 
Mobility Index (RMI)23 and the Functional Ambulation Categories (FAC).24 
Walking speed was calculated as the mean walking speed over the middle four 
metres of the walked trajectory. 
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Dependent variables and statistic analysis 
For each subject the separate walking trajectories were averaged to a single mean 
walking trajectory. The absolute maximum lateral deviation (AMLD) was used to 
quantify the amount a subject deviated from a straight walking trajectory. 
Differences in mean values between groups were tested with one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc analysis when a significant 
between groups effect was found. 
 
To explore possible causes for differences in the walking trajectory within the 
group of neglect patients, the (signed) maximum lateral deviation (MLD) was 
calculated. Whereas AMLD only quantifies the amount a subject deviates from a 
straight walking trajectory, regardless whether this deviation is to the left or the 
right, MLD also provides information about the direction of the deviation: MLD 
is negative for deviations to the left and positive for deviations to the right. 
Scatterplots of MLD vs. comfortable walking speed, RMI, FAC and neglect score 
were observed and, if appropriate, Pearson's r correlation coefficient or 
Spearman’s rank-order correlation coefficients were calculated.  
 
 
RESULTS 
 
Six of the 12 right hemisphere patients showed neglect on one or more neglect 
tests, whereas no left hemisphere patients showed signs of neglect. In Table 1 the 
characteristics of the resulting groups are presented. No significant between 
groups effect was found for age [F(3,26)=1.50; P=0.237]. A significant between 
group effect was found for comfortable walking speed [F(3,26)=5.44; P=0.005]. 
Tukey’s post hoc test showed that all patients walked significantly slower than 
the control group (“stroke left, no neglect”: P=0.036; “stroke right, no neglect”: 
P=0.008; “stroke right, neglect”: P=0.006). There were no significant differences in 
comfortable walking speed between patient groups. For the three patient groups 
a significant between group effect was found for time post stroke [F(2,17)=4.10; 
P=0.035], however, post hoc analysis did not show any significant differences. 
The RMI and FAC did not show any significant group effects. 
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Table 1. Demographic data, motor ability and absolute maximum lateral deviation 

 Controls 
(n=10) 

Stroke left, no 
neglect (n=8) 

Stroke right, no 
neglect (n=6) 

Stroke right, 
neglect (n=6) 

Age, y 56.5 (33.2-69.7) 55.9 (35.6-73.2) 59.5 (37.3-73.6) 67.5 (63.5-69.8) 
Sex (M) 5 (50) 4 (50) 2 (33) 6 (100) 
Time post stroke, d n.a. 447 (202-692) 819 (485-1023) 406 (93-1066) 
Motor ability     

Speed, m/s 1.24 (0.09) 0.85 (0.43) 0.70 (0.33) 0.68 (0.39) 
RMI n.a. 12.5 (9-14) 11.5 (8-14) 11.5 (8-14) 
FAC n.a. 4.6 (4-5) 4.3 (3-5) 4.7 (4-5) 

AMLD, m 0.035 (0.011) 0.042 (0.021) 0.055 (0.034) 0.197 (0.136) 
 Values are mean (range), mean (SD) or n (%) as appropriate. 
 
 
A significant between group effect was found for AMLD [F(3,26)=9.90; P<0.001]. 
Tukey’s post hoc test showed that the neglect group significantly differed from 
all other groups (neglect group compared to: healthy controls: P<0.001; “stroke 
left, no neglect”: P=0.001; “stroke right, no neglect”: P=0.003). Healthy controls, 
“stroke left, no neglect” and “stroke right, no neglect” did not significantly differ 
from each other (healthy controls vs. “stroke left, no neglect”: P=0.996; healthy 
controls vs. “stroke right, no neglect”: P=0.918; “stroke left, no neglect” vs. 
“stroke right, no neglect”: P=0.976). Figure 1 shows the mean walking trajectory 
for each subject per group. The figure clearly illustrates the large lateral deviation 
in the neglect group. However, the figure also shows that not all neglect patients 
deviated to the same side. 

85 



Chapter 6 

 
 

 
Figure 1. Mean walking trajectory of each subject per group. The trajectories start in the lower part of 
the figure. 
 
 
 
The scatterplots in Figure 2 show that it is justified to assume a linear relation, 
within the neglect group, between MLD and comfortable walking speed, RMI 
and FAC. Pearson's r correlation coefficient between MLD and comfortable 
walking speed is -0.898 (P=0.015). Spearman’s rank-order correlation coefficient 
between MLD and RMI is -0.926 (P=0.008) and between MLD and FAC -0.828 
(P=0.042). No relation appears to exist between MLD and neglect score. 
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Figure 2. Scatterplots of Maximum Lateral Deviation (MLD) vs. Comfortable Walking Speed, 
Rivermead Mobility Index (RMI), Functional Ambulation Categories (FAC) and Neglect Score for right 
hemisphere stroke patients with neglect. 
 
 
 
Figure 1 shows that there was a subject in the “stroke left, no neglect” group with 
a somewhat larger MLD to the left and a subject in the “stroke right, no neglect” 
group with a somewhat larger MLD to the right. The fact that these two subjects 
were slow walkers made us inspect the scatterplots of MLD vs. comfortable 
walking speed for these groups and the healthy controls. The scatterplots are 
presented in Figure 3. The figure does not show a relation between MLD and 
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comfortable walking speed for the control group but for the “stroke left, no 
neglect” group a positive linear correlation and for the “stroke right, no neglect” 
group a negative linear correlation appears to exist. These correlations were 
moderate to high but just failed to reach significance at the conventional 
significance level of 5% (“stroke left, no neglect”: R=0.669; P=0.070; “stroke right, 
no neglect”: R=-0.793; P=0.060). 
 
 
 
 

 
Figure 3. Scatterplots of Maximum Lateral Deviation (MLD) vs. Comfortable Walking Speed for 
Healthy controls, “Stroke left, no neglect” and “Stroke right, no neglect”. 
 
 
 
DISCUSSION 
 
Stroke patients with USN showed a larger lateral deviation in their walking 
trajectory when they walked towards a target compared to stroke patients 
without USN or healthy control subjects. We expected that this deviation would 
have been to the contralesional side. However, this was only the case for three 
neglect patients; three other neglect patients showed a large deviation to the 
ipsilesional side. It appeared that there was a strong negative correlation between 
walking ability and lateral deviation. Neglect patients with good walking ability 
showed a deviation to the contralesional side, as we had expected. The more 
neglect patients were limited in their walking ability the more their deviation 
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shifted to the ipsilesional side. Within the neglect group we found no relation 
between the severity of USN and the lateral deviation of the walking trajectory.  
 
We argue that the shift in lateral deviation due to walking ability can be 
explained by introducing the concepts dual task and task priority. For patients 
with unimpaired walking ability, walking towards a target is a rather effortless 
task. The task consists of walking and heading control, in which walking may be 
considered to be performed automatically while heading control is the primary 
task. The displaced subjective midline in neglect patients to the ipsilesional side 
introduces an error in heading control. Aligning their subjective midline with a 
target makes these neglect patients walk in a curved trajectory to the 
contralesional side, as we had expected. However, when walking ability is 
impaired, walking no longer is performed automatically. It becomes a 
consciously and actively monitored process that requires attention and the task 
priority of walking is increased compared to the task priority of heading control. 
The more walking ability is impaired, the more attentional capacity has to be 
invested into the walking task, increasing its task priority and eventually walking 
will become the primary task and heading control the secondary task. Rather 
than to actively control their heading, patients will now be concentrating on 
walking straight ahead, using a mental representation of space. This mental 
representation is distorted in neglect patients. The displacement of the subjective 
bodyline to the ipsilesional side in neglect patients means that “straight ahead” is 
shifted to the ipsilesional side. Therefore, walking straight ahead will cause the 
patient to diverge to the ipsilesional side. Since heading control has become a 
secondary task patients will only adjust their heading occasionally. The more 
patients are limited in their walking ability the lower the task priority of heading 
control will be and the less often patients will adjust their heading. This will 
result in a larger lateral deviation to the ipsilesional side. 
 
Tromp et al.11 suggested that the severity of the USN determined to what side 
patients deviated. In their study patients with a mild left USN bumped into the 
left side of a doorway while patients with more severe left USN bumped 
predominantly into the right side of the doorway. However, it can be deducted 
from the data they presented in their article (Table 1, p. 322) that the patients who 
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deviated to the ipsilesional right also were the slowest walkers. Therefore, the 
effect they found may in fact be the same effect as found in our study. The 
apparent contradicting findings from other studies9,10,12,13 may be caused by 
differences in walking ability between different neglect patients as well. Another 
cause may be found in the differences between the walking tasks employed. We 
argued that differences in left- or rightward deviations of the walking trajectory 
in neglect patients is caused by using different strategies of heading control: 
walking straight ahead or aligning the subjective body midline with the target. 
Differences in task circumstances such as the amount of visual stimuli and optic 
flow or task instructions can cause the use of different strategies for heading 
control19,25,26 and therefore cause different outcomes in the direction of lateral 
deviations in neglect patients’ walking trajectory. 
 
A trend appeared to exist between walking speed and lateral deviation in the no-
neglect groups: the slower walkers showed a larger deviation to the ipsilesional, 
non-paretic side. We suspect that it was the attachment of the positioning system 
around the waist of the subjects together with characteristic hemiparetic gait in 
some stroke patients that may have caused this trend. Compensations such as a 
hip hike27,28 and the avoidance to bear weight on the paretic limb,29 cause a shift 
of the waist to the ipsilesional, non-paretic side. Our positioning system 
wrongfully measured this shift as a deviation of the walking trajectory. This 
effect may, of course, have been present in the neglect group as well and it would 
have increased the lateral deviation to the ipsilesional right in the patients whose 
walking ability was impaired. However, the possible effect of the waist shift in 
the no-neglect groups was far less than the deviation found in the neglect group 
and would, therefore, only have increased slightly the effect found. In future 
research it could be taken into account, however, by measuring the walking 
trajectory of the feet instead of the waist. 
 
Future research should further investigate the relation between neglect, walking 
ability and lateral deviations in the walking trajectory, to yield data which can 
answer the following questions: Does recovery of walking ability in neglect 
patients change their walking trajectory deviation from the ipsilesional side to the 
contralesional side? Does neglect training such as prism adaptation, which is 
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specifically aimed at restoring the displaced subjective midline, also improve the 
walking trajectory in neglect patients? 
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GENERAL DISCUSSION 
 
In this thesis it was attempted to answer several questions regarding the gait of 
stroke patients:  
 
• Is recovery of joint kinematics towards a normal pattern a requirement for 

functional recovery of walking ability? 
• Is symmetry of gait a requirement for functional recovery of walking ability? 
• Can compensatory gait patterns be detected, and if so, do they facilitate 

functional recovery of walking? 
• If compensatory gait patterns develop in time, can it be predicted in an early 

stage which patients develop these patterns? 
• What is the effect of neglect on the walking trajectory of stroke patients? 
 
In chapter three it was shown that knee, hip and pelvis kinematics do not need to 
recover to a normal pattern to regain functional levels of walking ability. 
Certainly, patients whose gait patterns had recovered to normal all showed 
functional recovery, however, some patients had developed gait patterns that 
deviated from normal patterns and still showed functional recovery. Neither is 
symmetry of gait a requirement for functional recovery of walking ability, as was 
shown in chapter four. Again, patients whose step length symmetry and single 
support duration symmetry had recovered to values within the normal range, all 
showed functional recovery, but several patients whose gait symmetry had not 
recovered to normal values showed functional recovery of walking ability as 
well. 
 
These findings have implications for rehabilitation programs. Commonly used 
rehabilitation programs such as Neurodevelopmental Treatment (NDT, Bobath) 
are specifically focused on restoring normal gait with a symmetrical pattern.1 One 
of the rationales upon which this goal is based, is that walking according to 
normal gait patterns is energy efficient and less effortful. This is certainly true for 
healthy subjects and normal gait patterns can be considered optimal for a normal 
system.2,3 However, this does not necessarily mean that normal gait patterns are 
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optimal also for stroke patients. Indeed, in stroke patients structural changes 
have taken place in the central nervous system, which have changed the state of 
the system and the rules that generally apply to a normal system do not 
necessarily apply to a control system hit by a stroke. To quote Olney et al.: “… 
one would not expect a bilateral machine with motors of unequal power on each 
of its sides to produce an optimal solution by using equal outputs from those 
motors.”.4 The changed motor patterns, which may be far from perfect for a 
normal system, may reflect adaptations that fit with the altered state of the 
system. These adaptive changes are the result of the plasticity of the brain and 
therapies should not always and by definition be aimed at “correcting” these 
changes. Or as Latash et al. concluded: “If you see, in a clinical setting or in an 
experiment, a motor pattern that is very different from what is observed in 
unimpaired, control subjects, do not jump to the conclusion that it is a sign of 
inability of the CNS to behave correctly, which, as such, should be corrected.”.5 
 
The role of compensatory mechanisms after brain damage was already described 
by Luria6 in the forties of the last century. He stressed the importance of 
processes such as functional reorganisation and functional adaptation. In his 
view a damaged brain is capable of restoring functions by reorganising intact 
parts of the brain, which will then take over the impaired functions. He argued 
that reorganisation of surviving structures is the main mechanism of recovery of 
function because neuronal structures in the cortex, once destroyed, do not 
regenerate. More recent imaging studies, investigating the plasticity of the 
braine.g. 7,8 have shown that some cortical areas are indeed capable of functional 
reorganisation and that training influences the speed of the reorganisation.  
 
The self-reorganising capacity of the brain does, however, not necessarily need to 
result in compensatory motor behaviour and more specific, compensatory gait 
patterns. Reorganisation within the brain may very well lead to fully normal gait 
patterns; an assumption, which is supported by the fact that several stroke 
patients, who are initially impaired in walking ability, eventually recover to more 
or less normal gait patterns. Apparently, in these patients the brain showed 
sufficient remaining capacity to restore their gait to normal. However, when the 
remaining capacity of the brain is insufficient, functional reorganisation may 
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result in compensatory gait patterns. One could argue that these patterns reflect 
the most optimal solution the system is able to find given the fact that it is 
damaged. Therapists should, rather than moulding the movement patterns of 
these patients towards a normal pattern, attempt to teach and to assist these 
patients in using their adapted movement patterns to its fullest extent. 
 
Obviously it will be very important to identify which patients would benefit from 
a more compensation-oriented therapy and which have the capacity to follow the 
therapeutic route toward the reacquisition of a normal gait pattern. Therefore, it 
is necessary to identify what compensatory gait patterns exist in chronic stroke 
patients and how they can be detected or predicted already in early post-stroke 
stages. In chapter three two compensatory gait patterns were identified: a stiff-
knee gait and a pendulum movement of the pelvis that compensates for a 
reduced hip swing amplitude. In the study we showed that it was possible to 
identify the patients who would eventually develop a stiff-knee gait on the basis 
of the data of the first post-stroke gait analysis. Future research should determine 
whether this prognostic criterion is valid also for larger groups of patients. If so, a 
study could be performed on the efficacy of compensatory stiff-knee gait training. 
 
In chapter six it was shown that neglect patients showed a larger lateral deviation 
in their walking trajectory when they walked towards a target compared to 
stroke patients without neglect or healthy control subjects. Based on Karnath’s 
model on neglect,9 in which neglect is explained by a systematic shift of the 
subjective body midline to the ipsilesional side, we expected neglect patients to 
show a deviation in their walking trajectory to the contralesional side. In order to 
align their subjective body midline, which is shifted to the ipsilesional side, with 
the target, patients need to rotate their body to the contralesional side, which will 
introduce a heading error. In accordance with the findings in chapter five, this 
would result in a curvilinear path deviating to the contralesional side. This 
expectation appeared true for half of the patients. It appeared that the direction of 
the deviation was strongly related to the walking ability of the neglect patients. 
Neglect patients with good walking ability showed a deviation to the 
contralesional side; whereas neglect patients with poor walking ability showed a 
deviation to the ipsilesional side. We argued that when a neglect patient’s 
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walking ability is impaired, walking towards a target may actually be seen as a 
dual task: heading control and walking. An impaired walking ability will cause a 
higher task priority of walking compared to heading control. Consequently, 
patients will, instead of actively maintaining the correct heading, apply a strategy 
of walking straight ahead. The displacement of the subjective body midline to the 
ipsilesional side causes the feeling of “straight ahead” to be shifted to the 
ipsilesional side. Therefore, walking straight ahead will cause the patient to 
diverge to the ipsilesional side, only occasionally adjusting their heading since 
heading control has become a secondary task. 
 
A therapy that is specifically aimed at restoring the shifted subjective body 
midline in neglect patients is the prism adaptation treatment (PA-treatment).10 
During a PA-treatment patients perform a pointing task with their ipsilesional 
hand for several minutes while prism glasses induce a visual shift to the 
ipsilesional side. The prismatic shift initially causes a pointing error toward the 
ipsilesional side. However, within a few pointing movements patients correct this 
pointing error by shifting their pointing movement to the contralesional side. 
This causes a misalignment between the visual and proprioceptive representation 
of space; that is, patients see the target right in front of them but they feel that 
they are pointing towards the contralesional side. After several minutes the 
misalignment extinguishes, a process known as realignment of the proprioceptive 
and visual representation of space.11 Patients now experience the pointing 
movement towards the contralesional side as pointing straight ahead. After 
prism glasses are removed the realignment causes a pointing error to the 
contralesional side, an effect know as the prism adaptation after-effect. In neglect 
patients this after-effect can be accompanied by amelioration of their neglect and 
while the after-effect diminishes within several minutes the amelioration of 
neglect may last several days to months.12 
 
If the lateral deviation of the walking trajectory in neglect patients is indeed 
caused by the shift of the subjective body midline then improvement of neglect 
by means of PA-treatment should decrease the lateral deviation. An experiment 
in which the effect of PA-treatment on neglect and walking trajectories is 
investigated should learn us more about the value of the proposed model. A 
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prospective study in which the walking trajectory of stroke patients is recorded at 
several times could further investigate the theory regarding the effect walking 
ability has on the walking trajectory in neglect patients. If a neglect patient, 
whose walking ability initially is impaired, shows recovery of walking ability 
then, according to the theory, the deviation in the walking trajectory should shift 
from the ipsilesional side to the contralesional side. A third interesting 
experiment would be to introduce an attention-demanding task in neglect 
patients with recovered walking ability during walking. It is expected that when 
task priority of heading control is lowered by means of introducing a second, 
attention-demanding task, a more “walking straight ahead” strategy will be 
applied as it is the case in neglect patients with impaired walking ability. This 
would cause the walking trajectory to shift from the contralesional side to the 
ipsilesional side. 
 
Optic flow theories have long been the major explaining theories in heading 
control. Optic flow refers to the radial patterns of light, generated by self-motion, 
which can be used to deduce heading. The concept of optic flow was introduced 
by Gibson13,14 who argued that the region of the optic flow field that is not 
moving, the focus of expansion, is used to maintain the correct heading. 
However, in recent studies15,16 the need for optic flow in heading control is 
challenged and it is argued that maintaining the correct heading during walking 
is based upon the perception of target location in relation to body orientation 
rather than upon the use of optic flow. Analogue to Rushton’s findings,15 the 
findings in chapter five and six support the idea of egocentric direction control; 
optic flow theories are unable to explain the curvilinear walking trajectory in 
subjects wearing prism glasses and neglect patients who misperceive their 
subjective body midline. 
 
It was shown in several brain imaging studies17,18 that MT/V5/V5a in the human 
brain is the area involved in the extraction of optic flow and, therefore, believed 
to play a major role in heading control. The idea of egocentric direction control 
indicates, however, that other brain areas are involved in heading control. In a 
recent study19 Karnath challenged the general assumption that cortical lesions in 
the inferior parietal lobule (IPL) and the temporo-parieto-occipital (TPO) junction 
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were associated with unilateral neglect.eg 20,21 According to the study, lesions in a 
region along the right mid superior temporal gyrus (STG) were critically 
associated with neglect. Karnath argued that, because the STG is located between 
the dorsal and ventral visual processing pathways and receives input from both 
routes, it may serve an important role in spatial exploration and be involved in 
the transformation process that converts sensory input coordinates from the 
periphery into an egocentric, body centred coordinate system. However, Mort et 
al.22 showed that in a group of 14 middle cerebral artery neglect patients only 7 
had lesions in the STG. The critical area in this patient group involved the 
angular gyrus and the IPL. Apparently, the STG is not a critical area for the 
presence of neglect. But if the STG is involved in the construction of an 
egocentric, body centred coordinate system, which is a crucial aspect in 
egocentric heading control, then the presence or absence of lesions in the STG 
may be an alternative explanation for the differences we found in heading control 
in neglect patients. It may also be the case that when lesions are present in the 
STG, neglect patients will show an impaired heading control, while neglect 
patients in which the STG area is spared, are able to maintain a proper heading. 
A study in which walking trajectories of neglect patients are recorded combined 
with detailed information regarding the lesion locations of these patients should 
answer this question. Furthermore, a brain imaging study in which a task is 
employed that requires activation of the mechanisms involved in egocentric 
direction control, may show if the STG is indeed involved in this process in 
healthy subjects. Crucial in such a task would be that subjects somehow receive 
feedback regarding (parts of) their body orientation in relation to perceived target 
location. 
 
 
CONCLUSIONS 
 
To return to the questions that were raised in the beginning of this thesis we may 
conclude the following. Neither the recovery of joint kinematics towards a 
normal pattern nor symmetry of gait is a requirement for functional recovery of 
walking ability after stroke. Compensatory gait patterns can indeed be detected 
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and it appears that they are not by definition harmful but may facilitate 
functional recovery, although this needs to be investigated further. It also is 
possible to detect in an early stage which patients will develop compensatory gait 
patterns; at least for a stiff-knee gait pattern. Regarding the effect neglect has on 
the walking trajectory of stroke patients, we may conclude that when neglect 
patients actively maintain their heading, while walking towards a target, they 
will deviate to the contralesional side. However, when heading control changes 
to a “walking straight ahead” strategy this deviation shifts to the ipsilesional side. 
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Summary 

SUMMARY 
 
Each year approximately 30.000 new stroke patients are reported in the 
Netherlands and due to the ageing population it is expected that this number will 
increase rapidly the next few decades. An estimated 70% of the patients who 
survive a stroke are unable to walk independently during the first few weeks 
post-stroke, therefore, regaining independent walking ability forms a major goal 
of all rehabilitation programs. The applied methods in rehabilitation programs 
are, however, primarily based on clinical and empirical experience over a long 
period of time; the scientific basis of these methods is rather poor. For the 
development of a modern rehabilitation medicine it is necessary that the 
employed treatment methods are firmly based on scientific principles. This goal 
can only be achieved when more knowledge is available concerning the 
mechanisms involved in the recovery of gait after stroke. The studies that are 
presented in this thesis were performed as part of a national program, which 
main goal was, therefore, to gain more insight into these mechanisms and to 
investigate to what extent they may be influenced. This thesis focusses on the 
recovery of kinematic and spatio-temporal gait characteristics and their relation 
with functional recovery of walking ability after stroke. Furthermore, the specific 
effect of neglect on the walking trajectory of stroke patients are investigated. 
 
Chapter 1 provides a general introduction and an outline of the thesis. The main 
research questions that are raised in chapter one are: 
 
• Is recovery of joint kinematics towards a normal pattern a requirement for 

functional recovery of walking ability? 
• Is symmetry of gait a requirement for functional recovery of walking ability? 
• Can compensatory gait patterns be detected, and if so, do they facilitate 

functional recovery of walking? 
• If compensatory gait patterns develop in time, can it be predicted in an early 

stage which patients develop these patterns? 
• What is the effect of neglect on the walking trajectory of stroke patients? 
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In chapter 2 a low-cost ultrasonic motion analysis system is described that is 
capable of measuring temporal and spatial parameters while subjects walk on the 
floor. Four healthy subjects were included to test and validate the device. 
Subtracting positions of the foot with zero velocity yielded step and stride length. 
The duration of stance and swing phase was calculated from heel-strike and toe-
off. Comparison with data obtained from foot contact switches showed that heel-
strike and toe-off could reliably be calculated from the data. Although the device 
was validated on healthy subjects in this study, it promises to be extremely 
valuable in examining pathological gait. When gait is asymmetrical, walking 
speed is not constant or when patients do not completely lift their feet, most 
existing devices will fail to correctly assess the proper gait parameters. Our 
device does not have this shortcoming and it will accurately reveal asymmetries 
and variations in the patient’s gait. As an example, the recording of a left 
hemiplegic patient is presented in the discussion. 
 
The objective of the study described in chapter 3 was to gain more insight into 
the relation between the changes in gait patterns over time and functional 
recovery of walking ability in stroke patients. Thirteen stroke patients who were 
admitted, or awaited admission, for inpatient rehabilitation three weeks post 
stroke and 16 healthy control subjects were included in the study. At 3, 6, 12, 24, 
and 48 weeks post stroke functional recovery of walking ability was assessed by 
means of the Rivermead Mobility Index (RMI) and the Functional Ambulation 
Categories (FAC) and, if possible, kinematics of the knee, hip and pelvis were 
assessed through gait analysis in an 8x4m gait lab. Patients required a minimal 
score of 8 on the RMI and 4 on the FAC to be classified as functionally recovered. 
The results showed that patients, whose joint kinematics during ambulation had 
recovered to within the range of the control group, all showed functional 
recovery of walking ability. However, some patients whose kinematics had 
developed towards an abnormal pattern also showed functional recovery. We 
conclude that the recovery of joint kinematics towards a normal pattern is not a 
requirement for functional recovery of walking ability. Early recognition of 
compensatory walking patterns facilitating functional recovery may have 
implications for rehabilitation programs. 
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In chapter 4 we describe a study, which purpose was to determine whether 
symmetry in step length and single support duration is a requirement for 
functional recovery of walking ability after stroke. Thirteen stroke patients, 
admitted for inpatient rehabilitation three weeks post stroke, and 16 healthy 
control subjects were included to the study. At 3, 6, 12, 24, and 48 weeks post 
stroke functional recovery of walking ability was assessed by means of the RMI 
and the FAC. Patients required a minimum score of 8 on the RMI and 4 on the 
FAC to be classified as functionally recovered. Step length and single support 
duration were assessed by means of gait analysis while subjects walked at a self-
selected comfortable speed. Patients whose step length symmetry and single 
support duration symmetry had recovered to values within the range of the 
control group, all showed functional recovery. However, several patients whose 
gait symmetry had not recovered to normal values did show functional recovery 
of walking ability. Therefore, it is concluded that symmetry in step length and 
single support duration is not a requirement for functional recovery of walking 
ability after stroke. Gait symmetry should be considered a rather questionable 
goal in stroke rehabilitation. 
 
Degradation of major sensory systems such as proprioception, the vestibular 
system and vision may be a factor that contributes to the decline in walking 
stability in older people. In the study described in chapter 5 this was examined 
by introducing a visual distortion by means of prism glasses shifting subject’s 
view 10 degrees to the right while subjects walked towards a target (exposure 
condition). Shifting the view while walking towards a target will cause subjects to 
alter their heading in such a way that their walking trajectory describes a 
curvilinear path. It was expected that older people, when compared to young 
people, would have greater difficulty adjusting their heading and would show a 
greater decrease in heading stability, quantified by means of the standard 
deviation of the lateral position (SDLP). When performance in a pre- and post-
exposure condition, in which subjects walked without prism glasses, were 
compared to each other, older people (O-group), indeed, showed a greater 
decrease in heading stability than young people (Y-group) and middle aged 
people (M-group). Furthermore, it appeared that during the exposure condition 
adaptation effects were present in the Y- and M-group, which were absent in the 
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O-group. It is discussed that this adaptation is a form of realignment of the 
proprioceptive and visual system. The absence of realignment in the O-group is 
argued to be caused by degradation of the proprioceptive system, which results 
in a lowering of the proprioceptive bias of vision. 
 
A lateral deviation of the walking trajectory is often observed in stroke patients 
with unilateral spatial neglect. However, existing research appears to be 
contradicting regarding the direction of this deviation. The aim of the study 
presented in chapter 6 was to gain more insight into the walking trajectory of 
neglect patients. Twelve right hemisphere stroke patients (6 neglect, 6 no neglect), 
8 left hemisphere stroke patients (none neglect) and 10 healthy control subjects 
were instructed to walk towards a target while a two-dimensional ultrasonic 
positioning system recorded their walking trajectory. Patients’ recovery of 
walking ability was assessed and they were tested for the presence of neglect. 
Neglect patients showed a larger lateral deviation in their walking trajectory 
compared to stroke patients without neglect or healthy control subjects. Neglect 
patients with good walking ability showed a deviation to the contralesional side. 
Neglect patients with limited walking ability showed a deviation to the 
ipsilesional side. Within the neglect group we found no relation between the 
severity of neglect and lateral deviation. Differences in walking ability may 
account for the contradicting results between studies regarding the lateral 
deviation in neglect patients’ walking trajectory. We argue that when a neglect 
patient’s walking ability is limited, walking towards a target becomes a dual task: 
heading control and walking. A limited walking ability will cause a lower task 
priority of heading control compared to walking, which results in a change of 
heading control strategy. This change of strategy may be causing the change in 
walking trajectory deviation. 
 
Chapter 7 provides a general discussion, in which suggestions are made for 
future research based on the findings reported in the previous chapters, and a 
general conclusion, in which we attempt to answer the questions that were raised 
in the introduction. We conclude that neither the recovery of joint kinematics 
towards a normal pattern, nor symmetry of gait is a requirement for functional 
recovery of walking ability after stroke. Compensatory gait patterns can indeed 
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be detected and it appears that they are not by definition harmful, but may 
facilitate functional recovery. It is also possible to predict in an early stage which 
patients will develop compensatory gait patterns; at least for a stiff-knee gait 
pattern. Regarding the effect neglect has on the walking trajectory of stroke 
patients, we may conclude that when neglect patients actively maintain their 
heading, while walking towards a target, they will deviate to the contralesional 
side. However, when heading control changes to a “walking straight ahead” 
strategy this deviation shifts to the ipsilesional side. 
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SAMENVATTING 
 
Elk jaar worden er circa 30,000 nieuwe patiënten gemeld die een cerebro 
vasculair accident (CVA), in de volksmond beroerte, hebben doorgemaakt. Het is 
de verwachting dat dit getal de komende tientallen jaren snel zal stijgen als 
gevolg van de vergrijzing. Naar schatting kan 70% van de patiënten die het CVA 
overleven niet onafhankelijk lopen gedurende de eerste paar weken na het CVA. 
Het opnieuw leren lopen, zonder afhankelijk te zijn van anderen, vormt dan ook 
een belangrijk doel in alle revalidatieprogramma’s. De toegepaste methoden in 
revalidatieprogramma’s zijn echter voornamelijk gebaseerd op klinische en 
empirische ervaring gedurende een lange periode; de wetenschappelijke basis 
van deze methoden is vrij zwak. Voor de ontwikkeling van de hedendaagse 
revalidatiegeneeskunde is het nodig dat de toegepaste behandelmethoden 
degelijk zijn gebaseerd op wetenschappelijke principes. Dit doel kan echter alleen 
worden gerealiseerd als er meer kennis beschikbaar komt aangaande de 
mechanismen die betrokken zijn bij het herstel van lopen na een CVA. De 
onderzoeken die worden beschreven in dit proefschrift werden uitgevoerd als 
onderdeel van een nationaal programma, dat daarom als hoofddoel had meer 
inzicht te verkrijgen in deze mechanismen en om te onderzoeken in hoeverre 
deze kunnen worden beïnvloed. Dit proefschrift richt zich op het herstel van 
kinematische en spatio-temporele gangbeeldkarakteristieken en hun relatie met 
het functioneel herstel van loopvaardigheid na een CVA. Verder zal het effect 
van neglect op het looptraject van CVA-patiënten worden onderzocht. 
 
In hoofdstuk 1 wordt een algemene inleiding gegeven en wordt de opbouw van 
het proefschrift beschreven. De onderzoeksvragen die in dit hoofdstuk worden 
gesteld zijn: 
 
• Is het herstel van de gewrichtskinematica naar een normaal patroon een 

voorwaarde voor functioneel herstel van loopvaardigheid? 
• Is een symmetrisch gangbeeld een voorwaarde voor functioneel herstel van 

loopvaardigheid? 
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• Kunnen compensatoire gangbeelden worden gedetecteerd, en zo ja, kunnen 
zij functioneel herstel van lopen faciliteren? 

• Als, in de loop der tijd, compensatoire gangbeelden ontstaan, kan in een 
vroeg stadium dan worden voorspeld bij welke patiënten deze gangbeelden 
ontstaan? 

• Welk effect heeft neglect op het looptraject van CVA-patiënten? 
 
In hoofdstuk 2 wordt een “low-cost” ultrasoon bewegings-analyse-systeem 
beschreven, dat in staat is om temporele en spatiële parameters te meten terwijl 
proefpersonen lopen op de vloer (in tegenstelling tot lopen op een lopende band). 
Vier gezonde proefpersonen werden geïncludeerd om het apparaat te testen en te 
valideren. Door de posities waarop de voet stil stond van elkaar af te trekken 
konden de stap- en schredelengte worden bepaald. De duur van de stand- en 
zwaaifase kon worden berekend uit de momenten van “heel-strike” en “toe-off”. 
Vergelijking met data die was verkregen met behulp van voet-contact-
schakelaars, liet zien dat “heel-strike” en “toe-off” betrouwbaar konden worden 
berekend uit de data. Alhoewel het apparaat in dit onderzoek werd gevalideerd 
op gezonde proefpersonen, lijkt het erg waardevol te zijn voor het onderzoeken 
van pathologische gangbeelden. Wanneer het gangbeeld asymmetrisch is, de 
loopsnelheid niet constant is of wanneer patiënten hun voeten niet goed optillen 
tijdens het lopen, zullen de meeste bestaande apparaten niet in staat zijn om de 
juiste gangbeeldparameters vast te stellen. Ons apparaat heeft deze tekortkoming 
niet en het zal nauwkeurig asymmetrieën en variaties in het gangbeeld van 
patiënten laten zien. Als voorbeeld wordt in de discussie de registratie van een 
patiënt met een linkszijdige parese getoond. 
 
Het doel van de studie die wordt beschreven in hoofdstuk 3 was om meer inzicht 
te krijgen in de relatie tussen veranderingen in gangbeeldpatronen in de tijd en 
functioneel herstel van loopvaardigheid bij CVA-patiënten. Er werden 13 
patiënten geïncludeerd die drie weken na het CVA waren opgenomen voor 
revalidatie in een revalidatiecentrum, of daarvoor op de wachtlijst stonden. 
Verder werden 16 gezonde controleproefpersonen geïncludeerd in het 
onderzoek. Op 3, 6, 12, 24 en 48 weken na het CVA werd het functioneel herstel 
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van loopvaardigheid vastgesteld met behulp van de Rivermead Mobility Index 
(RMI) en de Functional Ambulation Categories (FAC) en, indien mogelijk, 
werden kinematica van de knie, heup en bekken gemeten door middel van een 
gangbeeldanalyse in een laboratorium voor houdings- en bewegingsanalyse. Een 
minimale score van 8 op de RMI en 4 op de FAC was vereist voor patiënten om 
geclassificeerd te worden als functioneel hersteld. De resultaten lieten zien dat de 
patiënten, wiens gewrichtskinematica tijdens het lopen was hersteld tot binnen 
de marges van de controlegroep, allemaal functioneel herstel van 
loopvaardigheid vertoonden. Echter, enkele patiënten bij wie een abnormaal 
patroon in kinematica was ontstaan vertoonden ook functioneel herstel. Wij 
concluderen dat het herstel van de gewrichtskinematica naar een normaal 
patroon niet een vereiste is voor functioneel herstel van loopvaardigheid. Het 
vroeg herkennen van compensatoire looppatronen, die het functioneel herstel 
faciliteren, zouden implicaties kunnen hebben voor revalidatieprogramma’s. 
 
In hoofdstuk 4 beschrijven wij een onderzoek waarvan het doel was om the 
bepalen of symmetrie in staplengte en standfase een vereiste is voor functioneel 
herstel van loopvaardigheid na een CVA. Dertien CVA-patiënten, die drie weken 
na het CVA waren opgenomen in een revalidatiecentrum, en 16 gezonde 
controleproefpersonen werden geïncludeerd in de studie. Op 3, 6, 12, 24 en 48 
weken na het CVA werd het functioneel herstel van loopvaardigheid vastgesteld 
met behulp van de RMI en de FAC. Een minimale score van 8 op de RMI en 4 op 
de FAC was vereist voor patiënten om geclassificeerd te worden al functioneel 
hersteld. Staplengte en duur van de standfase werden gemeten gedurende een 
gangbeeldregistratie waarin proefpersonen op een zelf gekozen, comfortabele 
snelheid liepen. Patiënten waarbij de symmetrie in staplengte en symmetrie in 
standfaseduur was hersteld tot binnen de marges van de controlegroep 
vertoonden allemaal functioneel herstel van loopvaardigheid. Echter, bij enkele 
patiënten, waarbij de symmetrie in het gangbeeld niet was hersteld tot normale 
waarden, vertoonden toch functioneel herstel van loopvaardigheid. Daarom 
wordt geconcludeerd dat symmetrie in staplengte en duur van de standfase niet 
een vereiste is voor functioneel herstel van loopvaardigheid na een CVA. 
Symmetrie in het gangbeeld dient te worden beschouwd als een twijfelachtig 
doel in de revalidatie bij CVA-patiënten. 
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Achteruitgang van primaire sensorische systemen, zoals de proprioceptie, het 
vestibulaire systeem en de visus, is wellicht een factor die bijdraagt aan de 
verminderde loopstabiliteit van ouderen. In de studie die wordt beschreven in 
hoofdstuk 5 werd dit onderzocht door proefpersonen een prismabril te laten 
dragen, die het gezichtsveld 10 graden naar rechts verschoof, terwijl zij naar een 
vast punt liepen (exposure-conditie). Het verschuiven van het gezichtsveld 
terwijl proefpersonen naar een vast punt lopen, heeft tot gevolg dat zij hun koers 
dusdanig wijzigen dat hun looptraject een kromme beschrijft. Het was de 
verwachting dat oudere proefpersonen, vergeleken met jongere proefpersonen, 
meer moeite zouden hebben met het bijstellen van hun koers en dat zij een 
grotere afname van koersstabiliteit zouden vertonen. Koersstabiliteit werd 
gekwantificeerd met behulp van de standaarddeviatie van de laterale positie 
(SDLP). Bij de vergelijking van de pre-exposure conditie met de post-exposure 
conditie, waarin proefpersonen zonder prismabril liepen, bleek dat oudere 
proefpersonen (O-groep) inderdaad een grotere afname van koersstabiliteit lieten 
zien dan de jonge proefpersonen (Y-groep) en de proefpersonen van middelbare 
leeftijd (M-groep). Verder bleek het dat er tijdens de exposure conditie bij de Y- 
en M-groep adaptatie-effecten aanwezig waren, die afwezig waren in de O-
groep. Het wordt besproken dat deze adaptatie een vorm is van “heruitlijning” 
van het proprioceptieve en visuele systeem. Wij beredeneren dat de afwezigheid 
van “heruitlijning” in de O-groep, wordt veroorzaakt door degradatie van het 
proprioceptieve systeem, hetgeen resulteert in een verlaging van de 
proprioceptieve beïnvloeding van de visus. 
 
Bij CVA-patiënten met neglect wordt vaak een zijwaartse afwijking in het 
looptraject geobserveerd. De bestaande literatuur is echter tegenstrijdig over de 
richting van deze afwijking. Het doel van de studie, die in hoofdstuk 6 wordt 
gepresenteerd, was om meer inzicht te krijgen in het looptraject van 
neglectpatiënten. Twaalf rechter hemisfeer CVA-patiënten (6 neglect, 6 geen 
neglect), 8 linker hemisfeer CVA-patiënten (allemaal geen neglect) en 10 gezonde 
controle proefpersonen werden geïnstrueerd om naar een vast punt te lopen 
terwijl hun looptraject werd vastgelegd met behulp van een 2-dimesionaal 
ultrasoon positioneersysteem. Bij de patiënten werd het herstel van 
loopvaardigheid vastgesteld en zij werden getest op de aanwezigheid van 
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neglect. Neglectpatiënten vertoonden een grotere zijwaartse afwijking in hun 
looptraject vergeleken met CVA-patiënten zonder neglect en gezonde controle 
proefpersonen. Neglectpatiënten met een goede loopvaardigheid vertoonden een 
afwijking naar de zijde tegenovergesteld aan de zijde van het CVA. 
Neglectpatiënten met een beperkte loopvaardigheid vertoonden daarentegen een 
afwijking naar zijde die hetzelfde was als de zijde van het CVA. Binnen de groep 
met neglectpatiënten vonden wij geen relatie tussen de ernst van het neglect en 
de zijwaartse afwijking. De tegenstrijdige resultaten tussen onderzoeken met 
betrekking tot de zijwaartse afwijking in het looptraject van neglectpatiënten, 
kunnen mogelijk verklaard worden door verschillen in loopvaardigheid van de 
betreffende proefpersonen. Wij beredeneren dat wanneer de loopvaardigheid van 
een neglectpatiënt beperkt is, het lopen naar een vast punt een dubbeltaak wordt: 
koershouden en lopen. Een beperkte loopvaardigheid zal een lagere taakprioriteit 
van koershouden ten opzichte van lopen tot gevolg hebben, hetgeen resulteert in 
een verandering van strategie van koershouden. Deze verandering van strategie 
veroorzaakt mogelijk de verandering in afwijking van het looptraject. 
 
In hoofdstuk 8 worden suggesties gedaan voor toekomstig onderzoek, gebaseerd 
op de uitkomsten van de vorige hoofdstukken en wordt in een algemene 
conclusie getracht de vragen te beantwoorden, die in de algemene inleiding 
werden gesteld. We concluderen dat noch het herstel van de gewrichtskinematica 
naar een normaal patroon, noch een symmetrisch gangbeeld een voorwaarde is 
voor functioneel herstel van loopvaardigheid na een CVA. Compensatoire 
gangbeeldpatronen kunnen inderdaad worden gedetecteerd en het blijkt dat zij 
niet per definitie schadelijk zijn maar functioneel herstel mogelijk faciliteren. Het 
is ook mogelijk om reeds in een vroeg stadium te voorspellen welke patiënten 
compensatoire gangbeeldpatronen zullen ontwikkelen; tenminste, voor een 
stijve-knie gangbeeld. Met betrekking tot het effect dat neglect heeft op het 
looptraject van CVA-patiënten, mogen we concluderen dat wanneer 
neglectpatiënten actief koershouden terwijl zij naar een vast punt lopen, zij zullen 
afwijken naar de zijde tegenovergesteld aan de zijde van het CVA. Als de 
strategie voor het koershouden echter verandert in een “recht vooruit lopen” 
strategie, dan zal de zijwaartse afwijking verschuiven naar de zijde die hetzelfde 
is als de zijde van het CVA. 
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DANKWOORD 
 
Zo, het is af. Ik had het echter nooit gehaald, en zelfs nooit afgemaakt, zonder de 
hulp en steun van vele collega’s, vrienden en familieleden, die ik op deze plaats 
wil bedanken. 
 
Wiebo Brouwer, al snel na de aanvang van dit project heb jij als tweede promotor 
mijn dagelijkse begeleiding op je genomen. We kennen elkaar echter al veel 
langer. We maakten voor het eerst kennis zo’n 9 jaar geleden bij het 2e jaars vak 
Practicum Onderzoek tijdens mijn studie Psychologie. Vanaf dat eerste moment 
heb je mij enthousiast weten te maken (en te houden) voor het doen van 
onderzoek. In de loop der jaren hebben we veel samengewerkt; iets wat ik, mede 
door je grote betrokkenheid, altijd erg plezierig vond. Ik heb enorm veel van je 
geleerd en nog steeds doe je me vaak versteld staan, tijdens een “kort” gesprekje, 
hoeveel kennis je bezit. Ook nu nog weet je me op de juiste momenten weer 
enthousiast te maken met je ideeën en plannen en ik hoop dan ook dat we de 
komende jaren nog veel zullen samenwerken. 
 
Klaas Postema, medio 2000 nam jij de taak van eerste promotor over van 
professor Eisma. Je had in de afgelopen jaren, ondanks je ontzettend drukke 
agenda, altijd wel even tijd voor me als ik een vraag had over het een of ander. 
Behalve je ondersteuning bij ons onderzoek had je ook altijd aandacht voor 
persoonlijke zaken en daarvoor ben ik je zeer dankbaar. 
 
Theo Mulder, jij was (en bent) de trekker van het landelijke CVA-lopen kar. In die 
functie, en als mijn derde promotor, heb je enorm veel zaken voor mij en het 
project geregeld. Daarnaast was je altijd uiterst behulpzaam met je kritische, maar 
uitermate waardevolle, correcties op onze artikelen. 
 
At Hof, jij hebt de technische begeleiding van dit project voor je rekening 
genomen en je bent mijn copromotor. Met name in de beginfase van het project, 
tijdens de ontwikkeling van ons “low-cost gait analysis system”, heb je me veel 
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waardevolle tips gegeven en ook bij de analyse van de uitkomsten van de 
gangbeeldregistraties heb ik veel hulp van je gehad. 
 
Professor Eisma, u was aanvankelijk mijn eerste promotor maar heeft die functie 
overgedragen aan Klaas Postema toen u met emeritaat ging. Ik wil u bedanken 
voor uw belangrijke inzet bij de aanvang van dit project. 
 
De leden van de beoordelingscommissie, prof. dr. J.M. Bouma, prof. dr. J. 
Duysens en prof. dr. J.H.A. de Keyser, wil ik bedanken voor hun bereidheid om 
mijn proefschrift te lezen en te beoordelen. 
 
In de afgelopen 5 jaar zijn er verschillende mensen uit “mijn” projectgroep 
vertrokken en erbij gekomen. Ik wil Sonja Scholten-Jaegers, Hans Arendzen en 
Jan-Willem Meijer bedanken voor hun positieve inbreng tijdens onze 
projectoverleggen. Rienk Dekker kwam als laatste bij de projectgroep. Rienk, jij 
was altijd bereid om even snel iets voor me te regelen, even een brief door te 
lezen, maar ook waardevolle op- en aanmerkingen te plaatsten bij mijn artikelen, 
waarvoor mijn dank. 
 
Rob, Jaap en Marjolein, we zijn samen aan het landelijke CVA-lopen project 
begonnen ergens in 1999, maar eigenlijk ging het pas echt vlammen na de 
voetbalwedstrijd in en tegen Denemarken. De vele gezellige samenkomsten 
daarna hebben enorm bijgedragen aan de kwaliteit van dit proefschrift maar nog 
meer aan het plezier dat ik aan dit project heb beleefd. Bedankt! 
 
De fysiotherapeuten en verpleging van afdeling A in Beatrixoord wil ik bedanken 
voor hun zeer prettige samenwerking bij de verwijzing van proefpersonen. De 
fysiotherapeuten wil ik verder bedanken voor hun positieve feedback tijdens dit 
project; iets waar ik veel van heb geleerd. 
 
Afdeling 5-Oost van het Martini Ziekenhuis locatie van Swieten, en met name 
Atti Nauta, wil ik bedanken voor de geweldige samenwerking bij de inclusie van 
proefpersonen. Zonder jullie had ik nooit genoeg proefpersonen kunnen krijgen.  
 

120 



Dankwoord 

Roy Stewart, jouw adviezen met betrekking tot de statistische aspecten van mijn 
onderzoek waren onmisbaar. Daarnaast waren onze bijeenkomsten erg gezellig 
en werkte jouw enthousiasme altijd erg aanstekelijk. 
 
Wiebren Zijlstra, met name in het begin van dit project heb ik veel met je 
samengewerkt. Tijdens onze soms lange, maar zeer nuttige “prutssessies” met de 
gyroscopen heb ik veel van je geleerd over het doen van bewegingsanalyses. 
Daarnaast waren onze bijeenkomsten altijd uitermate geschikt om van alles en 
nog wat te evalueren. 
 
Alle medewerkers van de afdeling Neuropsychologie in het AZG wil ik 
bedanken voor hun steun en interesse de afgelopen jaren. Ondanks dat ik niet 
direct meer bij jullie werkte, hoorde ik er toch nog altijd bij en voelde ik mij bij 
jullie thuis. 
 
Alle projectstudenten en stagiaires wil ik bedanken voor hun bijdrage in de 
dataverzameling. In het bijzonder wil ik Kim Tjia noemen. Kim, jij was mijn 
eerste stagiaire en al gauw bleek dat we goed en prettig konden samenwerken. 
Daarnaast kon ik, in een periode waarin ik niet continu aanwezig kon zijn, met 
vol vertouwen mijn onderzoek aan jou overdragen. Dat gaf mij veel rust en 
daarvoor ben ik je zeer dankbaar.  
 
Ivan Liem en Barbara Vermeulen, jullie hulp en inbreng bij mijn metingen was 
onmisbaar. Bedankt voor al die keren dat jullie me hebben geholpen. Ook Ronald 
Davidsz wil ik bedanken voor zijn hulp bij de metingen. 
 
Zonder mijn collega’s zou het onmogelijk zijn geweest om dit proefschrift af te 
ronden. Leontien, Claudia, Sandra, Bianca, Juha, Wietske, Grieke, Gerda, 
Anuschka, Marije en Martin, allemaal enorm bedankt voor alle steun, adviezen, 
lol, koffie, thee en gezellige lunches die het werken aan mijn promotieonderzoek 
zoveel plezieriger maakten. Juha, Sandra, Bianca, Wietske en Martin wil ik in het 
bijzonder bedanken voor de laatste correcties aan dit proefschrift. 
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Sandra, Bianca en Juha, jullie waren mijn kamergenoten in de laatste fase van dit 
project. Ik wil jullie in het bijzonder bedanken voor alle tips met betrekking tot de 
lay-out van dit proefschrift, maar nog veel meer wil ik jullie bedanken voor de 
verwezenlijking van stelling 7. 
 
Niet alleen tijdens dit project maar reeds lang daarvoor heb ik veel steun gehad 
van mijn familie. Heit en mem, jullie hebben mij altijd gestimuleerd om door te 
gaan met studeren en op momenten dat ik twijfelde, gaven jullie mij dat zetje om 
toch verder te gaan. Hans en Susan, ik vind het geweldig dat jullie mijn 
paranimfen willen zijn en dat ik onder de hoede van mijn grote broer en zus deze 
promotie kan afsluiten. Lieve Dorian, het is een enorm gemis dat jij en heit deze 
promotie niet meer mee kunnen maken, maar waarschijnlijk zal heit wel een 
zoute voor je klaar hebben liggen en drinken jullie samen een borrel op mij. 
Proost! 
 
Lieve Bonnie, in al deze jaren was jij het allerbelangrijkst voor mij en nu Noortje 
er is zijn jullie dat samen. 
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CURRICULUM VITAE 
 
Rients Huitema werd op 7 juli 1970 geboren te Bolsward. In 1988 behaalde hij aan 
de Rijksscholengemeenschap Magister Alvinus zijn eindexamen VWO, waarna 
hij de opleiding Elektronische Informatietechniek aanving aan de 
Rijkshogeschool Groningen. Tijdens zijn afstudeerproject aan de De Montfort 
University in Leicester (UK) kwam hij voor het eerst in aanraking met 
wetenschappelijk onderzoek en was zijn interesse gewekt. De stap van 
bewegende elektronen naar stroompjes in neuronen was slechts een kleine en na 
het behalen van zijn Hogeschool diploma, startte hij in 1994 met de studie 
Psychologie aan de Rijksuniversiteit Groningen. Als hoofdrichting koos hij 
Klinische Psychologie en als nevenrichtingen Neuro- biopsychologie en 
Methodologie. Zijn leeronderzoek voerde hij uit bij het Instituut voor Arbeid in 
Beetsterzwaag, waar hij onderzoek deed naar de mentale belastbaarheid van 
contusio cerebri patiënten. Zijn afstudeerstage betrof een diagnostiekstage bij de 
afdeling Neuropsychologie in het Academisch Ziekenhuis Groningen. In 1998 
behaalde hij cum laude zijn diploma. Na korte tijd werkzaam te zijn geweest als 
programmeur startte hij in 1999 als Assistent In Opleiding met zijn 
promotieonderzoek bij de afdeling Revalidatie in het Academisch Ziekenhuis 
Groningen. Dit onderzoek, dat deel uitmaakte van het landelijke door ZonMw 
gesubsidieerde CVA-lopen project, richtte zich op het functioneel herstel van 
lopen bij CVA-patiënten. 
 
Rients is getrouwd met Bonnie Ermers en zij hebben een dochter, Noortje. 
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