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Introduction  
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In the Netherlands annually about 30,000 people suffer a stroke for the first 

time.1 One third of these stroke patients die within the first year, while 41% 

experience long term disabilities. This makes stroke a major disease in medical 

and in socio-economic terms. Based on the most recent family physician 

registrations available, the average incidence of stroke was estimated at 1.7 per 

1,000 for men and 2.0 per 1,000 for women in 1994. However, the estimated 

average prevalence was much higher at 5.6 per 1,000 for men and 5.4 per 1,000 

for woman.2 Because stroke is mainly a disease of old age, the prevalence rate in 

individuals above 55 years of age is estimated at 25.2 per 1,000 for men and 

27.7 per 1,000 for women. Incidence and prevalence rates have levelled off in 

recent years in the Netherlands.3  

In the Netherlands stroke care consumes about 3 percent of the health care 

budget.4,5 A large part of these costs is generated by home nursing services 

(16%), hospital care (20%), and nursing home care (37%).4 Unfortunately, no 

prospective national data are available on the costs involved in stroke 

prevention, mental health care, and caregivers. 

 

Not just on society but also, and far most, on the afflicted individual and his or 

her environment the impact is felt of a sustained stroke. For instance, a person’s 

independence in moving about may be significantly compromised after stroke. 

Often patients are incapable of returning to their premorbidity roles in society or 

may even require long-term care. While stroke is the leading cause of long-term 

disability in the modern world, it is also a condition for which there is no 

universally accepted rehabilitation approach. Several impairment-focussed 

neurological treatment approaches have been developed and implemented in the 

60s and 70s of last century but none were proven to be more effective than the 

other nor do these approaches generate functional improvements.6 Recently 

developed treatment programmes that take advantage of compensation 

strategies with a strong emphasis on functional training may hold the key to 

optimal stroke rehabilitation.  
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The objective of stroke rehabilitation is to enable individual patients to achieve 

their full potential and to maximize the benefits from training in order to attain 

the highest possible degree of physical and psychological performance. 

Guidelines assist the clinician in this responsibility. The ultimate goals for many 

stroke patients are to achieve a level of functional independence necessary for 

returning home and to integrate as fully as possible into community life. For this 

reason clinicians are challenged at an early post-stroke stage to reliably predict 

the degree of disability the patient will ultimately experience in order to facilitate 

optimal stroke rehabilitation and appropriate discharge planning and 

implementation of resources. 

Therapists and physicians need to formulate their functional goals as precisely as 

possible. These goals should be realistic depending on the levels of disability and 

potential for recovery. Overly optimistic expectations as well as 

underachievement must be avoided. This requires adequate knowledge of the 

patient and disease characteristics that determine functional outcome. Making a 

proper prognosis is far more complex than just applying a suitable prediction 

model. Ideally, this clinical decision making or clinical reasoning should be based 

on knowledge about recovery milestones.7 The expected level of walking to a 

great extent determines the expected level of activities of daily living and 

possible discharge to home. However, each stroke patient is unique in its 

presentation of impairments (body functions and structures), disabilities and 

handicaps (limitation of activities and participation). The role of caregivers 

(environmental factor) could be crucial when planning for discharge destination.  

 

Still a gap remains between prognostic research and rehabilitation practice, 

because only the results of relatively few well-designed prognostic studies are 

available for professionals to be integrated in stroke rehabilitation programmes. 

This affects the level of applied evidence based practice. Clinicians are largely 

dependent on the literature to satisfy their need for evidence based information. 

However, this information has usually limited clinical significance. This is because 

this evidence is often produced by cross-sectional studies that do not account for 

the non-linear nature of stroke recovery, which makes it difficult to validly 
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generalize this information in post-stroke time. For a valid interpretation of the 

non-linear nature and time-dependency of stroke recovery, information obtained 

from longitudinal conducted studies is required. Sequential repeated 

measurements in time will generate valuable information of recovery patterns, 

but studies that incorporate such longitudinal designs are often costly and 

laborious. However, if conducted properly, these studies gather valuable 

information about longitudinal relationships. In addition, longitudinal regression 

analysis makes it possible to study the impact of post-stroke time as time itself is 

considered one of the most important but neglected covariates in predicting 

stroke outcome.8  

Since the late eighties of the last century, new statistical regression models for 

longitudinal analysis of repeated measurements have become available.9 These 

methods can be used for the analysis of longitudinal relationships between body 

functions and limitation of activities and participation in time. The impact of 

time-dependent changes can also be established. These new methods are much 

more useful than the traditional MANOVA statistics. MANOVA for repeated 

measurements only takes into account subjects with complete data, ie the 

subjects who are measured at all time-points. MANOVA post-hoc procedures test 

the overall between-subjects group effect, ie only the difference between the 

average values of repeated measurements. Moreover, this method requires fixed 

time intervals.  

 

To investigate the longitudinal relationship in recovery profiles of stroke patients, 

we used patient information from a previously conducted research project that 

involved a repeated measurement design with 18 measurements in the first year 

post stroke.10 In that project statistical models for the prediction of activities of 

daily living after stroke were critically reviewed for methodological quality and 

the accuracy of therapists to predict functional outcome as well as the effects of 

different levels of augmented exercise training in stroke rehabilitation were 

studied.  

In our project we focus almost primarily on the recovery of gait after stroke. For 

this purpose we use gait speed as the most important parameter to measure the 
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quality of gait recovery.11 Reproducibility, validity and responsiveness are well 

documented for this measurement tool. The effects of post-stroke time, as a 

determinant for spontaneous recovery of gait, are largely unknown. By studying 

the course of recovery of gait in post-stroke time we attempt to contribute to this 

knowledge. 

 

Objective and outline of this thesis 

 

The objective of this thesis is to investigate the long term recovery of hemiplegic 

gait in severely affected stroke patients. In particular, the presence of a 

predictive relationship between early registered determinants and late outcome 

measures defined at 6 or 12 months, the relevance of longitudinally applied 

frequent measurements to establish such a relationship and the long term effects 

of intensity of stroke rehabilitation are investigated.  

Because of the course of stroke recovery is non-linear and time-dependent, early 

and late recovery was studied. This required the establishment of acute, 

subacute and long term recovery profiles. This information subsequently assisted 

in the interpretation of the mechanisms involved in the long term recovery of 

hemiplegic gait and the impact of therapeutic interventions on this recovery. 

Based on multiple reproducible, valid and responsive measurement instruments, 

high quality clinimetric data was obtained longitudinally within the first post-

stroke year. This information was than used to address the specific research 

questions in the projects complementing this thesis.  

 

First, a review of current research developments is presented of functional 

recovery after stroke (chapter 2). This chapter is the starting point of this thesis 

and provides background information and an overall framework of issues 

relevant to subsequent chapters.  

Thereafter, the relationship between comfortable and maximal walking speed 

during the first post-stroke year is explored and its relevance and therapeutic 

implications are discussed (chapter 3). Because little is known of the early 

characteristics of patients that may contribute to the restoration of walking 
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ability, stable predictive determinants of independent gait at 6 months post-

stroke are studied (chapter 4). The selection of variables for this new model is 

based on significance in bivariate logistic regression each and every week during 

the entire initial 10 week post-stroke onset period. Subsequently, the effects of 

repeated measurements on an appraisal based walking classification over time 

are studied to determine time related effects (chapter 5). For this purpose the 

longitudinal relationship between comfortable walking speed and Functional 

Ambulation Categories (FAC) for independent gait is investigated between the 

fourth and twenty-sixth post-stroke weeks. The longitudinal relationship between 

functional change in walking ability and change in time-dependent covariates is 

explored during the first post-stroke year and a multivariate multi-level 

regression model for the prediction of longitudinal change in walking ability is 

developed (chapter 6). By modelling only change scores longitudinal rather than 

longitudinal and cross-sectional relationships are analyzed in the regression 

model. 

 

New creative ideas based on clinical expertise and principles of motor learning 

are needed to advance the development of stroke rehabilitation programmes for 

the benefit of the large population of chronic stroke victims. Therefore, a single 

subject design was used to explore the possible benefits to stroke patients of a 

training regimen commonly used in competitive sports (chapter 7). The effects of 

overloading of the lower hemiparetic extremity on walking speed in chronic 

stroke patients were analysed. The long term impact of intensive rehabilitation 

programmes on functional recovery is a relevant issue to address because of the 

costs and resources involved to implement and maintain these programmes. In a 

randomized controlled trial the effects of these programmes in the acute and 

subacute rehabilitation phases are studied in patients at one year after stroke 

(chapter 8). Finally, a literature based review is presented of the facts and 

theories of the non-linear functional recovery patterns after stroke (chapter 9). 

The mechanisms that are presumed to be involved in this recovery are 

discussed.  

 

 6



For this research project patient information was obtained from two sources. 

First, the main studies of this thesis, described in chapters 3, 4, 5, 6 and 8, were 

based on information obtained from patients enrolled in another study project 

already published elsewhere.10 For that project 102 stroke patients were used. 

These patients were recruited from seven hospitals in and around the 

Amsterdam area during a 32 months period from 1994 to 1997. Moreover, three 

rehabilitation centres and 15 nursing home facilities participated in the hospital 

based research project. The original project was coordinated by the Physical 

Therapy department of the Vrije Universiteit medical centre and approved by the 

ethics committee of each participating medical facility. In order to create a 

relatively homogeneous study population, patients were enrolled when they met 

the following admission criteria:   

1. had suffered a primary ischemic stroke involving the middle cerebral artery 

(MCA) as revealed by CT- or MRI-scan,  

2. were between 30 and 80 years old,  

3. presented with an impaired upper and lower extremity motor function,  

4. were unable to walk at first assessment,  

5. had no complicating medical history, such as cardiac, pulmonary or other 

neurological disorders,  

6. had no severe deficits in communication, memory and understanding,  

7. provided informed consent.   

 

Consequently, the statistical analyses of the main studies of this thesis were 

conducted on ample available patient information necessitating no acquisition of 

additional data for the present research project.  

Reformulating research questions in such a way that these questions specifically 

address the non-linear nature and time-dependency of recovery of gait after 

stroke and reanalysing data from the original study project using statistical 

methods that correct for within-subject dependency required for analysis of 

longitudinal data are characteristic elements of this new project. The studies in 

this new project will generate results that will complement those of the original 

study project, but likewise will also raise new questions.  
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Second, from the patient records of the Department of Rehabilitation Medicine in 

the Isala klinieken in Zwolle three chronic stroke patients were selected with 

stage 3 or 4 Fugl-Meyer scores in the lower extremity and the ability to ambulate 

independently without walking aids for 5 minutes. Subsequently, these patients 

were invited to participate in the single subject design study described in chapter 

7.  

In the general discussion of this thesis an attempt is made to elaborate on the 

reported findings and to present an overall assessment of the scientific 

significance of the studies in this thesis as well as any suggestions for further 

research.     
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Abstract 

 

This review article discusses current research developments in functional 

recovery after stroke. With the institutionalization of stroke services across 

health care facilities a reduction in mortality rates, length of inpatient stay and 

improved independence in activities of daily living have been reported. Several 

systematic reviews show that traditional treatment approaches induce 

improvements that are confined to impairment level only and do not generalize 

to a functional improvement level. More recently developed treatment strategies, 

that incorporate compensation strategies with a strong emphasis on functional 

training, may hold the key to optimal stroke rehabilitation. Intensity and task-

specific exercise therapy are important components of such an approach.  

Guidelines may assist the clinician in this responsibility. However, due to marked 

heterogeneity of the stroke population and poor methodological quality of many 

studies results are uncertain. Several options are discussed to overcome the 

problem of stroke heterogeneity in research designs. 

Longitudinal repeated measurements designs are required to study the effects of 

non-linearity and time dependency of functional recovery in stroke. Furthermore, 

prognostic research based on sound clinimetric data generates relevant 

information that may guide the clinician in clinical decision making and in 

determining optimal treatment strategies. 

 

 

 

 

 

 

 

 

 

 12



INTRODUCTION 

 

Stroke is a disease of developed nations. Worldwide it is increasing along with 

modernization. In the United States (US) stroke is the third leading cause of 

death and leading cause of serious, long-term disability.1 While stroke mortality 

rates have declined, the number of total stroke deaths has increased in the US in 

the 1990s. This trend may continue as the percentage of older individuals grows. 

It is estimated that there are over 750,000 first-ever or recurrent cases of stroke 

in the US each year.2 Strokes occur at any age but are much more common in 

the elderly, with the death rate doubling every ten years between 55 and 85.1 

Both life expectancy and incidence of stroke is increasing in the United States.3  

It is anticipated that by 2020, stroke will have moved from the 6th leading cause 

of lost disability adjusted life years (DALY’s) to 4th.4 The expected increase in 

stroke survivors potentially living with disabilities will place a burden on the 

survivor’s family, the community, and the healthcare system. Because of the 

substantial costs and their impact on society much attention is paid to the 

prevention of stroke. Major preventable risk factors include hypertension, atrial 

fibrillation, diabetes, and tobacco consumption as well as hypercholesterolemia 

and obesity. Moreover, a meta-analysis has demonstrated that moderate to high 

levels of physical activity are associated with reduced risk of total, ischemic, and 

hemorrhagic strokes.5  

New developments in stroke treatment induced changes in stroke care and the 

necessity to concentrate this care in specialized, well organized and coordinated 

medical facilities, hence creating stroke services. The scientific evidence for the 

benefits of these stroke services is mounting. As a consequence many health 

care facilities and institutions proceeded to incorporate such a service. A stroke 

unit is part of a stroke service. At present stroke units can be found within a 

large number of hospitals. A reduction of mortality rates and length of inpatient 

stay and improved independence in activities of daily living (ADL) have been 

demonstrated for patients who are admitted to a stroke unit.6-8 These benefits 

have been attributed to an integrated approach in which acute care is linked with 

early mobilization and rehabilitation as well as the prevention of post-stroke 
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complications, comprehensive assessment of medical problems, impairments and 

disabilities, active physiological management, skilled nursing care, early setting 

of rehabilitation plans involving carers and early assessment and planning for 

discharge needs.9-11 Stroke units employ a team of experts on stroke care. Such 

a team incorporates a neurologist, specialized registered nurses, physiatrist, 

physiotherapist, occupational therapist, speech pathologist, social worker, and a 

transfer nurse. In addition, a neuropsychologist, geriatrician, psychiatrist, 

dietician, cardiologist, internist, neurosurgeon and Ear, Nose and Throat 

physician may be consulted if required. In a systematic review Langhorne and 

Duncan showed that there can be substantial benefit from organized inpatient 

multidisciplinary rehabilitation in the postacute period.12 Based on a 

heterogeneous group of 9 trials totalling 1,437 patients, they found a reduced 

odds of death (OR: 0.66 CI: 0.49 to 0.88; p = 0.01), death or institutionalization 

(OR: 0.70 CI: 0.56 to 0.88; p = 0.001), and death or dependency (OR: 0.65 CI: 

0.50 to 0.85; p = 0.001), which was consistent across a variety of trial 

subgroups. 

Based on this information the following questions with regard to stroke 

rehabilitation will be addressed: 

1. Is stroke rehabilitation efficacious?  

2. Is methodological quality of studies sufficient in stroke rehabilitation 

research? 

3. What is the significance of repeated measurements for the prediction of 

stroke recovery?  

 

EFFICACY OF STROKE REHABILITATION 

 

The importance of evidence-based medicine and practice as a guide to the 

clinical decision-making process is increasingly recognized by health care 

professionals. In the absence of any curative therapy, rehabilitation constitutes 

the main mode of therapy to improve quality of life following stroke13 and is 

considered a corner stone of multidisciplinary stroke care.14 However, to date the 

choice of applied therapeutic interventions is still subject to empiricism and 
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demonstration of their efficacy is often based on methodologically low quality 

research. One way of assessing the quality of randomized controlled trials (RCT) 

is with the Physiotherapy Evidence Database (PEDro) scale.15 This rating allows 

for distinguishing between methodological sound and poor trails. This instrument 

has been used in a systemic review for determining the evidence for the impact 

of physical therapy on functional outcomes after stroke.16 For this review, from 

the 735 publications identified as clinical trials in stroke rehabilitation, 151 

studies were selected including 123 randomized controlled trials (RCT) and 28 

controlled clinical trials (CCT). Methodological quality of all RCTs constituted 5 

median points on a 10 point PEDro scale. The effects generated by different 

neurological treatment approaches, including Bobath or Neurodevelopmental 

treatment (NDT), Brunnstrom, Rood, Johnstone, Proprioceptive Neuromuscular 

Facilitation (PNF), Motor Relearning Programme (MRP), Ayres or combinations of 

these methods, were investigated.16 Best-evidence synthesis showed moderate 

evidence for a reduced length of hospital stay in favour of MRP or traditional care 

compared with an impairment-focused neuromuscular treatment approach such 

as Bobath.17-19 No evidence was found for applying a specific neurological 

treatment programme in terms of muscle strength20,21, synergism22, muscle 

tone23, walking ability23, dexterity17,24,25 or ADL17,18,20,21,23,25-27. Hafsteinsdóttir 

reported a similar finding for nursing care in hospitalised stroke patients. The 

NDT-approach was not found to be an effective method and therefore she 

encouraged health care professionals to reconsider the use of the NDT-

approach.28 

Impairment-focused programmes fail to generate functional improvements. 

These programmes include biofeedback, neuromuscular or transcutaneous nerve 

stimulation, cardiovascular fitness training and muscle strengthening.16 

Moreover, this review indicates that the rational for different treatment 

approaches is still weak. However, strong evidence was found for therapies that 

administered functional training, such as constraint-induced movement therapy, 

treadmill training with or without body weight support, aerobics, external 

auditory rhythms during gait and neuromuscular stimulation for glenohumeral 

subluxation.16 
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Another systematic review investigated the outcomes of progressive resistance 

strength training following stroke.29 From the 350 publications initially identified, 

eight met the inclusion criteria of the review. Only three were randomized trials 

and the remainder were single-case time-series analyses or pre-experimental 

trials. The authors concluded that there is preliminary evidence that progressive 

resistance strength training reduces musculoskeletal impairment after stroke, but 

they were unable to demonstrate effects on enhancing performance of functional 

activities or participation in societal roles.29 Yet another systematic review of 

exercise trials after stroke identified insufficient evidence to establish a positive 

effect of cardiovascular exercise on disability, impairment, extended ADL, quality 

of life and case fatality.30 From the 18,934 potential relevant trials identified 16 

trials were found to meet the inclusion criteria. Ultimately, information from only 

three trials, all with different outcome measures, was used for the review as poor 

methodological quality necessitated to disregard the other studies.       

A meta-analysis subsequently provided evidence for the use of increased 

intensity of task-specific exercise therapy as a means of achieving faster motor 

recovery after stroke.31 A random effects model adjusted for the difference in 

treatment intensity in each study was used. Twenty of the 31 candidate studies, 

involving 2,686 stroke patients, were included in the synthesis. Small but 

statistically significant weighted mean differences (WMD) were found for ADL 

measured at the end of the intervention phase. Further analysis showed a 

significant homogeneous WMD for the effects of increased exercise intensity, ie, 

augmented therapy for at least 16 hours within the initial 6 post-stroke months, 

on instrumental ADL and gait speed. The authors concluded that there is strong 

evidence that patients benefit from exercise programmes in which functional 

tasks are directly and intensively trained.31  

Following discharge from a stroke service treatments are often continued albeit 

less frequently. According to a Cochrane review outpatient rehabilitation may 

prevent deterioration in seven of every 100 patients residing in the community.32 

This rehabilitation is directed to the restoration of motor control in gait and gait-

related activities, improvement of upper extremity function, teaching the patient 

to cope with existing deficits in ADL and enhancement of participation in general.  
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Based on multidisciplinary consensus guidelines have also been developed in 

many countries for overall stroke caree.g.33 and stroke rehabilitation.e.g.34 

Adherence to these guidelines has been shown to be related to functional 

recovery. Greater levels of adherence to postacute stroke rehabilitation 

guidelines are associated with improved patient outcomes35 and patient 

satisfaction.36 Compliance with guidelines may be viewed as a quality-of-care 

indicator with which to evaluate new organizational and funding changes 

involving postacute stroke rehabilitation.  

 

METHODOLOGICAL QUALITY OF STROKE REHABILITATION RESEARCH  

 

What these systematic reviews also demonstrate is the poor methodological 

quality of many intervention studies. These studies either failed to meet the 

inclusion criteria by design and thus were not included in the analysis or lacked 

statistical and internal validity. Ottenbacher and Jannell found that standardized 

mean differences (ie, effect sizes) of poorly designed trials were twice as large 

(ie, 0.73 versus 0.38 standard deviation units) when compared to those of well 

designed intervention trials.37 Quite often the observer was not independent of 

treatment assignment.38 In addition it has been claimed that insensitivity of most 

ordinal scaled measurement instruments jeopardises the detection of relatively 

small effects of stroke rehabilitation. Matyas and Ottenbacher also noticed a lack 

of power of intervention studies in the detection of differences in efficacy.39  

When there are large differences in patient characteristics and individual 

recovery patterns within both the experimental and control groups it becomes 

difficult to demonstrate differences between groups, in particular when these 

effects of treatment are small compared to the extent and heterogeneous nature 

of developing spontaneous recovery. For this reason a number of researchers 

advocate the inclusion of a large number of patients in stroke rehabilitation trials, 

whereas others prefer controlled single subject experimental designs or 

interrupted time series experiments.40-42 A major advantage to this latter design 

is its control for subject homogeneity. However, it should be noted that there are 

also some inherent disadvantages to controlled single subject experimental 
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designs in that systematic variance may be induced by initial patient selection, 

carry over effects of treatment conditions from preceding phases onto ensuing 

phases, training effects of repeated measurements, contamination by differences 

in circumstances during the study, and confounding effects generated by non-

specific parts of the treatment.40,43 In addition single subject experimental 

designs may suffer from the unknown natural history of individual subjects.44 To 

overcome the problem of heterogeneity within the stroke population several 

authors have suggested that the implementation of well-defined criteria for 

patient selection may improve statistical power and concomitant conclusion 

validity in stroke rehabilitation trials conducted to detect differences in efficacy.45-

48  

Alternative methods of experimental control accomplish efficient treatment 

comparisons at the individual patient level. To control for spontaneous recovery 

after the subacute phase multiple baseline design studies are useful in 

demonstrating immediate short lasting effects.49 In cross-over and single subject 

designs patients act as their own control thus reducing attrition from patients 

randomized to the control group. Another advantage of these designs is that they 

require fewer participants. Although by definition, single subject designs have 

low generalizability, if done well, they are controlled and can provide very 

specific answers. This information can than be used for further scientific scrutiny 

in clinical randomized trials.50 

 

MEASUREMENT AND PREDICTION IN STROKE 

 

When based on high quality studies systematic reviews and meta-analyses 

provide the ultimate evidence upon which evidence based practice is built. This 

evidence is based upon the (pooled) weighted mean differences of several RCTs 

and CCTs designed to study the effects of specific therapeutic interventions. The 

goal of these trials is to elucidate the benefits generated by specific interventions 

which eventually may lead to the development of efficient and effective 

rehabilitation programmes for acute and chronic stroke patients. These training 

programmes are likely to produce better results if they comply with the principles 
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of motor learning. Motor learning is defined as a relatively permanent change in 

the capability for responding associated with practice or experience.51 Task-

specificity, practice, goal-setting, feedback and motivation are considered 

important elements in motor learning.51 In practice it appears that repetition 

alone is less effective than repetition with variable practice. Many rehabilitation 

studies report immediate posttraining gains, particularly if they used physical 

conditioning principles. Therefore, immediate posttraining changes are 

considered ‘performance gains’ that can only be assessed as re-learned if 

sufficient time has elapsed to allow the gains to become permanent.52 This 

implies that stroke patients require long term follow-up and assessment in order 

to demonstrate rehabilitation induced effects. Moreover, this approach also 

allows for revealing any time-course related effects. To date, many time 

dependent variables are yet to be determined. However, time itself appears to be 

one of the most important – although neglected - determinants in relation to 

spontaneous functional recovery.53    

Findings from longitudinal studies with repeated measurements over time 

indicate that recovery of neurological impairment and disability shows a 

nonlinear pattern as a function of time.54-59 Such research employs a dynamic 

model which reflects reality more accurately and validly as time is likely to 

confound reported predictive relationships in cross sectional research. It may 

even address important issues such as elucidating the critical time window for 

therapy in stroke recovery. Moreover, predicting outcome at an early post-stroke 

stage allows for the development of optimal individual tailored treatments and 

early discharge planning. For instance, in a paper describing the probability of 

regaining dexterity in the flaccid upper limb it was reported that optimal arm 

function at 6 months could be predicted within 4 weeks after onset based on 

Fugl-Meyer scores of the flaccid arm.60 Furthermore, it was found that lack of 

voluntary motor control of the leg in the first week with no emergence of arm 

synergies at 4 weeks was associated with poor outcome at 6 months.60 The 

outcome of prediction models assists the practitioner in making a proper 

prognosis and treatment plan for an individual stroke patient. This process, 

known as clinical reasoning or clinical decision making, is characterized by the 
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gathering and interpretation of information obtained from a patient, the 

estimation of expected treatment effects and subsequently the formulation of 

predictions regarding functional outcome. Unfortunately, studies describing 

adequate prediction models for recovery of gait after stroke are relatively scarce 

and of poor quality. A systematic review on prognostic factors for ambulation and 

ADL in the subacute phase after stroke involving 26 studies with 7,850 patients 

found only one prognostic factor (incontinence for urine) identified in three level 

A studies (ie, good level of scientific evidence according to the methodological 

score). However, they concluded that at present insufficient methodological 

quality of selected publications did not allow for an evidence-based prediction of 

ADL and ambulation in the subacute stage of stroke.61  

Ideally, the development of a new prediction model should be based on 

established guidelines and the accuracy of a model’s predictions must be 

externally validated in at least one independent cohort of stroke patients that 

was not used to generate the model.62 Predictor variables must be easy to 

collect, clinically relevant and reliable. Basically, such a newly developed 

prediction model could suffer from three types of error: overfitting, ie, too many 

variables in the model, results in the erroneous inclusion of false positive 

predictors (type I error); underfitting, ie, too few variables in the model, is 

responsible for the omission of important variables (type II error) and 

paradoxical fitting. This represents a reported negative association with outcome 

when in fact this association is positive (type III error). The risk of these 

problems increases as the ratio of outcome events to the number of predictor 

variables becomes smaller. The risk of error is especially high with an events per 

variable (EPV) ratio of <10 for binary outcomes.62       

 

The use of clinimetrics is of vital importance in this process.63 The systematic 

assessment of longitudinal changes based upon clinimetric sound measurement 

instruments improves objectivity and facilitates communication among and 

between professionals and caregivers. In stroke research, with its large 

clinimetric 95% error thresholds and its dominating dynamics in recovery profiles 

as a result of underlying mechanisms of spontaneous recovery, longitudinal 

 20



applied clinimetric measures will create a valid representation of any post-stroke 

changes that may have occurred. The information based on these measurements 

will generate a recovery profile of individual patients which allows for an 

estimation of the relationship between impairments, activities and participation 

levels and contributes to the identification of risk factors that can be used in the 

discrimination between stroke patients with good and poor prognosis. It can 

guide patient management by providing a foundation on which realistic and 

attainable short and long term therapeutic goal setting and discharge planning 

can be implemented. Retrospectively, it allows for a reflection on the impact of 

treatment decisions made during the course of recovery. A learning process is 

thus created that may benefit the care of future stroke patients.64    

 

DISCUSSION 

 

The objective of stroke rehabilitation is to enable individual patients to achieve 

their full potential and to maximize the benefits from training in order to attain 

the highest possible degree of physical and psychological performance. The 

ultimate goals for many stroke patients is to achieve a level of functional 

independence necessary for returning home and to integrate as fully as possible 

into community life. For this reason clinicians are challenged to reliably predict at 

an early post-stroke stage the degree of disability the patient will ultimately 

experience in order to facilitate optimal stroke rehabilitation and appropriate 

discharge planning and implementation of resources. Still a gap remains between 

prognostic research and rehabilitation practice. Therapists and physicians need to 

formulate their functional goals as precisely as possible. This requires adequate 

knowledge of the patient and disease characteristics that determine functional 

outcome. Making a proper prognosis is far more complex than just applying a 

suitable prediction model and incorporates clinical decision making or clinical 

reasoning based on recovery milestones, such as sitting balance, standing 

upright and the ability to walk.65 Although adherence to major methodological 

principles in prognostic research is a prerequisite for achieving internal and 

statistical validity, the heterogeneity of the stroke population remains a major 
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threat to the external validity of prediction models. Therefore, stratification of 

patients based on demographic and diagnostic data has been recommended in 

order to increase precision of prediction models. The aim of applying prediction 

models in more specific subpopulations of stroke patients is to strike a balance 

between precision and generalizability. In order to achieve the most efficient use 

of stroke services, it is important to identify predictors that discriminate between 

stroke patients with good and poor prognosis. Differences within and between 

studies in post-stroke timing of measurements taken for prediction decrease 

external validity of existing prediction models. The strict adherence to adequate 

study designs, restrictive selection criteria and repeated measurements over 

time, based on clinimetric sound instruments, can contribute to a better 

understanding of stroke recovery in general and patient characteristics that allow 

for an early reliable prediction of the final outcome. Only than individually 

tailored optimal treatment programmes can be implemented.   

Traditionally, cross-sectional stroke research is conducted. However, the 

variability in timing of the assessment of final outcome has made comparisons 

between prognostic studies difficult. This presents a problem in systematic 

reviews as the lack of uniformity limits mutual comparison let alone the pooling 

of results for meta-analysis. In stroke research the nonlinear functional recovery 

pattern presents challenges to overcome and calls for an inception cohort with 

repeated measurements taken at fixed times post-stroke. A major advantage of 

frequently repeated measurements over time is that it represents reality far 

better than one or two measurements. Instead of relying on one or two images 

of the patients’ functional status frozen in time for analysis several closely 

sequential images over time can be observed and analyzed thus providing insight 

into the dynamics of recovery. This in turn allows for a more valid interpretation 

of reality as it enables observing changes in actual recovery processes that take 

place over time. More research is needed for the development of prognostic 

models based on the within-subject variability of covariates and uniform timing 

of prediction and assessment of final outcome. Future research should also focus 

on identifying time dependent determinants. This information can than be used 

to determine critical time windows for specific therapeutic interventions but may 
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also assist in identifying hierarchy in recovery patterns.53 The use of mixed 

modeling statistical techniques allows for analyzing cross-sectional and 

longitudinal treatment and time effects simultaneously while correcting for the 

correlated observations within subjects over time and allowing for regression 

coefficients to differ between subjects. As time constitutes an independent 

covariate in such a model these statistical methods enable longitudinal analysis 

of unequally spaced time points of measurement. Moreover, in random 

coefficient analysis missing data are presumed to be missing at random.66 

Finally, there are strong indications that motor recovery after stroke occurs to a 

large extent through behavioural compensation, rather than via processes of 

‘true recovery’ alone.67 Future studies may explore the relationship between 

behavioural adaptations and improved skills after stroke ie, addressing the issue 

of which changes in motor control coincide with functional improvements. This 

knowledge may contribute to determining the best way in which to subject stroke 

patients to therapeutic exercises. 
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Hemiplegic gait after stroke:  

Is measurement of maximum speed required? 
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Abstract 

 

OBJECTIVE:   

To study the relation between comfortable and maximum walking speed in stroke 

rehabilitation and to determine which parameters are predictive in this 

relationship and increase its precision.  

DESIGN:   

One-year prospective cohort study. Longitudinal information was obtained for 

10-m comfortable and maximum walking speeds, hemiplegic limb muscle 

strength, and balance. In addition, subjects’ ages and the type of rehabilitation 

they received were registered. 

SETTING:  

Stroke service facilities. 

PARTICIPANTS:  

Eighty-one acute stroke patients. 

MAIN OUTCOME MEASURE:  

Ten meter maximum walking speed. 

RESULTS:  

We found a progressive improvement in walking speed and a mean systematic 

difference between comfortable and maximum walking speeds. An overall mean 

intraclass correlation coefficient for consistency of ρ equal to .96 and a within- 

and between-subject regression coefficient of 1.32 were demonstrated for the 

relation between comfortable and maximum walking speeds. None of the 

covariables were statistically significant in the final linear regression prediction 

model.  

CONCLUSIONS:  

Independent of time after onset of stroke, maximum walking speed can be 

predicted by comfortable walking speed with considerable accuracy. The 

precision of this estimation is not increased by considering patients’ age, 

hemiplegic muscle strength, balance or therapeutic intervention.  
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INTRODUCTION 

 

Clinically, it is widely accepted that walking speed is a simple but highly reliable 

and responsive parameter of gait. 1,2 (page 78,79)  Reliability has been established for 

test-retest and between-observer measurements.3,4 Repeated measurements 

with a simple timed walking test has been qualified as a responsive method to 

measure change in walking performance over time.5 Several randomized-

controlled trials (RCTs) have demonstrated favourable effects of gait training, 

particularly on walking speed.6-10 Supporting the validity of speed measurement 

as an useful tool for objectively monitoring progress in hemiplegic gait, statistical 

evaluations have found significant correlations between time-distance 

parameters such as cadence, cycle time, stance time, swing time, stride length, 

and step length and walking speed11-13 as well as ambulatory 

performance.1,3,11,13-18 In addition, gait speed correlates strongly with other 

parameters such as balance19, use of walking aids3 and number of falls; it also 

reflects activities of daily living function in geriatric patients.20   

Given this body of evidence it is suggested that improvement in walking speed 

reflects a genuine improvement in mobility, even if other mostly categorical 

measures fail to detect it.   

Obtaining sufficient information on adequate walking speed requires the 

recording of both comfortable speed and maximum walking speed, because the 

latter may be important in community based activities such as crossing a street. 

Because most patients with stroke tend to walk slowly it is necessary to 

determine to what safe level they are capable of increasing their walking speed.  

Bohannon17 studied this relation cross sectionally in 20 subacute stroke patients 

and found Spearman rank-order correlation coefficients for Functional 

Independence Measure (FIM) scores of .826 (p <.001) and .673 (p <.01) for 

comfortable and fast walking speed measurements, respectively, and a 1.40 

linear regression coefficient for comfortable speed versus maximum walking 

speed. This latter finding denotes its clinical relevance, in that 1.4 times the 

comfortable speed corresponds with the maximum speed.
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In this study we elaborate on these findings by investigating the predictive 

relation between comfortable and maximum walking speed at regular post-onset 

times in a larger group of stroke patients. Therefore, we addressed the following 

research questions:  

1. Can maximum walking speed be accurately predicted by comfortable 

walking speed in patients with severe stroke?  

2. Can the precision of this possible predictive relationship be increased by 

considering a stroke patient’s age, hemiplegic limb muscle strength, 

balance and his/her therapeutic intervention? 

3. Is the relation between comfortable and maximal walking speed stable 

over time? 

 

MATERIALS AND METHODS 

 

Design and procedures 

This prospective cohort study was part of a 3 group randomised clinical trial 

conducted to study the effects of augmented exercise training on stroke 

outcome.21 Within 14 days after stroke onset, 101 severely disabled patients with 

a primary middle cerebral artery stroke were randomly assigned to a basic 

rehabilitation programme that was supplemented with additional arm or leg 

training, or to a control programme in which the arm and leg were immobilized 

with an inflatable pressure splint. Each treatment regimen was applied for 30 

minutes, 5 days a week during the first 20 weeks after stroke.  

Patients were included when they met the following criteria: 1) were between 30 

and 80 years old; 2) had suffered an ischemic, first-ever, stroke involving the 

middle cerebral artery as revealed by CT- or MRI-scan; 3) were unable to walk at 

first assessment; 4) had no complicating medical history such as cardiac, 

pulmonary or orthopedic disorders; 5) had no severe deficits in communication, 

6) had no severe deficits in memory and understanding; and 7) provided written 

or verbal informed consent and demonstrated sufficient motivation to participate. 

Details of design and outcome have been published elsewhere.21 Inclusion in this 
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study subset was also contingent on one’s ability to walk 10m without the 

physical assistance of a therapist. 

 

Measurements 

Functional Ambulation Categories (FAC) 

Walking ability was assessed with the Functional Ambulation Categories.2 The 

FAC is a reliable and valid assessment tool that includes 6 categories designed to 

provide information on the level of physical support needed by patients to 

ambulate safely. The first measurement of gait speed was taken as soon as the 

patient could walk 10m without physical assistance while under the supervision 

of a therapist. This criterion corresponds to FAC level 3.3,4 Walking devices were 

allowed during the measurements, with the exception of a rollator or walker. 

Measurements began within 14 days of stroke onset, and were done weekly up 

to 10 weeks, fortnightly up to 20 weeks, and thereafter only at 26, 38 and 52 

weeks after onset. All functional assessments were done by one observer (GK) 

who was blinded to subjects’ treatment assignment.21  

Speed 

We studied gait speed at comfortable and safe maximum walking speeds using a 

standard approach to assess gait performance.3,16 To reduce measurement error 

of timed walking test, we calculated the mean of three repeated 

measurements.22 During each session, the patient walked 10m at a comfortable 

and at a maximum pace. Timing with a digital stopwatch that registered time in 

1/100 of a second was manually initiated at the "go" instruction and stopped 

when the subject crossed the 10-m mark. The patient rested for about one 

minute between each test. Registered speed was subsequently converted into 

meters per second by dividing the distance walked by the time required. No 

encouragement to facilitate performance during a walking session was permitted.  

Motricity index (MI) 

Recovery of strength in upper extremity and lower extremity was assessed with 

the Motricity index.23 This instrument reliably assesses paresis in the upper and 

lower extremities of stroke patients. It uses a weighted score of a maximum of 
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100 points for each extremity and is derived from the Medical Research Council 

(MRC) grades. It tests 6 limb movements.  

Timed balance test (TBT) 

Balance was measured with the timed balance test.24 This instrument has 5 

components on an ordinal scale and measures timed balance on progressively 

diminishing support surfaces.  

In addition to a basic rehabilitation programme, patients received one of three 

therapeutic interventions that emphasized upper- or lower-extremity training or 

air splint immobilization of the upper and lower limb.21  

Age, hemiplegic limb muscle strength, balance, and therapy are believed to be 

related to walking ability. We used these parameters as predictive co-variables in 

the linear regression model to increase the precision of the prediction of the 

relation between comfortable and maximum walking speed.25 

 

Statistical analysis 

We applied cross-sectional and longitudinal analysis for all included 

measurements and we used Cronbach’s Alpha coefficients to determine internal 

consistency of repeated measurements. We conducted paired Student t testing 

to demonstrate systematic differences between both speeds. Two-way Intraclass 

Correlation coefficients for Consistency (ICCconsistency) were calculated to test the 

relative agreement between comfortable and maximum walking speeds at each 

measurement.  

Research question 1: 

The predictive relation between comfortable and maximum walking speeds was 

investigated cross sectionally by applying a linear regression model, using 

maximum walking speed as the dependent and comfortable walking speed as the 

independent variable.  

Research question 2: 

Covariables were added to this model to increase precision of prediction. 

Entering of covariables into the linear regression model was based upon the 

stepwise backward selection technique at α equal to 0.05. These variables 

included age, motricity index of arm and leg, timed balance test and applied 
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therapeutic intervention. Compliance with the assumptions of the linear 

regression model was confirmed for all variables involved. We used a two-tailed 

significance level of .05 for all tests. 

Research question 3: 

Finally, we applied random coefficient analysis to obtain a single coefficient 

reflecting within- and between-subject regression for all measurements, again 

using maximum walking speed as the dependent variable and comfortable 

walking speed as the independent variable. This method analyzes cross-sectional 

and longitudinal treatment and time effects simultaneously while correcting for 

the correlated observations within subjects over time. It allows for regression 

coefficients to differ between subjects. Because time constitutes an independent 

covariate in such a model, this statistical method makes possible longitudinal 

analysis of unequally spaced time points of measurement. Finally, in random 

coefficient analysis, missing data are presumed to be missing at random.26  

 

RESULTS 

 

Patient characteristics are presented in Table 1. The mean interval (± standard 

deviation: SD) between stroke onset and first unassisted walk (FAC ≥3) was 4.8 

±2.9 weeks. None of the patients could walk unassisted in the first week post-

stroke. Because not all 101 patients progressed to unassisted walking at some 

point, comfortable walking speed was measured in 85 patients and maximum 

walking speed in 81 patients. Therefore, our study results were based on a 

subset population of a maximum of 81 subjects. The mean comfortable walking 

speed progressively increased from the 2nd to the 52nd week from .037 to .635 

m/s; mean maximum speed increased from .071 to .851 m/s (Figure 1). The 

overall mean comfortable and maximum speed was .472 and .638 m/s, 

respectively. 

Internal consistency of repeated measurements yielded high coefficients for 

comfortable walking speed (α = .98), maximum walking speed (α = .99), 

motricity index of arm (α = .99), motricity index of leg (α = .99) and timed 

balance test (α = .97). 
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Table 1.  Patient characteristics measured within two weeks after stroke. 

Group Total (±SD) 

Number 81 
Sex (F/M) 34/47 
Age, years 64.3 (10.8) 
MMSE (0-30) 26.6 (2.3) 
Stroke hemisphere (L/R) 33/48 
 
Type of Stroke: (OCSP) 
TACI (0/1) 
PACI (0/1) 
LACI (0/1) 

 
 
43 
31 
7 

OPS  (1.6-6.8) 4.2 (0.9) 
GCS (0-15) 14.8 (0.9) 
 
(Cognitive) impairments (%) 
Visual inattention (0/1) 

 
 
45.7 

Hemianopia (0/1) 
Visual gaze deficit (0/1) 

25.9 
21.0 

 
Number of days between CVA and first measurement (±SD) 
 

8.2 (2.7) 

MI-lower extremity (0-100) 33.0 (28.4) 
TCT (0/200) 61.84 (28.3) 
Brunnstrom (1-6) 2.53 (1.4) 
Comfortable walking speed (m/s) 0.04 (0.1) 
BI (0-20)  6.90 (3.7) 
FAC (0-5) 0.89 (1.0) 
  
NOTE. Values are N or mean ± standard deviation (SD) or as indicated. 
Abbreviations: CVA, cerebrovascular accident; GCS, Glasgow Coma Scale; LACI, Lacunar 
Anterior Circulation Infarcts; MMSE, Mini-Mental State Examination; OCSP, Oxford 
Community Stroke Project; OPS, Orpinton Prognostic Scale; PACI, Partial Anterior 
Circulation Infracts; TACI, Total Anterior Circulation Infarcts; TCT, Trunc Control Test.  
*( 0/1) equals no/yes  
 

A paired t test revealed systematic differences between comfortable and 

maximum gait velocities (Table 2). The distribution of these measurement 

differences within the 95% limits of agreement decreased as more patients 

entered the study (Figure 2).  

ICCconsistency values were calculated for the relation between comfortable and 

maximum walking speeds at each measurement and the overall mean (ie, the 

mean of all comfortable and maximum walking speed measurements) and are 

presented in a scatter plot (Table 2 and Figure 3). There was increased 
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measurement error toward the highest speeds, while there was decreased 

discrimination between measurements at lower speeds. Significance for all ICC 

measurements was obtained at the p equal to .000.  

 

Figure 1. Distribution of mean comfortable and maximum walking speeds with 95% 
confidence intervals over time after stroke. 
 

 

 

Research question 1: 

All linear regression coefficients were significant (Table 3) and, on average, there 

was a regression coefficient of 1.43 (CI: 1.37 – 1.49, p = .000).  

Research question 2: 

Covariables added to the final regression models were not significant and 

therefore did not contribute to the precision of the cross-sectional relation 

between comfortable and maximum walking speed. 
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Figure 2. A Bland & Altman plot adapted for differences in comfortable and maximum 
walking speed post-stroke measurements. Initial measurement differences are large but 
gradually diminish with subsequent enrolment of patients (learning effect).   
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Figure 3. A scatter plot showing the poststroke relationship between overall means (in 
m/s) of comfortable and maximum walking speed (ICCconsistency, ρ = .96). This plot clearly 
shows decreased discrimination between measurements at lower speeds and increased 
scattering (measurement error) at higher speeds.  
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Research question 3: 

Random coefficient analysis produced a significant within and between subject 

regression coefficient of 1.32 (CI: 1.29 – 1.36, p = .000) with fixed and random 

intercept and slope indicating that 1.32 times the comfortable walking speed 

generated the expected maximum walking speed.  

 

Table 2. Results of paired Student t test, two way ICCconsistency for comfortable, and 
maximum gait speeds.  
 

Week N Mean difference (CI) SD t ρ* (CI) 
2 74 -.033 (-.063 - -.003) .129 -2.21 .86 (.78 - .91) 
3 78 -.060 (-.100 - -.020) .178 -2.99 .94 (.90 - .96) 
4 78 -.083 (-.128 - -.038) .199 -3.69 .95 (.92 - .97) 
5 79 -.102 (-.148 - -.057) .202 -4.50 .96 (.94 - .97) 
6 76 -.090 (-.128 - -.052) .168 -4.69 .97 (.95 - .98) 
7 75 -.110 (-.160 - -.060) .218 -4.37 .96 (.93 - .97) 
8 78 -.147 (-.204 - -.089) .255 -5.09 .94 (.91 - .96) 
9 79 -.159 (-.206 - -.112) .211 -6.71 .96 (.94 – 98) 
10 75 -.150 (-.208 - -.091) .253 -5.12 .95 (.92 - .97) 
12 72 -.175 (-.231 - -.120) .237 -6.27 .96 (.93 - .97) 
14 72 -.196 (-.253 - -.139) .242 -6.86 .95 (.92 - .97) 
16 73 -.212 (-.270 - -.153) .253 -7.16 .95 (.92 - .97) 
18 71 -.199 (-.251 - -.147) .220 -7.63 .96 (.93 - .97) 
20 72 -.190 (-.241 - -.139) .219 -7.37 .96 (.93 - .97) 
26 73 -.187 (-.254 - -.121) .285 -5.63 .93 (.88 - .95) 
38 71 -.191 (-.234 - -.148) .181 -8.89 .97 (.95 - .98) 
52 69 -.213 (-.274 - -.152) .253 -6.98 .94 (.90 - .96) 

NOTE. All paired Student t test outcomes were significant at the p = 0.00 level, except 
for week 2 (p = 0.030) and week 3 (p = 0.004).  

Our results show that, in stroke patients with marked hemiplegia, maximum 

walking speed can be reliably estimated by measuring comfortable walking speed 

time (in m/s). Cross sectionally and longitudinally applied regression analyses 

demonstrated that the relation between comfortable and maximum walking 

speed does not change over time after stroke. We found that maximum speed 

was 1.32 times that of comfortable speed. 

 

DISCUSSION 

 
* ICC 
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Furthermore, this relationship remained constant after adding the following co-

variables to the linear regression model to increase its precision: patients’ age, 

balance, hemiplegic arm and leg muscle strength and type of therapeutic 

intervention.  

Bohannon’s cross-sectional study17 found a regression coefficient based 

relationship of 1.40 between comfortable and maximum walking speed in 20 

subacute stroke patients. This relationship is identical to our uncorrected mean 

overall linear regression coefficient of 1.43, even though Bohannon measured 

walking speed over a 7-m distance. However, after correcting for the within-

subject dependency of multiple measurements, we found an overall regression 

coefficient of 1.32. The validity of our findings is strengthened by the observed 

consistency over time and applied correction for within-subject dependency. 

Moreover, our findings are not affected by learning effects or measurement 

errors as the relationship was stable over time. This relationship may be unique 

for gait in hemiplegic individuals. 

 

Our findings may have several implications. First, in a therapeutic setting 

maximum walking speed can be estimated with considerable accuracy by the 

converted comfortable walking speed. This in turn may provide the therapist with 

information as to the speed a stroke patient can generate to safely meet 

functional demands such as crossing streets or keeping pace with others who are 

walking. Second, this relationship remains constant irrespective of poststroke 

time and does not need to be corrected for age, balance, or paresis in arm or 

leg, nor is it affected by the type of therapeutic intervention administered. Third, 

the implications for gait training are important as this information allows 

therapists to safely train stroke patients at (1.3) higher walking speeds to better 

prepare them for meeting the demands imposed by independent community 

living. It enables therapists to measure progress and set targets for maximizing 

functional gait speed during the rehabilitation process. In stroke patients, speed 

intensive gait training induces marked speed-related improvements in body and 

limb kinematics and muscle activation patterns.27  
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Future research may address the nature of this apparent fixed relationship 

between comfortable and maximum gait speeds in age-matched healthy 

individuals and in subjects with other neurological disorders. It would be of 

particular interest to clarify the significance of the constant we observed in our 

study and the biomechanical and energy transformation-related mechanisms 

involved.  

 

Study limitations 

In our study, three comfortable walking speed measurements preceded three 

maximal walking speed measurements. Despite of frequent rest periods, fatigue-

related speed changes may have occurred in the maximum speed measurement 

group. Because we adhered to our restrictive inclusion criteria, our results are 

based on a homogenous stroke population with no independent walking ability at 

onset. As a consequence, our results may not extrapolate to the stroke 

population at large; further investigation is required.  

 

SUMMARY 

Post-stroke maximum walking speed can be estimated with considerable 

accuracy by multiplying the converted comfortable walking time (in m/s) by 

approximately 1.3. This relationship is stable over time; It’s precision does not 

increase when patients’ age, hemiplegic arm or leg muscle strength, balance, or 

therapeutic intervention are considered and it is independent of time from onset. 
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Abstract 

 

OBJECTIVE:  

To determine within the first 10 weeks post onset the most robust variables in 

the prediction of recovery of independent gait at six months post stroke.   

DESIGN:  

A prospective cohort study. 

SUBJECTS:  

One hundred and one first ever ischaemic middle cerebral artery stroke patients. 

None of these patients were able to walk at onset and all suffered from a marked 

hemiplegia. 

SETTING:  

Twenty four determinants, possibly related to recovery of gait at 6 months, were 

measured within 14 days following stroke onset. Based on Functional Ambulation 

Categories (FAC) independent gait was classified into present (FAC ≥ 4) or 

absent (FAC < 4). Bivariate logistic regression analysis was used to select 

determinants. Only significant determinants during the entire 10-week period 

were used for further weekly multivariate logistic prediction modelling of 

independent gait at 6 months post stroke. 

RESULTS:  

After six months post onset 62% (N=63) regained independent gait. Age, Barthel 

Index, Trunk Control Test, Motricity Index of arm and leg, Brunnstrom Fugl-

Meyer stage of leg motor recovery, and type of intervention were significant 

determinants in bivariate analysis, but age of patient and Barthel Index were the 

most robust determinants in the final prediction model. Weekly re-evaluation 

produced sensitivity values between 89% and 96% and specificity values 

between 53% and 62%. 

CONCLUSION:  

In initially non-ambulatory stroke patients age and Barthel Index were the most 

robust variables during the first 10-week post-stroke period in the prediction of 

independent walking at six months. However, prediction of non-ambulation at six 

months proved to be less accurate.  
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INTRODUCTION 

 

Evidence-based practice1 incorporates elements of systematic monitoring of 

changes in functions and reliable early prediction of prognosis in stroke patients. 

Both aspects are paramount in stroke rehabilitation because without it no 

realistic goal-setting and individual prediction of recovery of gait can be attained. 

The expected level of walking determines to a large extent the expected level of 

activities of daily living and possible discharge to home.2,3 While 70-80% of the 

stroke population are expected to regain the ability to walk eventually, large 

inter-subject differences have been found.4-7 The results of a number of studies 

suggest that age8, severity of sensory and motor dysfunction of the paretic leg8,9, 

homonymous hemianopia8,9, urinary incontinence10, sitting balance11, 

independence in ADL11 and gait within the initial two poststroke weeks8,11 are 

important factors in the prediction of the recovery of gait after six months. The 

true variance of the prediction models ranged from 32%12 to 84%.13 In 

particular, the poststroke timing of evaluation of determinants and outcome 

appeared to affect probabilities and consequently the validity of longitudinal 

prediction of recovery of gait. However, these studies differed in patient 

characteristics, included predictors, measurements as well as outcomes. Because 

poststroke recovery is time dependent and non-linear the identification of 

predictive variables not affected by the timing of poststroke prediction may 

facilitate conclusive clinical decision making and implementation of optimal 

treatment strategies. 

The objective of this study was to determine the most robust variables within the 

initial 10 weeks in the prediction of independent walking at six months post 

stroke.  

 

MATERIAL AND METHODS 

 

Design 

This prospective cohort study was part of a three-group randomized clinical trial 

conducted to study the effects of intensity of rehabilitation in acute middle 
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cerebral artery stroke in 101 stroke patients. Details of design and outcome of 

this study are published elsewhere.14  

 

Subjects 

Stroke patients met the following admission criteria. Subjects (1) suffered a 

primary ischaemic middle cerebral artery stroke as revealed by computerized 

axial tomography (CAT) or magnetic resonance imaging (MRI) scan; (2) were 

between 30 and 80 years of age; (3) presented with an impaired motor function 

of the upper and lower extremities; (4) lacked a complicating medical history 

that may have been restrictive to performing activities of daily living; and (5) 

demonstrated no severe deficits in communication, memory, or understanding. 

Based on the Bamford Oxford Community Stroke Project classification, patients 

were subsequently classified in (1) total anterior circulation infarcts; (2) partial 

anterior circulation infarcts and; (3) lacunar anterior circulation infarcts. This 

classification has been found to be reliable15,16 and valid in relation to the size of 

the cerebral infarct as determined by CAT-scan.16,17  The Mini-Mental State 

Examination18 was used to screen cognitive impairment and only patients with a 

score of ≥24 points were included in the trial. A speech therapist assessed the 

ability to communicate and accepted a cut-off point of the 50th percentile 

corrected for age on the Dutch Foundation Aphasia test.19 

 

Procedure 

The research protocol was implemented within 14 days after stroke onset. Final 

outcome was defined at 26 weeks after stroke. In addition to measuring a large 

number of variables described below, the line bisection task and letter 

cancellation task20 were used to demonstrate the presence of visual inattention. 

Each entire testing procedure took 45-75 minutes depending on the level of 

disability. All functional measurements were performed by one independent 

investigator (GK). 
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Dependent variable 

Independent gait constituted the outcome variable in this study and was based 

on the Functional Ambulation Categories (FAC). This test has been found to be 

reliable and valid in determining hemiplegic gait.21-23 The FAC distinguishes 

between six ambulation levels (0 – 5) ranging from dependency to 

independency. A FAC score of ≥ 4 indicates independence of gait (FAC = 4) and 

stair climbing (FAC = 5) with or without the use of some form of assistive device. 

Based on these scores the FAC variable was dichotomized into unable to walk 

independently (FAC < 4) and able to walk independently (FAC ≥ 4).  

 

Independent variables 

Based on the results of prognostic studies8-11 the following candidate 

determinants for the development of a prediction model were recorded within 14 

days post stroke onset: age; Mini-Mental State Examination; Bamford Oxford 

Community Stroke Project classification; localization of stroke; muscle strength 

in upper hemiplegic extremity, balance, propriocepsis and cognition as assessed 

by Orpington Prognostic Scale; sensory deficit in the arm as determined by the 

Thumb-Finding Test; number of days following stroke onset before participation 

in study; muscle strength in hemiplegic extremities (Motricity Index); Trunk 

Control Test; Brunnstrom Fugl-Meyer motor recovery stage of hemiplegic 

extremities and balance and Barthel index (BI). In addition, other variables were 

included and tested for significance (i.e. type of intervention, sex and timed 

balance test). 

 

Data analysis 

Based on bivariate logistic regression analysis significant determinants were 

selected for the development of a multivariate logistic model for independent 

walking (FAC ≥ 4) at six months post stroke. A stepwise forward prediction 

procedure was used. All variables emerging with a significant p-value of ≤ 0.05 

during the entire initial 10 weeks poststroke were classified as candidate 

determinants and selected for further modelling. The probabilities of regaining 

independent gait as well as the odds ratios and their 95% confidence intervals 
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were calculated for each included determinant. SPSS classification table was 

used to determine sensitivity, specificity, accuracy, type I and II error and 

predictive value. Because the probability of regaining gait is approximately 70-

80%, a table cut-off value of 0.7 has been used for testing. Each hypothesis was 

tested two-tailed with a ≤0.05 level of significance. 

 

RESULTS 

 

Baseline patient characteristics are presented in Table 1. Two patients died 

within six months after stroke as a result of a recurrent stroke or oncological 

comorbidity.  

A statistical significant bivariate association with the FAC outcome variable 

during all measurements within the first 10 weeks was found for the following 

seven determinants: lower extremity motor recovery based on Brunnstrom Fugl-

Meyer test (odds ratio (OR) ranging from 1.13 (1.06-1.22) to 1.20 (1.12-1.31)), 

Motricity Index of lower extremity (OR ranging from 1.03 (1.01-1.05) to 1.06 

(1.03-1.09)) and upper extremity (OR ranging from 1.03 (1.01-1.05) to 1.07 

(1.00-1.15)), patients’ age (OR 0.93 (0.87-0.98)), Barthel Index (OR ranging 

from 1.44 (1.06-1.95) to 1.67 (1.33-2.10)), Trunk Control Test (OR ranging from 

1.05 (1.03-1.07) to 1.09 (1.05-1.12)) and therapeutic intervention (p = 0.046). 

This latter variable was included after multiple categorical variables were created 

with reference variable. The final multivariate logistic prediction model generated 

only three significant variables: age during all 10 weeks, Barthel Index during 

eight weeks and Trunk Control Test once in the third poststroke week (Table 2).   

The accuracy (observed agreement) of the model ranged between 75% and 86% 

(Table 3). Sensitivity (defined as the proportion of true ambulatory stroke 

patients who were initially classified as walkers) remained consistently high 

(ranging from 89% to 96%) and specificity (defined as the proportion of true 

non-ambulatory stroke patients who were initially classified as non-walkers) 

moderately low (ranging from 53% to 62%) throughout the first 10 post-stroke 

weeks.  
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Table 1.  Patient characteristics measured in second week after stroke. 

 

Group Total (±SD) 

N 101 
Sex (F/M) 43/58 
Age, years 65.9 (10.6) 
MMSE (0-30) 26.3 (2.5) 
Stroke hemisphere (L/R) 42/59 
 
Type of Stroke: (OCSP) 
TACI (0/1) 
PACI (0/1) 
LACI (0/1) 

 
 
61 
33 
7 

OPS  (1.6-6.8) 4.3 (0.94) 
 
Cognitive impairments: (%) 
Aphasia (0/1) 
Inattention (0/1) 

 
 
27.5 
49.0 

 
Visual impairments: (%) 
Hemianopia (0/1) 
Visual gaze deficit (0/1) 

 
 
31.4 
23.5 

 
Number of days between CVA and first intervention (±SD) 

 
7.3 (2.8) 

  
MI-lower extremity (0-100) 28.9 (27.4) 
TCT (0/200) 54.16 (29.55) 
Brunnstrom (1-6) 2.40 (1.29) 
Comfortable walking speed (m/s) 0.03 (0.12) 
BI (0-20)  6.15 (3.74) 
FAC (0-5) 
FAC (≥4) (0/1) 
 

0.74 (0.96) 
0 
 

SD, standard deviation between brackets; N, number of patients; ( 0/1), no/yes;  F/M, 
female/male; L/R, left/right; MMSE, Mini-Mental-State-Examination; OCSP, Oxford 
Community Stroke Project; TACI, total anterior circulation infarcts; PACI, partial anterior 
circulation infracts; LACI, lacunar anterior circulation infarcts; OPS, Orpinton Prognostic 
Scale; MI, Motricity Index; TCT, Trunk Control Test; Brunnstrom, Brunnstrom Score; BI, 
Barthel Index; FAC, Functional Ambulation Categories 

Concomitant type I errors (false positives (equals one minus specificity), i.e. the 

proportion of true non-walkers who were initially classified as walkers) range 

from 37% to 47%, while type II errors (false negatives (equals one minus 

sensitivity), i.e. the proportion of true walkers who were initially classified as 

non-walkers) range from 4% to 11%.  
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Finally, predictive values (i.e. positive predictive value is the proportion of true 

walkers within the group of patients initially classified as walkers and negative 

predictive value is the proportion of true non-walkers within the group of patients 

initially classified as non-walkers) ranged between 74% and 86%.  

 
 
Table 3. Criterion validity in percentages for independent gait at six months post stroke.  
 
Week Prior 

probability 
Accuracy  Sensitivity  Specificity  False 

+ 
False  

- 
PPV  NPV 

1 72 86 96 60 40 4 86 86 
2 60 75 90 53 47 10 74 78 
3 67 80 89 61 39 11 82 74 
4 60 79 92 59 41 8 77 83 
5 62 78 91 58 42 9 77 79 
6 64 83 94 62 38 6 82 86 
7 65 80 91 59 41 9 80 77 
8 62 80 92 61 39 8 79 83 
9 62 79 92 58 42 8 78 82 
10 63 81 92 63 37 8 81 83 

False + (positive) or – (negative), type I or II error; PPV, positive predictive value; NPV, 
negative predictive value 
 
 
DISCUSSION 

 

This is the first study to address longitudinal robustness of prediction variables 

based on repeated measures. This strategy was elected to identify predictive 

variables relative insensitive to the timing of poststroke prediction. Selection of 

variables was based on consistency in predicting outcome throughout the entire 

initial 10-week poststroke period. Bivariate logistic regression analysis produced 

a model that included patients’ age, Motricity Index of arm and leg, Brunnstrom 

Fugl-Meyer of leg, Trunk Control Test, Barthel Index and type of intervention. 

This study demonstrates that age and Barthel Index are the most robust 

variables within the first 10 poststroke weeks for predicting independent walking 

outcome at six months (i.e. lower age and higher Barthel Index were associated 

with an increased probability of independent hemiplegic gait at six months).  

However, predicting non-ambulatory patients within the initial weeks proved to 

be much more difficult. This finding implies that this logistic model is better 

suited for predicting ambulatory patients than non-ambulatory patients. 
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Due to the relatively high prevalence of independent gait at six months (62%) 

and high sensitivity within the first 10 weeks misclassification of any real 

independent walkers is not likely. However, predicting independent ambulation 

when in fact no independent walking materializes is not inconceivable (false 

positive). This probability is reflected in the type I error. This presents a clinical 

challenge as real late non-independent walkers could be more easily missed 

within the prediction period due to misclassification. As a consequence the 

probability of false negative predictions is low.   

 

The implications of these findings are that lower age and higher Barthel Index 

are the strongest predicting variables for independent gait at six months when 

clinical judgements over time of prediction are inconclusive. Odds ratios amount 

to 0.9 for age and range from 1.4 to 1.7 for Barthel Index (Table 2). In other 

words, each added year of age reduces the probability of regaining independent 

gait 0.9 times, while at the same time each higher BI point improves chances 

1.4-1.7 times depending on the week of prediction. More specifically, for 

example in week 4 an individual of 55 years of age with a 5-point Barthel Index 

score has an 81%, of 60 years a 71%, of 65 years a 59% and of 70 years a 46% 

chance of regaining independent gait at six months. Likewise, in week 4 a 65-

year-old stroke patient with a Barthel Index of 5 has a 59%, a Barthel Index of 

10 a 92% and a Barthel Index of 15 a 99% probability of regaining independent 

gait at six months. Goal-setting and allocating rehabilitation resources can be 

partially based on these findings.  

Acute and subacute prediction (initial 10 weeks) of stroke patients who will fail to 

regain independent gait at six months is less reliable. Therefore, awareness of a 

too optimistic estimation of walking independence at six months is required when 

deciding on allocating poststroke resources.  

 

Study limitations 

This study suffered from a few imperfections. First, all patients participated in a 

randomized controlled trial on the effects of intensive rehabilitation.14 Although 

this latter study did not find any differential effects at six months it is likely that 

 54



 

some bias may have occurred in the time-related accuracy of prediction as a 

result of the systematic therapeutic interventions. Second, it is important to note 

that this study was restricted to a homogeneous group of patients with a first-

ever severe stroke in the territory of the middle cerebral artery with a complete 

hemiplegia and no premorbid limitations. Predicting outcome and functional 

abilities using prognostic variables with regard to diagnosis24 and functionality25 

in a relatively homogenous cohort of patients restrict external validity of 

developed models. Third, no validation of the developed prediction model on a 

second independent population took place. Therefore, external validity of this 

study may have suffered.  

However, because none of these patients were ambulatory at onset accurate 

estimation of outcome becomes almost imperative because without it no realistic 

goal setting can be implemented in stroke rehabilitation. Therefore, future 

research needs to define the distinguishing early (acute and subacute) 

characteristics of late non-independent ambulatory stroke patients.  

 

Clinical Messages: 

• Age and Barthel index are robust and sensitive predictors for independent 

hemiplegic gait at six months.  

• Early prediction of non-ambulatory stroke patients at six months lacks 

specificity. 
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Abstract 

 

BACKGROUND AND PURPOSE:  

To facilitate optimal stroke rehabilitation, valid interpretation of observed 

functional recovery is required. The purpose of this study was to examine the 

longitudinal relationship between comfortable walking speed and Functional 

Ambulation Categories (FAC) scores for physically independent gait. 

SUBJECTS:  

This study was a prospective cohort study with 73 subjects who were severely 

affected by acute stroke.  

METHODS:  

Functional Ambulation Categories classification and walking speed were 

measured between weeks 4 and 26 after stroke. The responsiveness of walking 

speed measurements for detecting clinically important speed changes was 

determined, and the longitudinal association between walking speed and FAC 

scores and its time dependency were established. This relationship subsequently 

was scrutinized for possible speed changes occurring within specific FAC scores. 

Responsiveness ratios, random coefficient analysis, paired Student t tests and 

the Cohen Kappa statistic were used for statistical analyses.  

RESULTS:  

Responsiveness ratios exceeded the smallest detectable differences. Random 

coefficient analysis demonstrated a significant between- and within-subject 

coefficient and a significant negative interaction between timing of 

measurements and FAC scores. Paired Student t tests revealed mostly significant 

pretest-posttest differences in walking speeds, and all Kappa values for pretest-

posttest FAC scores were significant.  

DISCUSSION AND CONCLUSION:  

Walking speed measurements are sensitive for detecting clinically important 

changes. Functional Ambulation Categories scores are dependent on the timing 

of comfortable walking speed measurements after stroke. Moreover, there are 

indications that, in this relationship, repeated FAC appraisals are not only based 

on steady walking speeds, but that the walking speeds related to a specific FAC 
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appraisal also change and, over time, may shift gradually from higher to lower 

speeds. 
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INTRODUCTION 

 

Stroke is the leading cause of disability among adults and frequently results in 

impaired mobility. Regaining the ability to walk is the goal most frequently stated 

by patients with hemiparesis in stroke rehabilitation.1 The expected level of 

walking determines to a great extent the expected level of activities of daily 

living (ADL) and possible discharge to home.2,3 However, home and community 

mobility presents additional challenges to walking ability, as independence 

requires safety of mobility.  

Independent gait is considered a primary goal in stroke rehabilitation. What 

constitutes independent gait often is based on Functional Ambulation Categories 

(FAC). The FAC instrument is designed to provide information on the level of 

physical support needed by subjects in order to ambulate safely. This instrument 

has been found to be reliable and valid in classifying hemiplegic gait.4-6 

Walking speed has been established as an important predictor of walking 

capability along a continuum from limited household to unlimited community 

ambulation.7 Additionally, walking speed is a simple but highly reliable and 

responsive parameter for gait.4,8 (page 78,79),9 Reliability has been established for 

test-retest and between-observer measurements.5,10 The high correlation 

coefficients found for the relationship between speed measurements and time-

distance parameters, such as cadence, cycle time, stance time, swing time, 

stride length, step length, walking velocity11-13 as well as ambulatory 

performance14-18, support the validity of speed measurement. Moreover, gait 

speed correlates strongly with other parameters, such as balance19, use of 

walking aids5, number of falls and ADL function in elderly people.20  

 

Findings from longitudinal studies with repeated measurements over time 

indicate that recovery of neurological impairment and disability shows a 

nonlinear pattern as a function of time.21-24 These studies also indicate that 

clinical determinants show considerable improvement in the early stages after 

stroke onset. As a consequence, differences in timing of measurement could 

confound predictive relationships in cross-sectional research. Therefore, 
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information obtained from repeated measurements over time after stroke and 

knowledge of the stability of an instrument are required for better understanding 

and interpretation of observed changes.  

The concept of stability of a measurement instrument is closely related to 

responsiveness and minimally important clinical change.25 Responsiveness often 

is defined as the capacity of an instrument to detect a real meaningful clinical 

change in patient performance.26 It consists of a signal-to-noise ratio.27 As a 

consequence, increasing measurement error necessitates observing larger 

pretest-posttest changes. However, a single agreed-upon standard criterion of 

change is lacking in clinical measurement.28 Therefore, the term “minimal 

clinically important difference” (MCID) was introduced.25,27,28 Minimal clinically 

important differences are derived mainly from clinical judgments based on the 

measurement properties of an instrument, the patient population, and the 

magnitude of change considered “minimally important” by the practitioner. 

Although repeated measurements with a simple timed walking test have been 

qualified as a responsive method for measuring changes in walking performance 

over time9 in the general population of people with stroke, responsiveness has 

not been established for people with severe motor dysfunction. Therefore, the 

first objective in the present study was to demonstrate the adequate 

responsiveness of repeated walking speed measurements for detecting changes 

over time.  

Because the effects of longitudinal measurements on the relationship between 

walking speed and FAC scores have not been established, the second objective of 

this study was to demonstrate the significance of the relationship between gait 

speed and independent gait capability over time. The third objective was to study 

the course of these walking speeds over time and to identify possible speed 

changes that may occur within specific FAC scores. On the basis of these 

objectives, the following questions were addressed in the study: 

1. Are repeated comfortable walking speed measurements sensitive enough 

to detect poststroke changes in physically independent gait in people who 

are severely affected by stroke? 
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2. Is the relationship between FAC scores for independent gait and 

comfortable walking speed measurements dependent on time after stroke? 

3. Are FAC appraisals subject to changing walking speeds over time after 

stroke? 

 

METHOD 

 

Design and procedures 

This prospective cohort study was part of a randomized clinical trial conducted to 

study the effects of intensity of rehabilitation on stroke outcome. In this study, 

101 subjects with stroke participated; their mean age was 65 years (SD=12.0). 

Subjects were included when they met the following criteria: aged 30 to 80 

years;  had an ischemic, first-ever, stroke involving the territory of the middle 

cerebral artery, as revealed by computed tomography or magnetic resonance 

imaging; displayed an inability to walk at first assessment; revealed no 

complicating medical history, such as cardiac, pulmonary, or orthopedic 

disorders; had no severe deficits in communication (a speech therapist assessed 

the ability to communicate and accepted a cutoff point of the 50th percentile 

corrected for age on the Dutch Foundation aphasia test29) or severe deficits in 

memory and understanding (the Mini-mental State Examination was used to 

assess orientation in time and place; only subjects with a score of 24 points or 

more were included in the trial30); provided written or verbal informed consent; 

and demonstrated sufficient motivation to participate (yes/no, at the discretion 

of the observer [GK]). By adhering to these inclusion criteria, we obtained a 

relatively homogeneous study population that initially demonstrated severe 

motor dysfunction. We did not find any differential treatment effects attributable 

to systematic therapeutic interventions at 6 months. Details about design and 

outcome were published elsewhere.23 Subject characteristics at baseline are 

shown in Table 1. 
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Table 1.  Subject Characteristics Measured in Week 2 After Stroke.a 

Characteristic Value 

No. of subjects (women/men) 73 (29/44) 
Age, y,⎯X (SD) 64.8 (10.5) 
MMSE score (0-30),⎯X (SD) 26.7 (2.3) 
Stroke hemisphere (left/right), no. of subjects 31/42 
 
Type of Stroke,b  no. of subjects 
TACI (no/yes) 
PACI (no/yes) 
LACI (no/yes) 

 
 
36 
30 
7 

OPS score (1.6-6.8),⎯X (SD) 4.1 (0.92) 
GCS score (0-15),⎯X (SD) 14.8 (0.89) 
 
Cognitive impairments (% of subjects) 
Visual inattention (no/yes) 

 
 
44.4 

Hemianopia (no/yes) 
Visual gaze deficit (no/yes) 

25.0 
17.8 

 
No. of days between CVA and first measurement,⎯X (SD) 
 

8.2 (2.8) 

MI for lower extremity (0-100),⎯X (SD) 35.4 (28.3) 
TCT score (0/200),⎯X (SD) 65.13 (26.26) 
Brunnström score (1-6),⎯X (SD) 2.66 (1.37) 
Comfortable walking speed (m/s),⎯X (SD) 0.04 (0.15) 
BI (0-20),⎯X (SD)  7.21 (3.46) 
FAC score (0-5),⎯X (SD) 0.94 (0.98) 
  
a MMSE=Mini-Mental State Examination SD, OPS=Orpinton Prognostic Scale, 
GCS=Glasgow Coma Scale, CVA=cerebrovascular accident, MI=Motricity Index, 
TCT=Trunc Control Test, BI=Barthel Index, FAC=Functional Ambulation Categories. 
b According to Oxford Community Stroke Project classification: TACI=Total Anterior 
Circulation Infarcts, LACI=Lacunar Anterior Circulation Infarcts. 
 
 

Measurements 

Independent gait was based on FAC measurements. This instrument 

distinguishes among 6 levels ranging from dependency to independency (Tab. 2). 

For the purpose of this study, FAC scores 3 to 5 were used because these scores 

do not involve physical assistance from a therapist, which could bias registered 

walking speed. The first measurement of gait speed was taken as soon as 

subjects were able to walk independently under supervision without any physical 

assistance from the therapist. This criterion corresponds to an FAC score of 3.5,9 

An FAC score of 4 represents unsupervised safe independence in walking on level 

ground, and an FAC score of 5 denotes safe ambulation anywhere, including 
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stairs (Tab. 2). Walking devices were allowed to be used during the 

measurements, with the exception of a rollator or walker, because their use may 

bias the outcome of measurements by offering too much support to the subject. 

Thus, subjects who scored 0, 1 or 2 on the FAC classification or who were 

dependent on a rollator or walker were excluded from the analysis.  

 
Table 2. Functional Ambulation Categories (FAC).  
 
Score Category Guidance Dichotomy 

0 Nonfunctional (unable) Person cannot walk or requires help 
of 2 or more people 

1 Dependent, level 2 Person requires firm, continuous 
support from 1 person to help with 
carrying weight and with balance 

2 Dependent, level 1 Person needs continuous or 
intermittent support from 1 person  
to help with balance or co-
ordination 

 
 

Physical 
dependent 

gait 

3 Dependent on 
supervision 

Person requires verbal supervision 
or stand-by help from 1 person 
without physical contact 

4 Independent on level 
ground 

Person can walk independently on 
level ground but requires help on 
stairs, slopes or uneven surfaces 

5 Independent  Person can walk independently 
anywhere 

 
 

Physical 
independent 

gait 

 

Measurements were started within 14 days of stroke onset for all subjects, were 

obtained weekly up to 10 weeks, once every 2 weeks up to 20 weeks, and once 

at 26 weeks after onset. 23,24 All walking speed measurements were obtained by 

one observer (GK), and FAC scores were retrieved by the same observer either 

by information obtained from the therapist or, if necessary, from perusing the 

subject charts.23,24 Each subject was classified for walking ability by the therapist 

who received instruction and training prior to the implementation of the study to 

ensure standardization of FAC appraisals.  

Gait speed was studied at comfortable walking speeds using a standard approach 

for assessing gait performance.5,16,24 In order to reduce measurement error, the 

mean of 3 repeated walking speed measurements was calculated.31,24 During 

each session, the subjects walked 10 m at a comfortable pace. A digital 

stopwatch with a precision of 1/100th of a second was used for the registration of 
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time. Between the 10-m walking tests, subjects rested for about 1 minute. 

Registered speed subsequently was converted to meters per second by dividing 

the distance walked by the time required. No encouragements were allowed to 

facilitate performance during a walking session.24  

 

Data Analysis 

We elected to conduct the statistical analysis on the data collected within the 

period between weeks 4 and 26 after stroke, as this represents the time window 

in which almost all physically independent walking change occurred in our study 

population. This change is required to determine the presence of time 

dependency of measurement.  

For the first research question, the responsiveness of walking speed 

measurements was investigated by calculating the responsiveness ratio (RR). 

The RR is an effect size and is the ratio of the mean change score for subjects 

who clinically improved or deteriorated (ie, signal) to the variability for subjects 

who did not improve or deteriorate (ie, noise).27 In order to determine 

improvement and deterioration in walking speed, we used an MCID of 10% as 

the minimal acceptable clinical change.32,33 Therefore, the responsiveness of 

walking speed measurements was calculated as the ratio of the mean change 

score for subjects in the ≥10% scores group to the standard deviation for 

subjects in the group with <10% scores (SDchange group). In order for this 

measurement instrument to be responsive for detecting change over time, the 

signal should exceed the smallest detectable difference (or the smallest real 

difference) that corresponds to 1.96 times the noise level (2 times the standard 

deviation).  

For the second research question, random coefficient analysis was used to 

determine the relationship between walking speed measurements and FAC 

scores over time and the interaction of FAC appraisals with the timing of 

measurements after stroke (SPSS version 12.0). This statistical method 

generates a within- and between- subject regression coefficient for all 

measurements involved by analyzing cross-sectional and longitudinal treatment 

and time effects simultaneously while correcting for the correlated observations 
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within subjects over time and allowing for regression coefficients to differ 

between subjects.34 As time constitutes an independent covariate in such a 

regression model, this statistical method enables longitudinal analysis of 

unequally spaced time points of measurements. Interaction (or effect 

modification) occurs when the association of an independent variable (ie, FAC) 

with outcome (ie, comfortable walking speed) is changed by the value of a third 

variable (ie, time of measurement). In a multivariate regression model, 

interaction can be demonstrated by incorporating a product term (ie, time of 

measurement X FAC). A statistically significant product term indicates 

dependency in such a relationship; that is, the observed association between 

outcome and determinant is modified by the third variable.35 Finally, in random 

coefficient analysis, missing data are presumed to be missing at random.  

For the third research question, paired Student t tests were conducted to 

demonstrate significance in pretest-posttest differences in mean walking speeds, 

and Cohen Kappa statistic was used to test for agreement between FAC readings 

from 2 consecutive measurements after stroke (SPSS version 12.0). All 

hypotheses were tested in a 2-tailed fashion with a P<.05 level of significance.  

 
RESULTS 

 

The mean interval between stroke onset and first unassisted walk was 4.8 weeks 

(SD=2.9 weeks). None of the subjects with stroke participating in our study were 

able to walk unassisted during week 1 after stroke onset. At week 2, the highest 

level of independent gait achieved was supervised walking, and at week 3, the 

highest level was unsupervised walking on level ground. Because not all 101 

patients from the original study23 progressed to unassisted walking at some point 

in time and the number of those who did increased gradually during the time 

after stroke, ultimately a maximum of 73 subjects were selected for walking 

speed measurements. The number of subjects who were classified as physically 

independent walkers at any time point of measurement (with the exception of 

week 20) increased gradually from 25 in week 4 to 73 in week 26 (Tab. 3). The 

mean comfortable speed measurements ranged from 0.19 to 1.11 m/s. 
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Table 3. Functional Ambulation Categories (FAC) scores as Related to Mean Comfortable 
Walking Speeds and Number of Subjects With Stroke at Each Measurement Time Point.  
 

Value at the following week after stroke: FAC 
score 4 5 6 7 8 9 10 12 14 16 18 20 26 

N 11 14 14 17 23 23 22 25 25 16 15 12 10 
3 0.45 0.43 0.37 0.45 0.33 0.39 0.38 0.35 0.33 0.29 0.30 0.30 0.19 

 
N 12 10 9 8 12 11 11 13 15 22 23 24 23 

4 0.73 0.90 0.80 0.63 0.65 0.64 0.58 0.57 0.50 0.50 0.49 0.48 0.48 
 

N 2 7 11 15 15 16 18 21 21 24 27 27 40 
5 1.08 0.92 1.04 1.04 1.06 1.02 1.11 1.07 1.06 1.04 1.00 1.02 0.92 

 
Ntotal 25 31 34 40 50 50 51 59 61 62 65 63 73 

Paired Student t tests revealed mostly (83%) significant pretest-posttest 

differences in walking speeds, and Kappa values for pretest-posttest FAC scores 

ranged from .40 to .90 and were all significant for subsequent measurements 

over time after stroke (Tab. 4). The Figure shows this relationship over time 

along with CIs for mean walking speeds in relation to these specific FAC scores. 

 
 
 
 
 

Research Question 3: 

Random coefficient analysis of all poststroke measurements produced a 

significant between- and within- subject regression coefficient of 0.113 

(Confidence Interval [CI] = 0.079 - 0.147, P = 0.000, count = 664) but also 

demonstrated a significant negative interaction between the timing of 

measurements and FAC scores (b = -0.003, CI = -0.005 to - 0.001, P = .010).  

Research Question 2: 

Responsiveness ratios based on a 10% MICD exceeded the smallest detectable 

difference and ranged from 4.36 and 17.70 (Tab. 4).  

Research Question 1: 

 
N=no. of subjects 
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Figure. Mean physically independent walking speed (in meters per second) and 95% 
confidence intervals over time for Functional Ambulation Categories instrument scores 3, 
4 and 5.  

 

DISCUSSION 

 

The present longitudinal study showed that comfortable walking speed 

measurements are sensitive enough to detect relatively minor poststroke 

changes in physically independent gait on the basis of FAC classification in people 

with a severe middle cerebral artery stroke. In addition, the results showed that 

the classification of walking ability on the basis of FAC scores is dependent on the 

timing of poststroke comfortable walking speed measurements. Moreover, there 

are indications that, in this relationship, repeated FAC appraisals are not only 

based on steady walking speeds, but that the walking speeds related to a specific 

FAC appraisal also change and, over time, may shift gradually from higher to 

lower speeds. 

All RRs exceeded the smallest detectable difference in our subjects with severe 

stroke. In particular, within the period from weeks 4 to 7 after stroke, high RRs 

were observed for comfortable walking speeds, suggesting that relatively most 
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relevant clinical walking speed changes took place within this period. These 

findings indicated that walking speed measurements were sensitive for detecting 

clinically important changes and were suitable for demonstrating pretest-posttest 

time-related poststroke changes in comfortable walking speeds in our sample.  

Over the entire study period, a significant association was demonstrated between 

walking speed and FAC scores for physically independent gait. However, this 

relationship was dependent on the timing of measurements and became weaker 

as poststroke time passed (.113 minus.003 for each consecutive measurement).  

On the basis of paired t tests, pretest speeds were mostly found to be different 

from posttest walking speeds despite narrow measurement intervals. These 

differences coincided with similar pretest-posttest FAC appraisals, as the Kappa 

statistic agreement between FAC scores was mostly high and consistent 

throughout the testing period. Although FAC pretest-posttest measurements, 

especially those obtained weekly after stroke, were spaced closely over time and, 

as a result, may have been subject to recall bias, the emerging overall pattern 

was one of changing walking speeds coupled with highly correlated pretest-

posttest FAC appraisals.  

These findings suggest that repeated FAC appraisals are not only based on 

steady walking speeds, but that the walking speeds related to a specific FAC 

appraisal also change and, over time, may shift gradually from higher to lower 

speeds (Figure). For example, mean walking speeds related to an FAC score of 3 

declined from 0.45 m/s in week 4 and 0.38 m/s in week 10 to 0.19 m/s in week 

26. This observation indicates that a critical appraisal of the outcome of repeated 

measurements remains important, as unexpected phenomena (such as a shift) 

may interact with clinimetric sound (ie, reproducible, valid, and responsive) 

instruments and, as a consequence, may affect clinical decision making.  

 

The underlying biological mechanism responsible for the shift in the classification 

of walking ability on the basis of FAC scores in our population is unknown and 

warrants further investigation. However, it is very likely that the therapist’s 

perception of safe independent walking gradually changes over time because of a 

developing familiarity with the walking skills of a patient. This suggests that the 
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therapist most familiar with a particular patient should conduct FAC appraisals 

for that patient. When doing so is not feasible, adequate transfer of information 

to the replacing therapist becomes important.      

Another possible explanation is that FAC appraisals and the measurements of 

gait speed may not be equally sensitive to detecting time-dependent changes 

after stroke. Recent studies36,37 showed that FAC-based independent gait is 

associated more with standing balance control, in particular generated from the 

non-paretic side, than it is with paresis and spasticity on the paretic side. 

However, gait speed is relatively more dependent on the gradual development of 

muscle strength and spasticity-induced stiffness on the paretic side.38   

Finally, one may hypothesize that the use of walking devices, which usually are 

issued in the subacute phase to people with more severe hemiplegic strokes and 

with a relatively slower walking pace, affects balance control and thus FAC scores 

at the expense of speed. 

 

In quality-of-life research, a similar changing relationship is observed. This 

phenomenon is known as response shift, which can be defined as a change in the 

meaning of a respondent’s self-evaluation of a target construct as a result of a 

change in the respondent’s internal standards of measurement (“scale 

recalibration” in psychometric terms), a change in the respondent’s values 

(reprioritization), or a redefinition of the target construct (reconceptualization).39 

The appraisal of symptoms in a longitudinal design is based on 2 assumptions. 

First, observers have an internalized standard of measurement for symptoms 

and, second, an observer’s internalized standard for measurement of the 

dimension being used will not change over time.40 Whereas in quality-of-life 

questionnaires self-report symptoms are evaluated on the basis of changes in the 

construct within the same person, in the present study, changes in the 

observer’s construct were catalyzed by an objective parameter (ie, walking 

speed) from another person. This finding shows that changes in appraisal can be 

based on objective measures.  

However, whether these speed changes in FAC appraisals constitute a response 

shift is uncertain. Response shift is a phenomenon reported as a source of 
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contamination of self-report measures in educational training interventions41 and 

quality-of-life studies.39 To date, such a change in the assessment of gait has not 

been reported. However, practitioners should be aware of a possible shift-

induced bias in appraisal-related instruments. Because response shift in a 

placebo-controlled trial is absent in the placebo group, the outcome based on 

such instruments may be biased.42 In light of response shift and appraisal, 

Schwartz and Rapkin called for a reconsideration of the psychometrics of quality-

of-life assessments.43   

 

Future research may be directed toward determining whether the mechanisms in 

the observed shift in FAC scores are similar to those reported in quality-of-life 

studies. The first step may be to implement the so-called “thentest” procedure41 

in FAC appraisals. This measure requires the observer to complete 2 posttests. 

The first test indicates the actual score, and the second requests a renewed 

judgment on the observer’s pretest score. It is hypothesized that posttest and 

thentest measures will be based on the same internal standard of measurement 

and will provide an indication of the actual change that occurred. The mean 

difference between pretest and thentest scores indicates the magnitude and 

direction of the effect caused by the shift. This method also allows for the 

estimation of recall bias.44   

 

CONCLUSION 

 

The results of this study showed that repeated comfortable walking speed 

measurements are sensitive enough to detect changes in physically independent 

gait in people who are severely affected by stroke. Functional Ambulation 

Categories scores were found to be dependent on the timing of comfortable 

walking speed measurements after stroke. In addition, there are indications that, 

in this relationship, repeated FAC appraisals are not only based on steady 

walking speeds, but that the walking speeds related to a specific FAC appraisal 

change and, over time, may shift gradually from higher to lower speeds. 
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Abstract 

 

BACKGROUND AND PURPOSE:  

To study the longitudinal relationship of functional change in walking ability and 

change in time-dependent covariates and to develop a multivariate regression 

model to predict longitudinal change of walking ability. 

METHODS: 

A total of 101 acute stroke patients with first-ever ischemic middle cerebral 

artery strokes was used as the population. Prospective cohort study based on 18 

repeated measurements over time during the first post-stroke year. Baseline 

characteristics as well as longitudinal information from Functional Ambulation 

Categories (FAC), Fugl-Meyer leg score (FM-leg), Motricity leg score (MI-leg), 

letter cancellation task (LCT), Fugl-Meyer balance score (FM-balance) and timed-

balance test (TBT) were obtained. Intervention consisted of a basic rehabilitation 

programme with additional arm, leg or air splint therapy. Main Outcome Measure 

constituted change scores on the Functional Ambulation Categories (FAC) over 

time. 

RESULTS:  

In total 1532 of the 1717 change scores were available for regression analysis. 

The regression model showed that TBT change scores were the most important 

factor in predicting improvement on FAC (β=0.094; p<0.001) followed by 

changes scores on FM-leg (β=0.014; p<0.001), reduction in LCT omissions (β=  

-0.010; p<0.001) and MI leg test (β=0.001; p<0.001). In addition, time itself 

was significantly negatively associated with improvement (β=-0.002; p<0.001).  

CONCLUSION:  

Improvement in standing balance control is more important than improvement in 

leg strength or synergism to achieve improvement in walking ability, whereas 

reduction in visuo-spatial inattention is independently related to improvement of 

gait. Finally, time itself is an independent covariate that is negatively associated 

with change on FAC, suggesting that most pronounced improvements occur 

earlier after stroke. 
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INTRODUCTION 

 

In the last two decades, there is growing interest in conducting longitudinal 

studies after stroke.1,2,3.4 In these studies, the variables of interest are measured 

on the same individuals at several mostly fixed occasions. Findings from 

longitudinal studies with repeated measurements over time indicate that 

recovery of neurological impairments and disabilities shows non-linear recovery 

patterns over time.3,4,5 According to Gresham, time itself appears to be one of 

the most important, although neglected, factors in our understanding of 

functional recovery after stroke.6 To date, no study has been published that 

investigated the longitudinal time-dependent relationship between recovery of 

impairments, such as strength, synergism, visuospatial inattention and recovery 

of disabilities, such as gait after stroke. As a consequence, the impact of these 

changes as a function of time on regaining independent gait after stroke is not 

well understood. Moreover, knowledge about the relationship between specific 

impairments and limitations, such as balance control, would be useful in selecting 

optimal treatment strategies for improving gait after stroke.  

Within the last two decades, new statistical techniques such as random 

coefficient modelling (multilevel modelling or hierarchical modelling) have been 

developed that correct for the dependency of repeated measurements within 

each individual.7,8,9 The use of this technique allows for the analysis of the cross-

sectional and longitudinal relationship between covariates simultaneously while 

taking the dependency of repeated measurements of individuals into account.9 In 

standard multi-level hierarchical regression modelling, the regression coefficients 

presented collectively reflect the cross-sectional (ie, so called between subjects-

variation) as well as the longitudinal relationship (ie, so called within-subject 

variation) between determinant(s) and outcome. This constitutes a limitation in 

the event the absolute differences between subjects exceed the changes over 

time. Consequently, the longitudinal within-subject relationships will be more or 

less overruled by the cross-sectional relationships.10 This is likely to occur in 

particular when the time periods between repeated measurements are relatively 

short and the within-subject correlation high, which is often the case in 
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stroke.4,11 Because of this limitation, we elected to use a model in which the 

cross-sectional component is more or less ‘removed’ from the analysis by 

modelling only change scores. By modelling longitudinal change scores, one can 

develop a rationale for the impact of improvements of underlying functions, such 

as strength, synergism and balance control on changes in walking ability (ie, 

‘quasi-causal relationships’).10 

In the present study, we initially investigated the bivariate longitudinal 

relationship of improvements in walking ability and patient characteristics at 

baseline and improvements in impairments and functional limitations during the 

first year after stroke using the following time-dependent covariates: leg 

strength, leg synergism, visual hemi-inattention and balance control. 

Subsequently, we developed a multivariate multilevel regression model for the 

prediction of functional improvements in gait as a function of time.  

 

MATERIALS AND METHODS 

 

Design and procedures 

This prospective cohort study was part of a randomized clinical trial conducted to 

study the effects of intensity of rehabilitation on stroke outcome.4 In this study, 

101 stroke patients participated with a mean age of 65 years (sd. 12,0). Patients 

were included when they met the following criteria: 1) they were between 30 to 

80 years of age; 2) they experienced an ischemic, first-ever stroke involving the 

territory of the middle cerebral artery as revealed by CT- or MRI-scan; 3) they 

displayed an inability to walk at first assessment; 4) they revealed no  

complicating medical history such as cardiac, pulmonary or orthopedic disorders; 

5) they had no severe deficits in communication, 6) they had no severe deficits 

in memory and understanding; 7) they had provided written or verbal informed 

consent and demonstrated sufficient motivation to participate. Details about 

design and outcome are published previously.4 
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Measurements 

To investigate the longitudinal impact of recovery from impairments on gait, we 

modelled first-order change scores from 18 repeated measurements of different 

impairments to fit the change scores observed in walking ability.4 All time 

dependent measurements were taken weekly, starting from within 14 days after 

stroke onset. From week 10 to week 20, biweekly measurements were obtained, 

whereas follow-up measurements were performed at 26, 38 of 52 weeks after 

stroke. All assessments were done by one observer (GK) who was blinded for 

treatment assignment. Walking ability was assessed with the Functional 

Ambulation Categories (FAC). The FAC is a reliable and valid assessment 

comprising of 6 categories designed to provide information on the level of 

physical support needed by patients to ambulate. Walking devices were allowed 

to be used during the measurements with the exception of a rollator or walker. 

Age, gender, hemisphere of stroke and social support were used as time-

independent covariates and severity of paresis, stage of synergism, control for 

standing balance and severity of visuospatial inattention as time-dependent 

covariates in the multilevel regression model.  

Motricity index (MI) was used to measure strength in upper extremity (UE) and 

lower extremity (LE). This instrument reliably assesses the presence of a paresis 

in stroke patients. It uses a weighted score to a maximum of 100 points for each 

extremity and is derived from the Medical Research Council grades. It tests 6 

limb movements. Balance was measured with the timed balance test (TBT). This 

instrument consists of 5 components on an ordinal scale and involves timed 

balance (ie, 60 seconds) on progressively diminishing support surfaces. The Fugl-

Meyer evaluation was used to assess motor performance. The motor section of 

this extensive test consists of upper limb, wrist, hand as well as lower limb 

ordinal scaled components. Basically, it grades the degree to which dependence 

on synergic movements is present. Finally, the letter cancellation task was 

applied to demonstrate the presence of neglect. Patients are requested to cross 

certain letters among many letters of the alphabet on a sheet of paper containing 

five lines of letters (34 per line). The difference in the number of crossed letters 

on the paretic and non-paretic side is scored.  
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Statistical analysis 

The random coefficient analysis was performed with MLwiN.12 The iterative 

generalized least-squares (IGLS) algorithm was used to estimate the regression 

coefficients.13 Before conducting the random coefficient analysis, we calculated 

the change between subsequent measurements of the time-dependent 

covariates. These change scores were then plotted to check for compliance with 

model assumptions. Because time constitutes an independent covariate, random 

coefficient analysis enables longitudinal analysis of unequally spaced time points 

of measurement.  

To investigate the possible longitudinal association between walking ability on 

FAC and covariates, initially bivariate longitudinal regression analysis was 

conducted with FAC change scores and time-independent covariates at baseline, 

such as age, gender and lateralization of stroke, as well as with t-1 change 

scores of the time-dependent covariates MI-leg, FM-leg, FM-balance, TBT and 

letter cancellation task (See Appendix, models 1 and 2). Subsequently, 

standardized regression coefficients were calculated, and a multivariate 

regression model for predicting functional recovery of gait based on FAC scores 

was developed (See Appendix, model 3).  

The likelihood ratio test was used to evaluate the necessity for allowing random 

regression coefficients into the model, whereas the Wald-test was used to obtain 

a p-value for a particular regression coefficient.10 For all tests, a two-tailed 

significance level of .05 was used. 

 

RESULTS 

 

Patient characteristics of all 101 stroke patients are presented in Table 1. None 

of the stroke patients participating in our study was able to walk unassisted 

during first week after stroke onset. Mean recovery profiles for MI leg, FM leg, FM 

balance, letter cancellation task and TBT for all 18 measurements are illustrated 

in the Figure. In total, 1530 of the 1717 change scores were available for 

modelling. All change scores were normally distributed based on visual plotting.  
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Table 1.  Patient characteristics. 
 
Group Total 
N 101 
Gender (F/M) 43/58 
Age, years (±SD) 65.4 (10.5) 
MMSE (±SD) 26.4 (2.5) 
Hemisphere of Stroke (L/R) 41/61 
 
Type of Stroke: (OCSP) 
-TACI 
-PACI 
-LACI 

 
 
55 
33 
14 

OPS (±SD) 4.4 (0.8) 
GCS (±SD) 14.8 (0.8) 
 
Cognitive disturbances: (%) 
-aphasia (0/1)† 
-inattention (0/1) 

 
 
27.5 
49.0 

 
Impairments of vision: (%) 
-hemianopia (0/1) 
-visual gaze deficit (0/1) 

 
 
31.4 
23.5 

 
Days between stroke-onset and first assessment (±SD) 

 
7.3 (2.8) 

  

MI-arm(±SD) 13.5 (23.3) 

MI-leg(±SD) 21.7 (24.4) 

sitting balance (0/1) 26/76 

BI (%) (±SD) 28.5 (17.2) 

FAC score (±SD) 0.8 (1.0) 

ARA score (±SD) 3.9 (9.7) 

 
Risk factors: (%) 
-hypertension (160/95) (0/1) 
-smoking habit (0/1) 
-family hereditary (0/1) 
-cardiac disease (0/1) 
-diabetes mellitus (0/1) 
-hyperlipedemia (0/1) 

 
 
45.1 
36.3 
31.3 
28.4 
14.7 
 9.8 

N, Number of patients; SD, standard deviation in brackets; (0/1)=no/yes; F/M, 
Female/Male; MMSE, Mini-Mental State Examination (range 0-30); L/R, Left/Right; OCSP, 
Oxford Community Stroke Project; TACI, Total Anterior Circulation Infarcts; PACI, Partial 
Anterior Circulation Infarcts; LACI, Lacunar Anterior Circulation Infarcts; OPS, Orpington 
Prognostic Score (range 1.6-6.8); GCS, Glasgow Coma Scale (range 0-15); † =Based on 
the Dutch Foundation Aphasia test (ie, SAN); MI, Motricity Index (range 0-200); BI, 
Barthel Index (range 0-100); FAC, Functional Ambulation Categories (range 0-5); ARA, 
Action Research Arm test (range 0-57) 
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Figure. Mean normalized recovery patterns (% of maximum attainable recovery) for 
impairments as a function of time (N=101; Left Y-axis). Mean recovery patterns (raw 
change scores) for Functional Ambulation Categories (FAC) (right Y-axis) (FM-leg, Fugl-
Meyer leg; MI-leg, Motricity Index leg).  

 

 

 

Bivariate random coefficient analysis of change scores 

Table 2 shows the bivariate regression coefficients, their errors, and significance 

for time-independent covariates and change scores of time-dependent 

covariates. Except for age (p = 0.046) none of the time-independent covariates 

was significantly associated with the change scores of FAC. However, all time-

dependent covariates were statistically significantly associated with the change 

scores on FAC. The highest regression coefficient was observed for 

improvements on the TBT followed by the FM balance score, FM-leg, LCT, time 

and MI-leg score. Time after onset and LCT showed to be negatively associated 

with change on FAC.  
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Table 2. Bivariate regression coefficients with random and fixed slopes (β standard errors 
in parenthesis) for time-independent and time-dependent covariates for recovery of gait 
during the first year after stroke. 
 
 
 

N=101 

 
Determinant 

β value 
(β-error) 

  
p-value 

Time-independent 
covariates: 

Fixed slope   

Gender (M/F) 0.010 (0.025)  0.69 
Age (range: 30-80) -0.002 (0.001)  0.05* 
Hemisphere of stroke (L/R) -0.006 (0.025)  0.81 
Type of stroke (OCSP) -0.023 (0.020)  0.25 
Days between stroke-onset 
and first assessment 

-0.002 (0.004)  0.62 

MMSE 0.008 (0.005)  0.11 
visual gaze deficit (0/1) -0.011 (0.029)  0.70 
homonymous hemianopia 
(0/1) 

-0.018 (0.027)  0.51 

baseline visual inattention 
(0/1) 

-0.027 (0.025)  0.28 

baseline TFT score (0-3) -0.014 (0.013)  0.28 
baseline OPS (1.6-6.8) 0.013 (0.013)  0.32 
baseline sitting balance 
(0/1) 

0.050 (0.028)  0.07 

urinary incontinence (0/1) -0.013 (0.025)  0.60 
baseline MI-leg 0.000 (0.000)  - 
baseline FM-leg 0.001 (0.002)  0.62 
baseline TCT 0.001 (0.000)  0.32 
baseline FM-balance 0.008 (0.005)  0.11 
baseline TBT 0.007 (0.015)  0.64 
baseline FAC 0.007 (0.013)  0.59 
baseline BI 0.004 (0.003)  0.18 
social support (0/1) -0.021 (0.026)  0.42 
    
Time-dependent covariates: Fixed slope Random slope  
∆ MI leg  - 0.014 (0.002) 0.00*** 
∆ FM-leg  0.053 (0.005) - 0.00*** 
∆ FM-balance  - 0.091 (0.015) 0.00*** 
∆ LCT  - -0.025 (0.007) 0.00*** 
∆ TBT  0.116 (0.019) - 0.00*** 
Time of measurement post-
stroke 

-0.018 (0.003) - 0.00*** 

*p<0.05; **p<0.01; ***p<0.001; (0/1)=no/yes; ∆ = change score of 1 time lag (ie, 
from t to t-1); N, Number of patients; β value = regression coefficient; MMSE, Mini-
Mental State Examination (range 23-30); TFT, Thumb Finding Test (range 0-3); OPS, 
Orpington Prognostic Score (range 1.6-6.8); TBT, Timed Balance Test (range 1-5); MI-
leg, Motricity Index leg score (range 0-100); FM-leg, Fugl-Meyer leg score (range 0-34); 
FM-balance, Fugl-Meyer balance score (range 0-34); LCT, Letter cancellation task score 
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Multivariate random coefficient modelling of significant time-dependent 

covariates 

Table 3 presents the significant covariates of the multivariate random coefficient 

model. This model includes change scores of the covariates TBT, FM-leg, LCT, MI 

leg as well as time itself. This model predicted 18% of the variance of outcome 

on change of FAC.   

 
Table 3. Multivariate regression model for progress of walking ability during the first year 
after stroke. 
 
 
 

N=101 

 
Fixed effect 

standardized 
β coefficient 

 
SE 

 
p-value 

Intercept 0.215 0.029 <0.00*** 
∆ TBT 0.094 0.019 0.00** 
∆ FM-leg 0.014 0.005 <0.00*** 
∆ LCT -0.010 0.006 0.00** 
Time -0.002 0.003 0.01** 
∆ MI-leg 0.001 0.002 <0.00*** 

*p<0.05; **p<0.01; ***p<0.001; ∆ = change score of 1 time lag (ie, from t to t-1); N, 
Number of patients; β value = regression coefficient; se, standard error; TBT, Timed 
Balance Test; FM-leg, Fugl-Meyer leg score (range 0-34); LCT, Letter Cancellation Task 
(range 0-20); MI-leg, Motricity Index leg score (range 0-100) 
 
 

DISCUSSION 

 

To the best of our knowledge, this is the first longitudinal study that investigated 

the functional impact of observed changes of time-dependent covariates such as 

balance14, synergism15, leg strength16, visuo-spatial inattention17,18 and time3, on 

the recovery of gait after acute stroke. The significant bivariate random 

coefficients found in the present study confirm the assumption that larger 

improvements in impairments and gait-related functional limitations, including 

control of standing balance, are highly associated with improvements in gait. The 

present study further shows that improvement in standing balance, as measured 

with the timed-balance test or FM balance test, is the most important 

determinant for regaining gait based on the functional ambulation categories, 

whereas changes in synergism and muscle strength of the paretic leg are less 
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associated with recovery of walking ability. This finding is in agreement with the 

literature suggesting that recovery in postural control of standing is more 

important for regaining gait than the restoration of support functions and 

voluntary control of the paretic leg itself. This finding also suggests that the use 

of compensatory strategies in the standing position, e.g. shifting the weight to 

the non-paretic side, is more important than muscle strength in the lower paretic 

limb for regaining gait.19,14,20  

Interestingly, the present findings also show that visuospatial inattention was 

weakly but significantly and negatively related to recovery of gait, suggesting 

that more reductions in visuospatial inattention, as expressed by the difference 

in the number of omissions in the LCT, are associated with better improvements 

in gait. This latter finding is in agreement with the studies that show that 

patients with visuo-spatial neglect experience more difficulty in negotiating 

obstacles21 and walking appropriate trajectories than controls.18  

Finally, time itself is an independent fixed determinant in the multivariate model 

which is significantly negatively associated with recovery of gait, suggesting that 

most improvements take place sooner after stroke. This finding is in agreement 

with the general assumption about the speed of neurological (and with that, 

functional) recovery after stroke (ie, the largest improvements are observed 

early after stroke onset and these changes subsequently gradually level off).22,6,3 

However, in part, gradual smaller change scores over time may have been the 

result of the availability of a reduced range for changes (ceiling effect).  

The major advantage of a repeated measurement design as compared to a 

traditional prognostic design is that it represents reality far better than just two 

measurements over time. Instead of observing two images of the patients’ 

functional status frozen in time, it becomes feasible to analyze several closely 

sequential images over time, providing insight into the dynamics of recovery. 

This, in turn, allows for a more valid interpretation of the factors that modulate 

the process of spontaneous neurological recovery.  

More research is needed for the development of prognostic models based on the 

within-subject variability of covariates as a function of time for the accuracy of 

functional change. To understand the impact of time post-stroke on recovery, 
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future research should focus on the impact of individual neurological changes of 

impairments on functional recovery and the significance of using compensatory 

strategies to improve gait.3,23,20,14 This information can than be used to determine 

the relationship between recovery of impairments and disabilities, such as gait.3 

Recovery of disabilities reflects the intrinsic recovery of impairments as well as 

applied compensation.3 Understanding the different mechanisms involved as well 

as the optimal time windows for functional recovery allows clinicians to develop 

treatment programmes that are more effective in maximizing underlying 

mechanisms responsible for neurological and adaptive (ie, compensatory) 

recovery.3,24,5  

The relatively low regression coefficients observed for the covariates and the low 

explained variance of about 18% for included determinants suggests that most 

progress cannot be explained by restitution of function. Most likely this progress 

is facilitated by the use of compensation strategies that involve the participation 

and adaptation of the non-paretic side to enable gait. This latter finding suggests 

that recovery after stroke occurs to a large extent through behavioral 

compensation, rather than via processes of “true recovery” alone.5 Future studies 

may explore the relationship between observed behavioral adaptations and 

improved skills after stroke by addressing the issue of which changes in motor 

control coincide with functional improvements. This knowledge may contribute to 

determining the best way to subject stroke patients to therapeutic exercises.  

Finally, modelling change scores in a repeated measurement design (whereby 

the measures are nested within the subjects) offers also opportunities for the 

exploration of the longitudinal relationship between, on the one hand, 

macroscopic neuroplastic changes observed (e.g. fMRI and TMS), and, on the 

other hand, found changes in neurological and kinematical examination.  
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Appendix 

 

For the bivariate longitudinal regression analysis of time-dependent variables, we 

used the following regression model: 

(Yit - Yit-1) = β0it + Σβ1j (Xijt - Xijt-1) + εit (model 1) 

Where Yit are the observations for subject I at time t and Yit-1 the observations 

for subject I at time t-1, reflecting the change score for the dependent variable 

‘walking ability’ based on FAC registration. Regression coefficient β0it reflects the 

random intercept and β1j the random selected regression coefficient for the time-

dependent covariate j and Xijt the time-dependent variable j for subject I at time 

t and Xijt-1 at time t-1.  

For the bivariate longitudinal regression analysis of time-independent variables, 

we used the following model: 

(Yit - Yit-1) = β0it + Σβ1m Xim + εit (model 2) 

Where Yit are the observations for subject I at time t and Yit-1 the observations 

for subject I at time t-1, reflecting the change score for the dependent variable 

“walking ability” measured with the FAC. Regression coefficient β0it is a random 

intercept and β1m the regression coefficient of the time-independent covariate m 

and Xim the time-independent covariate for subject I. εit represents the error for 

subject I at time t.  

To develop a multivariate regression model for predicting functional recovery of 

gait based on FAC scores, the following statistical model was used: 

(Yit - Yit-1) = β0it + Σβ1j (Xijt - Xijt-1) + β2t + Σβ3m Xim + εit   (model 3) 

Where Yit are the observations for subject I at time t and Yit-1 the observations 

for subject I at time t-1, reflecting the change scores for the dependent variable 

‘walking ability’ measured with the FAC. Regression coefficient β0it is a random 

intercept and β1j the random selected regression coefficient for time-dependent 

variable j and Xijt the time-dependent variable j for subject I at time t and Xijt-1 at 

time t-1. β2 is the regression coefficient for time t and β3m the regression 

coefficient for time-independent covariate m and Xim the time-independent 

covariate. Finally, εit represents the error for subject I at time t.  
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Abstract 

 

The objective of this pilot study was to investigate the carryover effects on 

comfortable walking speed after overloading the lower hemiparetic extremity in 

chronic stroke patients. A single subject research study was conducted using a 

withdrawal design (A-B-A-B-A) on three patients with ischemic middle cerebral 

artery infarction. Chronic stroke patients were recruited with stage 3 or 4 Fugl-

Meyer scores in the lower extremity and the ability to ambulate independently 

without walking aids. Based on this withdrawal design, the daily procedure 

included walking at comfortable speeds 5 × 10 meters during the A1 phase and 3 

× 10 meters during all subsequent phases. This procedure was repeated for five 

consecutive days. Two lbs (B1) and 6 lbs (B2) weight cuffs were attached to the 

distal lower hemiparetic extremity and randomized over the two B phases. 

Control (A1, A2, A3) and intervention (B1, B2) phases were alternated with brief 

resting periods. Mean comfortable walking speed for 10 meters constituted the 

outcome variable. All patients showed significant differences between phases 

(χ2 = 34.187; p < 0.001). However, with the exception of a carry-over effect 

between the A1 (0.86 m/sec) and A2 (0.89 m/sec) phases in one subject (p = 

0.043) no significant carry-over effects were found on ensuing A2 and A3 control 

phases. Although gradual improvements in comfortable walking speed between 

subsequent days were found the present pilot study did not demonstrate 

favourable group effects on comfortable walking speed as a result of limb 

overloading. 
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INTRODUCTION 

 

Regaining the ability to walk is the most frequently stated goal by hemiparetic 

stroke patients in rehabilitation.1 Stroke rehabilitation offers many treatment 

strategies to achieve this goal. However, one popular strategy (Bobath approach) 

predominates current practice.2,3 This concept is based on the perception that 

muscle weakness and spasticity are linked in that weakness in the agonist is 

attributable to spastic restraint imposed by the antagonistic muscle group.4 

Therefore, Bobath proposed that the normalization of muscle tone is a priority in 

treatment. Muscle strengthening is avoided because of its concomitant adverse 

effects on spasticity. Strengthening weak and unresponsive muscles would only 

increase co-contraction and reduce coordination. However, recent evidence does 

not support a major role for the spasticity of the antagonist in limiting voluntary 

activation of the agonist. Studies indicate that muscle weakness is not caused by 

exaggerated co-contractions of dominant spastic antagonists, but is the result of 

inadequate recruitment of agonists.5,6,7,8,9 Moreover, findings suggest that 

spasticity does not increase with training of synergies or strengthening of paretic 

muscles nor does muscle strengthening cause any detrimental effects.5,10,11,8,12,13 

Several studies show that strength training can be beneficial to patients in stroke 

rehabilitation.14,15,16,17,18,12,13,19 Some stroke patients experience a disproportional 

heaviness in their hemiplegic lower extremity during gait. This may be due to 

their inability to actively hold and move the weight of the leg. However, the 

inability to sense adequate gradation of effort may add to this problem.20,21,22 

Moreover, sensory disturbances and attentional disorders may also contribute to 

dysfunction and perceived sensation. Therapeutic intervention may incorporate 

elements directed to intensify sensation and strengthen paretic muscles. In an 

attempt to achieve these treatment goals, we temporarily overloaded the 

hemiplegic lower extremity with a weight cuff in chronic stroke subjects. It was 

hypothesized that overloading the hemiparetic extremity would generate 

increased motor output resulting in carry-over effects.* In some sports these 

effects are commonly used in order to improve performance. For instance, before 

batting baseball players practice with a weighted bat to facilitate swinging. 
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Analogous to principles derived from sports training procedures, the objective of 

this pilot study was to investigate carryover effects of overloading of the lower 

hemiparetic extremity on comfortable walking speed in stroke patients. Such 

overloading, induced carry-over effects would be beneficial and desirable in 

therapy. If these effects occur then overloading would constitute an 

advantageous effective adjunct to regular therapeutic interventions in stroke 

rehabilitation. 

 

* Carry-over from the effect of treatments in preceding phases on ensuing 

phases. 

 

METHOD 

 

Patient selection 

Three chronic stroke patients were recruited with stage 3 or 4 Fugl-Meyer scores 

in the lower extremity and the ability to ambulate independently without walking 

aids for five minutes (Table 1). In addition, the included patients were oriented 

and able to communicate adequately. Informed consent was obtained. 

 

Table 1. Characteristics of participating patients. 
 

Subject Gender Age Months post-stroke Hemiplegia FM motor score LE 
A male 46 40 Right stage 3 
B male 61 36 Left stage 3 
C female 70 54 Left stage 4 

FM, Fugl-Meyer; LE, lower extremity 
 

Study design 

A single subject research study was conducted using a withdrawal design (A-B-A-

B-A)23 on three patients with primary ischemic middle cerebral artery infarction. 

This withdrawal design incorporated the following phases:  

A1 :  Electronic registration with a TAG Heuer SA system of comfortable walking 

speed during 5 times 10 meters. 
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B1 :  Application of 2 lbs weight cuff to the distal paretic lower extremity (on 

and just above the ankle). Next electronic registration with a TAG Heuer 

SA system of comfortable walking speed during 3 times 10 meters. 

A2 :  Removal of weight cuff followed by electronic registration with a TAG 

Heuer SA system of comfortable walking speed during 3 times 10 meters. 

B2 :  Application of 6 lbs weight cuff to the distal paretic lower extremity (on 

and just above the ankle). Next electronic registration with a TAG Heuer 

SA system of comfortable walking speed during 3 times 10 meters. 

A3 :  Removal of weight cuff followed by electronic registration with a TAG 

Heuer SA system of comfortable walking speed during 3 times 10 meters. 

 

Phases B1 and B2 were randomized by tossing a coin. Between phases A1 – B1 or 

B2 and A2 or A3 – B2 or B1, 2 minutes of rest provided the sitting patient with an 

adequate wash-out period and reduced possible fatigue effects on walking 

performance. In addition, 15 seconds of idle standing position was introduced 

between phases B1 – A2 and B2 – A3 and between each gait cycle of 10 meters. 

Patients were instructed to walk at their comfortable speeds over the marked 

course of 10 meters starting from idle position. They were asked to wear the 

same shoes during the course of the study. Based on this withdrawal design, the 

daily procedure included walking at comfortable speeds over 5 times 10 meters 

during the A1 phase and 3 times 10 meters during all subsequent phases. This 

procedure was repeated for five consecutive days at the same time of day. Two 

lbs (B1) and 6 lbs (B2) weight cuffs were randomized over the two B phases to 

determine the sequence of weighting (A1, B1, A2, B2, A3 or A1, B2, A3, B1, A2). 

Mean comfortable walking speed recorded in seconds over 10 meters and 

converted to meters per second (m/sec) constituted the outcome variable. 

During the course of this study, none of the participating patients received any 

additional physiotherapeutic intervention. However, prior to this study, one 

patient was provided with 30 minutes of regular physiotherapy each week in an 

attempt to maintain her present slightly declining level of ADL functioning.  
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Measurements 

Fugl-Meyer motor evaluation24 was used for patient selection. It’s reliability and 

validity have been previously demonstrated.25,26,27,28,29 A TAG Heuer SA system 

was used for electronic time registration of walking speed over a marked walking 

course of 10 meters. Just prior to walking in the B phases, 2 lbs and 6 lbs weight 

cuffs (Rolyan - Smith & Nephew®) were attached with Velcro to the appropriate 

hemiparetic extremity. 

 

Statistics 

In order to demonstrate possible overloading-induced effects on walking speed, 

Friedman one-way ANOVA by ranks was conducted on mean comfortable walking 

speed variable in all phases. When significant differences were found between 

phases or days, a post hoc Wilcoxon Matched-Pairs Signed-Ranks test was 

performed to identify the phase or day that differed significantly from the others. 

Each hypothesis was tested two-tailed with p < 0.05 as the significance level. 

 

RESULTS 

 

Mean walking velocities during ensuing phases for individual subjects as well as 

for subjects collectively are depicted in Table 2. As a group patients showed 

significant differences in mean walking speed between phases (χ2 = 34.187; p < 

0.001). Post hoc analysis demonstrated a significant decrement on comfortable 

walking speed during the B1 and B2 phases when compared to the A1 phase, 

whereas no significant differences were found among mutual A phases. In 

addition, walking speed decreased significantly (p = 0.005) as overloading 

increased during the B1 phase from 0.80 to 0.77 m/sec and B2 phase from 0.80 

to 0.73 m/sec (Table 2).  

No significant carry-over effects were found on ensuing A2 and A3 control phases. 

However, at an individual subject level, significant differences occurred between 

the A2 (0.84 m/sec) and A3 (0.82 m/sec) phases in subject A (p = 0.043) and 

between the A1 (0.86 m/sec) and A2 (0.89 m/sec) phases in subject B (p = 

0.043) (Table 3). 
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Table 2. Mean comfortable walking speed in meters per second. Phases (A1, A2, A3, B1 
and  B2) and subsequent days (D1, D2, D3, D4 and D5) are shown. 
 

Phases Days  
A1

Mean 
Sd 

A2

Mean 
Sd 

A3

Mean 
Sd 

B1

Mean 
Sd 

B2

Mean 
Sd 

D1

Mean 
Sd 

D2

Mean 
Sd 

D3

Mean 
Sd 

D4

Mean 
Sd 

D5

Mean 
Sd 

Subject A 0.85 0.84 0.82 0.81 0.76 0.80 0.80 0.83 0.80 0.85 
 0.03 

 
0.04 0.04 0.02 0.04 0.05 0.03 0.04 0.04 0.04 

Subject B 0.86 0.89 0.89 0.85 0.80 0.81 0.86 0.83 0.89 0.90 
 0.04 0.05 0.03 0.03 0.06 0.06 0.06 0.03 0.03 0.04 

 
Subject C 0.69 0.70 0.69 0.65 0.63 0.70 0.67 0.66 0.65 0.67 
 0.03 0.04 0.03 0.04 0.04 0.04 0.06 0.04 0.04 0.03 

 
A + B + C 0.80 0.81 0.80 0.77 0.73 0.77 0.77 0.77 0.78 0.81 
 0.09 0.09 0.09 0.09 0.09 0.07 0.10 0.09 0.11 0.11 

Sd, standard deviation 

 

 

Table 3. Results of nonparametric testing. Only significant differences are shown. 

 
Phases Days  

Friedman Wilcoxon (m/sec) Friedman Wilcoxon (m/sec) 
Subject A p = 0.012 0.85–0.76 (A1 > B2) p = 0.034 0.80–0.85 (D2 < D5) 
  0.84–0.82 (A2 > A3)  0.83–0.80 (D3 > D4) 
  0.84–0.81 (A2 > B1)  0.80–0.85 (D4 < D5) 
  0.84–0.76 (A2 > B2)   
  0.81–0.76 (B1 > B2)   

 
Subject B  p = 0.006 0.86–0.89 (A1 < A2) p = 0.002 0.81–0.86 (D1 < D2) 
  0.86–0.80 (A1 > B2)  0.81–0.89 (D1 < D4) 
  0.89–0.85 (A2 > B1)  0.81–0.90 (D1 < D5) 
  0.89–0.80 (A2 > B2)  0.86–0.89 (D2 < D4) 
    0.86–0.90 (D2 < D5) 
    0.83–0.89 (D3 < D4) 
    0.83–0.90 (D3 < D5) 
     
Subject C p = 0.034 0.70–0.65 (A2 > B1) p = 0.345 – 
  0.70–0.63 (A2 > B2)   

 
A + B + C p < 0.001 0.80–0.77 (A1 > B1) p = 0.038 0.77–0.81 (D2 < D5) 
  0.80–0.73 (A1 > B2)  0.77–0.81 (D3 < D5) 
  0.81–0.77 (A2 > B1)   
  0.81–0.73 (A2 > B2)  0.78–0.81 (D4 < D5) 
  0.77–0.73 (B1 > B2)   

>, Faster walking speed in meters per second (m/sec); <, slower walking speed in 
meters per second (m/sec)    
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Only subject B demonstrated a significant carry-over effect due to limb 

overloading. Finally, collectively these patients showed significant differences in 

mean walking speed between subsequent days (χ2 = 10.133; p = 0.038) (Table 

3). Post hoc analysis demonstrated significantly higher walking speeds on Day 5 

when compared to Days 2, 3 and 4 (Table 2). 

 

DISCUSSION 

 

This pilot study did not demonstrate limb-overloading induced carry-over group 

effects on ensuing control phases. At a subject level only one patient showed a 

significant carry-over effect between the A1 and A2 phases. Moreover, although 

gradual improvements in comfortable walking speed between subsequent days 

were found, this pilot study did not demonstrate favourable group effects on 

comfortable walking speed as a result of limb overloading. These gradual 

improvements on Day 5 when compared to Days 2, 3 and 4 may have been 

caused by confounders, such as learning. Walking speed is considered to be an 

effective indicator of the degree of abnormality in hemiplegic gait.30 In the stroke 

population, walking speed is correlated to balance, degree of lower limb strength 

recovery, Barthel Index score, cadence of gait, degree of ambulatory 

independence and rating of overall gait appearance.31,32,33,26,27,30,34,35,36 

Comfortable walking speed is a commonly used measure in clinical settings.18 It 

can be measured using the 10 meters timed walking test, which is found 

relevant, reliable, valid, responsive to change and easy to measure.37,38 

Overloading is used as a strength training procedure in sports39 and among older 

adults10, but is avoided in the stroke population due to its perceived adverse 

enhancing effects on spasticity.4 However, a recent study indicates that spasticity 

exhibits no such increase during hemiplegic gait.5 When the hemiplegic leg is 

weighted an immediate effect is noticed on walking speed. This speed is reduced, 

but appears to catch up with further practice and increased motor activity (Table 

2). As a result foot clearance appears to improve gradually within the B phases 

and subsequent initial A phases. With the mass applied distally to the 

hemiparetic extremity the effects on walking speed may be the result of the 
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weight (mass) and/or inertia caused by the swaying limb. A more or less 

pendulous motion is elicited. In order to differentiate between these two modes 

of action weights applied to the center of mass of the extremity involved may be 

necessary. Ultimately this therapeutic intervention would generate feasible 

implications only if carry-over or hysteresis** effects could be established 

between the A1 phase and other A phases. Short term rather than long term 

effects were studied because if present carry-over effects are presumed to occur 

immediately following cessation of the therapeutic weighting. Possible long term 

effects may require long term practice. 

This pilot study suffered from imperfections and limitations with regard to applied 

weights, parameters and research design. Therefore, it may have been unsuited 

to detect minor therapeutic carry-over effects if present. In healthy subjects, 

paretic gait can be simulated by applying increasing weights (2–6 kg) around the 

ankles.40 Based on empirical grounds, arbitrary weights of 2 lbs and 6 lbs were 

selected for this study. Clinically, possible limits to the maximal tolerated or ideal 

amount of overloading are dependent upon body weight and the degree of 

paresis. Therefore, overloading based on a percentage of body mass and degree 

of paresis is recommended when conducting such a study. Only the effects of 

overloading on walking speed were studied. However, other temporal parameters 

such as phase differences between arm and leg swing41, angular joint 

displacements, stride duration, symmetry ratios, truncal rotation, individual 

phase durations and proportions, foot clearance as well as stability or muscle 

strength may be affected, but these parameters were not measured. A future 

research endeavour will investigate the effects of overloading on these gait 

parameters. Finally, a single subject research design lacks external validity and 

as a consequence it is difficult to generalize the results of individual patients to 

other stroke victims. 

 

** Hysteresis is a retardation of the effect when the forces acting upon a body 

are changed. 
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CONCLUSION 

 

This single subject design study found no limb overloading induced carry-over 

group effects on ensuing control phases. At a subject level only one patient 

showed a significant carry-over effect between the A1 and A2 phases. Moreover, 

although gradual improvements in comfortable walking speed between 

subsequent days were found this pilot study did not demonstrate favourable 

group effects on comfortable walking speed as a result of limb overloading. 

However, due to the limited carry-over effect found in one subject and because 

all patients perceived overloading as to facilitate gait and reduce heaviness of the 

paretic extremity, further kinematic research within a larger trial will be 

conducted to elucidate possible benefits to this approach in improving hemiplegic 

gait in stroke patients. 
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Abstract 

 

OBJECTIVE:   

To assess long term effects at 1 year after stroke in patients who participated in 

an upper and lower limb intensity training programme in the acute and subacute 

rehabilitation phases. 

DESIGN:   

A three group randomised controlled trial with repeated measures was used. 

METHOD:   

One hundred and one patients with a primary middle cerebral artery stroke were 

randomly allocated to one of three groups for a 20 week rehabilitation 

programme with an emphasis on (1) upper limb function, (2) lower limb function 

or (3) immobilisation with an inflatable pressure splint (control group). Follow up 

assessments within and between groups were compared at 6, 9, and 12 months 

after stroke. 

RESULTS:   

No statistically significant effects were found for treatment assignment from 6 

months onwards. At a group level, the significant differences in efficacy 

demonstrated at 20 weeks after stroke in favour of the lower limb remained. 

However, no significant differences in functional recovery between groups were 

found for Barthel index (BI), functional ambulation categories (FAC), action 

research arm test (ARAT), comfortable and maximal walking speed, Nottingham 

health profile part 1 (NHP-part 1), sickness impact profile-68 (SIP-68), and 

Frenchay activities index (FAI) from 6 months onwards. At an individual subject 

level a substantial number of patients showed improvement or deterioration in 

upper limb function (n = 8 and 5, respectively) and lower limb function (n = 19 

and 9, respectively). Activities of daily living (ADL) scores showed that five 

patients deteriorated and four improved beyond the error threshold from 6 

months onwards. In particular, patients with some but incomplete functional 

recovery at 6 months are likely to continue to improve or regress from 6 months 

onwards. 
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CONCLUSIONS:   

On average patients maintained their functional gains for up to 1 year after 

stroke after receiving a 20 week upper or lower limb function training 

programme. However, a significant number of patients with incomplete recovery 

showed improvements or deterioration in dexterity, walking ability, and ADL 

beyond the error threshold. 
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INTRODUCTION 

 

Recently, small but significant overall effect sizes were found in favour of higher 

intensity of a stroke rehabilitation programme after pooling the findings of nine 

controlled trials.1 In a recent randomised controlled trial, Kwakkel et al provided 

more evidence for larger effect sizes as a result of higher intensity of upper and 

lower limb training in terms of activities of daily living (ADL), walking ability, and 

dexterity.2 They attributed these favourable effects to factors within the design 

— that is, (1) increased treatment contrast between control and experimental 

treatment, (2) reduced heterogeneity of included patients with regard to 

neurological diagnosis and disability, and (3) optimal use of scaling properties of 

assessment instruments.2 In addition, effects of rehabilitation seemed to be more 

pronounced within the first months after stroke, whereas little recovery took 

place thereafter. However, the question whether reported differences in 

treatment efficacies could still be discerned at 1 year after stroke was not 

addressed in this study. The findings of several studies suggest that most 

patients maintain their achieved gains of rehabilitation in terms of ADL,3–7 

walking ability,5 and dexterity7 6 months after stroke. Others indicated small but 

significant continuation of functional recovery up to 2 years after stroke,8 

particularly in response to a task oriented treatment programme.9–16 However, 

some studies reported deterioration in disability, especially when patients were 

discharged home without adequate rehabilitative support.17,18 In addition, it was 

found that severity of neurological impairments and disabilities in the first 6 

months were indicative of the long term prognosis at 1 or 2 years after stroke.7,11 

The objectives of the present study were (1) to determine if treatment effects 

are maintained within and between treatment groups from 6 months to 1 year 

after stroke, and (2) to identify those patients who are likely to show significant 

improvement or deterioration in ADL, walking ability, and dexterity from 6 

months onwards. 
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SUBJECTS AND METHODS 

 

Patients 

The patients with stroke participating in the present study (1) had had a primary, 

first ever stroke in the territory of the middle cerebral artery (MCA) as shown by 

CT or MRI, (2) were between 30 to 80 years of age, (3) had an impaired motor 

function of upper as well as lower limbs, (4) were unable to walk at first 

assessment, (5) had no complicating medical history such as cardiac, pulmonary, 

or other neurological disorders, (6) had no severe deficits in communication, 

memory, or understanding, and (7) gave written or verbal informed consent, and 

were sufficiently motivated to participate in the research project. Stroke was 

defined clinically according to the World Health Organisation criteria19 and 

classified according to the Bamford classification using clinical features to 

determine the size and site of infarct.20 These subtypes are total anterior 

circulation infarcts (TACI), partial anterior circulation infarcts (PACI), and lacunar 

infarcts (LACI).20 

Within 24 hours after stroke onset, patients were assessed by a neurologist to 

confirm the clinical diagnosis of stroke and to record clinical symptoms such as 

level of consciousness [assessed with the Glasgow coma scale (GCS)].21 A 

speech therapist assessed the ability to communicate, and accepted a cut off of 

50 percentile corrected for age on the Dutch Foundation aphasia test (SAN).22 

The mini mental state examination (MMSE) was applied to screen the orientation 

in time and place. Only patients with an MMSE score of 24 points or higher were 

included in the trial.23 In addition, sitting balance were assessed with the trunk 

control test.24 Homonymous hemianopia was identified by confrontation and 

visual inattention was assessed by the letter cancellation task.25 Conjugate gaze 

deficit was diagnosed when there was a failure of conjugate gaze towards the 

paretic body side. Finally, social support was defined as having a healthy partner 

willing and able to support the patient in care. 

To control for the heterogeneity of the stroke population, muscle strength, 

balance, proprioception, and cognitive function were assessed following the 

Orpinton prognostic scale (OPS).26 
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Design 

Within 14 days of stroke, 101 patients with a primary, first ever stroke in the 

territory of the middle cerebral artery were randomly assigned to one of the 

three treatment groups.2 The control group was designed for patients subjected 

to immobilisation of the paretic arm and leg by means of an inflatable pressure 

splint.27 The splint (Svend Andersen, plastic industrials, Haarlev, Denmark®) was 

applied to the supine patient for 30 minutes each day, 5 days a week for 20 

weeks.27,28 The two experimental groups received 30 minutes lower limb or upper 

limb training, 5 days a week for 20 weeks. In addition, all three groups received 

15 minutes of lower limb rehabilitation, 15 minutes of upper limb rehabilitation, 

and 1.5 hours of weekly ADL training. The ADL training was carried out by an 

occupational therapist. After finishing the treatment protocol, from 20 weeks 

onwards, decisions about type of treatment and its intensity were made by the 

stroke management team taking care of the individual patient. Ethical approval 

was given by each participating hospital.2  

 

Treatment conditions 

The treatment programme was based on a protocol comprising evidence based 

guidelines. A task oriented therapeutic approach was advocated. Upper limb 

treatment was focused on improvement in disabilities involving the hemiplegic 

arm (for example, grasping, reaching, leaning, clothing), whereas lower limb 

treatment was focused on the functional recovery of balance (for example, 

sitting, standing balance), transfers such as turning over, and gait (for example, 

performance and climbing stairs). The treatment goals were registered daily by 

predefined codes in a diary. The frequency of applied treatment goals is 

summarised in Table 1. Differences in treatment duration are presented 

elsewhere.2 
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Table 1. Documented frequencies of selected goals for treatment. 
 
 Frequency of applied treatment goals 

during first 20 weeks 
Training of activities CT UL LL p Value* 
Air splint application 2504 0 0 0.000 
 
Lower limb training: 

    

Impairments (for example, muscle 
strength and ROM)  

517 434 655 0.475 

Transfers  361 310 484 0.291 
Sitting balance, sitting up from lying 
position  

576 531 604 0.690 

Standing balance  716 656 669 0.449 
From sitting to standing/standing up from 
lying position  

592 692 676 0.436 

Gait: coordination, stability, symmetry, 
and velocity  

1130 1225 1649 0.324 

Climbing stairs, walking over uneven 
surfaces and doorsteps  

366 332 703 0.069 

Outdoor walking  215 168 367 0.185 
Learning to use a walking aid  219 123 367 0.235 
Other lower limb functions  278 129 351 0.164 
 
Upper limb training:  

    

Impairments (for example, muscle 
strength and range of motion)  

1778 1280 1991 0.164 

Postural reactions and weight bearing  821 1346 871 0.580 
Reaching, grasping activities  489 1054 724 0.189 
Personal hygiene (for example, dressing, 
cooking, washing, and combing) 

431 829 585 0.441 

Application of sling or orthosis  11 26 19 0.808 
Other functions  379 583 257 0.279 
* χ2 test; CT, control group; UL, upper limb; LL, lower limb  
 

Assessments 

Primary outcome variables included the Barthel index (BI), functional ambulation 

categories (FAC) and the action research arm test (ARAT). The Dutch version of 

the BI is a reliable and valid measurement that represents a patient’s ability to 

perform 10 ADL tasks (bladder and bowel control, toilet use, dressing, feeding, 

ambulation, personal toilet, transfer activities, bathing, and stair climbing).29 The 

FAC measures six levels of walking ability and documents personal support 

needed during walking with or without aid, and has been described as a reliable 

and valid measurement.30 Functional recovery of the upper limbs was monitored 

with the ARAT.31 This test consists of 19 functional movement tasks which are 
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divided into four domains (grasp, grip, pinch, and gross movement). The BI, 

FAC, and ARAT were reassessed for their within observer reliability in 15 patients 

with stroke using a 1 week interval between measurements. Spearman rank 

correlation coefficients (rs) were 0.97 for BI and FAC, and 0.99 for the ARAT test 

(p < 0.001). Secondary variables of outcome included comfortable and 

maximal walking speeds by means of a 10 m timed walking test.32 The tests 

showed high test-retest reliability (rs = 0.97, p < 0.001 and rs = 0.96, p < 0.001, 

respectively). In addition, the number of applied walking devices was monitored. 

Part 1 of the Nottingham health profile (NHP-part 1)33 and a short generic 

version of the sickness impact profile (SIP-68)34,35 were used to assess quality of 

life. The first part of the NHP consists of 38 items (yes/no questions) describing 

health related behaviour in six dimensions (or domains of daily life; energy, 

physical mobility, sleep, pain, emotional reactions, and social isolation).33 High 

scores indicate a poor health status. 

Test-retest reliability of the Dutch version of the NHP-part 1 has been 

demonstrated by Erdman et al.33 The SIP-68 evaluates six domains of health 

related functional status (somatic autonomy, mobility control, psychological 

autonomy, communication, social behaviour, emotional stability, and mobility 

range), explaining 94% of the total variance of the original SIP-136.34 A high 

score indicates poor health related functional status. Post et al have 

demonstrated its high validity and reliability.34 Extended ADLs were assessed 

with the Frenchay activities index (FAI).35 The first part of the FAI evaluates the 

frequency of performance of 10 activities (preparing meals, washing up, washing 

clothes, light and heavy housework, social outings, local shopping, walking 

outside (> 15 minutes), actively pursuing a hobby, and driving a car or travelling 

by bus) during the last 12 weeks, whereas five activities (outings and car rides, 

gardening, household maintenance, reading books, and gainful working) 

performed in the last 26 weeks are evaluated in the second part. Schuling et al36 

have demonstrated its reliability and validity. All primary and secondary outcome 

variables were assessed at 6, 9, and 12 months after stroke. Within the first 6 

months all measurements were carried out by one investigator (GK) who was 

blinded for treatment assignment.  
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However, 6 months after stroke the blinding procedure was released. Depending 

on stroke severity, the test battery took about 45 to 75 minutes to complete. 

 

Statistics 

Group level 

The Kruskal-Wallis test was applied to evaluate the differences between the three 

groups at 9 and 12 months after stroke for BI, FAC, ARAT, comfortable and 

maximal walking velocity, number of walking devices, SIP-68, and NHP-part 

(SPSS version 9.0.) The same tests were applied to evaluate possible differences 

between groups for changes on FAI from baseline to 6 months and from 6 to 12 

months after stroke. When significant differences between three groups were 

found a post hoc analysis was performed using the Mann-Whitney U test to 

demonstrate which group differed significantly from the other. 

To establish any significant improvement or deterioration from 6 months 

onwards in the complete group as well as within each group, changes in BI, FAC, 

ARAT, SIP-68, and NHP part 1 scores were tested with a Friedman two way 

analysis of variance (ANOVA) by ranks. If significant findings were obtained, a 

post hoc Wilcoxon matched pairs signed ranks test for non-continuous outcome 

variables was applied to evaluate the differences in outcomes at 6, 9, and 12 

months. Outcome in FAI was tested at 6 and 12 months by applying a Wilcoxon 

matched pairs signed ranks test. After testing interval scaled measurements for 

normality with the Kolomogorov-Smirnov test, a paired sample t test was used to 

demonstrate differences in comfortable and maximal walking speeds. 

Subject level  

To show whether patients showed significant recovery or deterioration in 

functional status from 6 months onwards, measurement errors (error thresholds) 

were calculated and compared to the actual changes in BI, FAC, ARAT, 

comfortable and maximal walking speed. The error threshold was calculated on 

the basis of two independent measurements taken at 9 and 10 weeks after 

stroke. Based on the assumption that the errors of the two measurements are 

independent from each other, the within subject variance was determined. 

Subsequently, the standard error of measurement (SEM) was calculated from the 
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square root of the within subject variance assuming that the difference between 

two independent measurements should be at least 1.96√2xSEM to meet the 

criterion of a 95% confidence level of a real difference between the true 

scores.37,38  

Finally, the error threshold for each variable of outcome was rounded off and the 

number of patients who improved or deteriorated beyond the error threshold 

after 6 months was determined. 

 
RESULTS 

 

Eighty six (85%) out of 101 patients were reassessed at 9 and 12 months after 

stroke onset. During the first year follow up period four patients dropped out 

from the control group, five in the upper limb, and six in the lower limb group. 

Twelve out of these patients dropped out before week 20 (three control group, 

four upper limb group, and five lower limb group).2 Recurrent stroke (n = 6),  

comorbidity (for example, cancer) (n = 2), and death from cardiac failure (n = 2) 

were the most common reasons. 

In total 1750 (96.3%) of the intended 1818 measurements were performed. The 

amount of upper limb training administered during the 20 week treatment 

protocol in the upper limb group (3860 minutes) was about 2250 minutes and 

2080 minutes in excess of upper limb function training provided to the controls 

and lower limb group, respectively. 

The lower limb group received about 3660 minutes of lower limb training, which 

was about 2270 and 2320 minutes more than the lower limb function training 

provided to the control group and upper limb group, respectively. After 6 

months, 68% of the patients (n = 59) were discharged home, whereas 52.5% (n 

= 53) were still ADL dependent (BI < 19). They received one to three weekly 

treatment sessions of 30 minutes, depending on their personal needs. Almost all 

rehabilitation services were performed at the institution of discharge. For 

patients who were considered to be ADL independent, rehabilitation was stopped. 

At 1 year after stroke, patients included in the trial were not receiving any type 

of physical or occupational therapy. 
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Table 2. Baseline characteristics of patients. 
 
 Control 

treatment (n=37) 
UL training 

(n=33) 
LL training 

(n=31) 
Demography:    
M/F 14/23 16/17 13/18 
Age (y)* 64.1 (15.0) 69.0 (9.8) 64.5 (9.7) 
 
Stroke characteristics: 

   

Left/right 13/24 16/17 13/18 
TACI 25 19 17 
PACI  9 11 13 
LACI  3 3 1 
 
Clinical characteristics: 

   

Glasgow coma scale (0–15)† 15 (15–15) 15 (15–15) 15 (15–15) 
MMSE (0–30)†  26 (24–28) 27 (24–29) 27 (26–29) 
Urinary incontinence (0/1)  19 (51%) 19 (58%) 11 (35%) 
Sitting balance (0/1)  26 (70%) 23 (70%) 25 (81%) 
Visual gaze deficit (0/1)  12 (32%) 8 (24%) 5 (16%) 
Hemianopia (0/1)  15 (41%) 11 (33%) 7 (23%) 
Visual inattention (0/1)  20 (54%) 17 (51%) 14 (45%) 
TFT score (0–3)†  1 (0.5–2) 1 (0–2) 1 (0–2) 
OPS (1.6–6.8)†  4.8 (4.0–5.0) 4.4 (3.6–5.2) 4.2 (3.6–4.8) 
Social support  14 (38%) 15 (45%) 11 (35%) 
 
Outcome variables at baseline:  

   

ADL ability (BI)†  5.5 (3–7) 5 (3–7) 6 (3–8) 
Walking ability (FAC)†  0 (0–1) 0 (0–1) 1 (0–2) 
Dexterity (ARAT)†  0 (0–0) 0 (0–1) 0 (0–6) 
Walking velocity (m/s)*  0 (0) 0 (0) 0 (0) 
Frenchay activities index*  26.8 (6.8) 26.5 (6.1) 27.1 (7.0) 
Nottingham health profile*  16.5 (6.7) 17.5 (9.3) 14.5 (6.4) 
Sickness impact profile*  41.2 (11.7) 38.6 (10.9) 42.5 (6.5) 
Time from stroke onset to start of 
treatment (days)*  

7.5 (2.9) 7.2 (2.8) 7.0 (2.5) 

* Mean (SD); † median (IQR). (0/1), binary scored; UL, upper limb; LL, lower limb; M/F, 
male/female; TACI, total anterior cerebral infarct; PACI, partial anterior cerebral infarct; 
LACI, lacunar infarct; MMSE, mini mental state examination; TFT, thumb finding test; 
OPS, Orpington prognostic scale 
 
 
Group level 

The results of the primary and secondary outcomes at baseline, 6, 9, and 12 

months are shown in Tables 2, 3, and 4, respectively. The mean pattern of 

functional recovery in BI for patients receiving control group, upper limb, and 

lower limb treatment is presented in Figure 1. Visual inspection of the mean 

functional recovery in BI suggests that the increased outcome as the result of 

higher intensity of rehabilitation carried over to 9 and 12 months after stroke. 
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Figure 1. Recovery patterns for patients as measured by the Barthel index. 
 
 

 

 

However, no significant differences in functional recovery between groups were 

found for BI, FAC, ARAT, comfortable and maximal walking speed, NHP-part 1, 

SIP-68, and FAI from 6 months onwards. Within the included (total) patient 

group no significant changes between outcomes at 6 months and 12 months 

were found within the included (total) patient group in BI (χ2
n=2 = 2.50; p = 

0.29), FAC (χ2
n=2 = 3.88; p = 0.14), ARAT (χ2

n=2 = 4.01; p = 0.13), comfortable 

(χ2
n=2 = 3.31; p = 0.19) and maximal walking speed (χ2

n=2 = 4.92; p = 0.09), 

NHP-part 1 (χ2
n=2 = 2.41; p = 0.30), and SIP-68 (χ2

n=2 = 3.12; p = 0.21). Only 

the FAI score at 12 months was significantly higher (about 2 points) compared 

with the score obtained at 6 months after stroke (Z = 5.17; p < 0.001). 

Comparing the outcomes at 6 months and 12 months after stroke, no significant 

changes were found within the three patient groups for primary and secondary 

variables of outcome. Only maximal walking speed in the control group showed a 

significant improvement from 6 months onwards (t = 2.29; p = 0.03). 
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Table 3. Primary outcomes. 
 
 Median (IQR) value 
 Control group 

(n=37) 
UL training 

group (n=33) 
LL training 

group (n=31) 
ADL ability (Barthel index):    
Week 26  17 (10.5–19) 17 (11.75.20) 19 (15–20) 
Week 38  17 (12.5–18.25) 17 (10.5–20) 17.5 (15.25–20) 
Week 52  17 (14–20) 15 (12.5.20) 18 (14.5–20) 
 
Change beyond ET after 6 
months (n=86): 

   

Number improved ≥ 4 points  3 1 0 
Number deteriorated ≥ 4 
points  

1 2 2 

 
Walking ability (functional 
ambulation categories): 

   

Week 26  4 (2–5) 4 (3–5) 5 (4–5) 
Week 38  4 (3–5) 4 (3–5) 5 (4–5) 
Week 52  4 (3–5) 4 (3–5) 5 (4–5) 
 
Change beyond error 
threshold after 6 months 
(n=86): 

   

Number improved ≥ 1 point  11 4 4 
Number deteriorated ≥ 1 point  2 6 1 
 
Dexterity (action research arm 
test): 

   

Week 26†  0 (0–2.25) 4 (0–38)** 3 (0–56)* 
Week 38  0.5 (0–20.5) 5 (0–38.5) 5 (0–51.5) 
Week 52  1 (0–28.5) 6 (0–42.25) 6 (0–52.75) 
 
Change beyond error 
threshold after 6 months 
(n=86): 

   

Number improved ≥ 5 points  2 4 2 
Number deteriorated ≥ 5 
points  

0 3 2 

*p < 0.05; **p < 0.01 for differences between experimental and control group;  
† p < 0.01 for significant difference among groups (Kruskal-Wallis ANOVA test).  
UL, upper limb; LL, lower limb 
 

Subject level 

The responsiveness of the primary outcome assessments (BI, FAC, ARAT) and 

secondary outcome assessments (comfortable and maximal walking speed) are 

shown in Tables 3 and 4.  
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Table 4. Secondary outcomes. 
 
 Mean (SD) value 
 Control group 

(n=37) 
UL training 

group (n=33) 
LL training 

group (n=31) 
Comfortable walking speed 
(m/s): 

   

Week 26  0.44 (0.44) 0.55 (0.44) 0.63 (0.47) 
Week 38  0.52 (0.46) 0.59 (0.44) 0.65 (0.45) 
Week 52  0.53 (0.44) 0.59 (0.43) 0.64 (0.46) 
 
Change at individual level > 
6 months:  

   

Number improved ≥ 0.16 
m/s  

6 2 2 

Number deteriorated ≥ 0.16 
m/s  

2 2 6 

 
Maximal walking speed 
(m/s):  

   

Week 26  0.57 (0.60) 0.73 (0.62) 0.85 (0.65) 
Week 38  0.67 (0.61) 0.76 (0.58) 0.86 (0.62) 
Week 52  0.71 (0.62) 0.88 (0.67) 0.85 (0.63) 
 
Change at individual level 
after 6 months:  

   

Number improved ≥ 0.18 
m/s  

8 6 4 

Number deteriorated ≥ 0.18 
m/s  

2 3 7 

 
Used walking aids:  

   

Week 26  17 (49%) 17 (57%) 14 (53%) 
Week 38  21 (60%) 17 (61%) 16 (69%) 
Week 52  20 (59%) 19 (68%) 15 (63%) 
 
Sickness impact profile*:  

   

Week 26  32.9 (12.0) 27.9 (13.1) 25.7 (12.7) 
Week 38  32.0 (12.2) 28.5 (13.7) 24.2 (14.3) 
Week 52  31.2 (11.6) 26.9 (13.1) 26.1 (14.1) 
 
Nottingham health profile*:  

   

Week 26  11.5 (7.9) 9.5 (5.9) 9.8 (8.1) 
Week 38  11.8 (7.4) 10.6 (7.4) 10.4 (8.5) 
Week 52  11.7 (8.4) 9.0 (6.0) 11.6 (9.6) 
 
Frenchay activities index:  

   

Week 26  8.2 (7.8) 10.9 (8.3) 13.7 (9.5) 
Week 52  12.0 (8.3) 12.7 (9.1) 15.7 (11.7) 
*High scores indicate poor status. UL, upper limb; LL, lower limb 
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The calculated error thresholds for BI, FAC, and ARAT were 4, 1, and 5 points, 

respectively. In Tables 3 and 4 the number of patients improving or deteriorating 

significantly from 6 months to 1 year is presented. Four out of 86 patients 

continued to improve in BI score (median five points; range 5–7), 19 in FAC 

score (mean 1 point; range 1–3), and eight in ARAT score (median 8.5, range 6–

24). Most of the patients improving in FAC score were participating in the control 

group (n = 11), however, the differences between groups were not statistically 

significant. At 6 months, median scores for patients who improved in BI, FAC, 

and ARAT were 9.5 (IQR: 9–10.75), 2 (IRQ: 1–4), and 21 (IQR: 1.5–45.75) 

points, respectively. 

Five patients showed significant deterioration from 6 months to 1 year in BI 

(mean five points; range 4–6), nine patients in FAC score (median 1; range 1–3) 

and five patients in ARAT score (mean 11; range 6–13). No significant 

differences were found between the three treatment groups. However, the 

median scores and interquartile ranges (IQR) for patients who deteriorated 

corresponded to incomplete functional recovery on BI (16; IQR 9–17), FAC (4; 

IQR 2–4) and ARAT (41; IQR 19.5–54), 6 months after stroke. 

The error thresholds for comfortable (0.16 m/s) and maximal (0.18 m/s) walking 

speeds are presented in Table 4. From 6 months to 1 year, 10 patients (six 

controls, two upper limb, and two lower limb) improved significantly from 0.38 to 

0.64 m/s in comfortable walking speed, whereas during the same period 18 

patients (eight controls, six upper limb, and four lower limb) improved from 0.60 

to 0.73 m/s in maximal walking speed (Table 4). Ten patients deteriorated in 

comfortable walking speed (two controls, two upper limb, and six lower limb) 

and 12 patients in maximal walking speed (two controls, three upper limb, and 

seven lower limb). 

 

DISCUSSION 

 

The first objective of this follow up study was to determine the long term effects 

of an intensive rehabilitation programme for upper and lower limb function 

training during the first year after stroke.  
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With the exception of a significant recovery of maximal walking speed in the 

control group, no significant between and within group differences were found for 

ADL, extended ADL, walking ability, dexterity, comfortable walking speed, and 

health related functional status between 6 and 12 months after stroke. 

The significant recovery in maximal walking speed in the control group may have 

been due to a slow and late recovery as a result of immobilisation of an upper 

and lower limb during the first 20 weeks after stroke onset. The ability of the 

stroke management teams to make their own decisions about individual patient 

care after ending the 20 week intense treatment programme may have 

contributed to improvements, in particular for those who were immobilised. 

The present findings confirm the results of other studies indicating that higher 

intensity of upper and lower limb function training during the first 6 months after 

stroke did not result in significant gains at 1 year, even though this training 

accelerated speed of functional recovery4,6,7 and improved health related 

functional status during the first 3 months after stroke.2 However, the absence of 

functional recovery at group level does not imply that no changes occurred at an 

individual subject level. Therefore, the second objective of the present study was 

to identify those patients who showed functional changes beyond the error 

threshold after 6 months. Although the present findings suggest that most 

functional levels achieved after stroke were maintained after 6 months, 

individually some patients tended to improve or regress in their functional ability 

beyond the critical 95% level of measurement error. All patients who changed 

significantly from 6 months onwards showed some but incomplete functional 

recovery at 6 months after stroke. For example, patients who improved or 

regressed at least 4 points or more in BI score after 6 months (n = 9) showed a 

median score of 11 points on the BI at 6 months, whereas 28 patients (33%) 

who showed further improvement or deterioration on the FAC score were only 

able to walk under supervision (median of 3 points on FAC). Moreover, some of 

these patients showed significant changes in comfortable (23%) and maximal 

(34%) walking speeds. In agreement with the deteriorations in FAC scores, most 

patients showed low comfortable [0.38 (SD 0.41) m/s] and maximal [0.53 (SD 

0.44) m/s] walking speeds at 6 months. Finally, 13 patients (15%) showed 
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further changes of at least five points in the ARAT score. Again, patients with 

incomplete functional recovery of the upper limb on the ARAT test (median of 37 

points) are likely to change beyond the error threshold. 

The presented findings for BI and FAC indicated that most of these patients were 

not able to get dressed, take a bath, transfer, walk and climb stairs 

independently. Most likely, the present findings reflect the long term instability of 

achieved gains, in particular for those patients who have regained some, but still 

incomplete functional activity at 6 months after stroke. Several randomised 

controlled studies have shown that those with an incomplete functional recovery 

are able to improve walking ability,10,16 dexterity,12,14–16 and ADL13,39,40 when 

those tasks are included in their therapeutic programme. In addition, proper 

instruction to patient and caregiver to prevent overprotection at home,17,18,41 

participation in recreational sports, and application of strategies to improve the 

self care and self efficacy42 may be important elements in a rehabilitation 

programme for establishing further recovery and preventing learned non-use 

after discharge. It may be hypothesised that the implementation of the intensive, 

task oriented exercise programme beyond the first 20 weeks results in further 

improvements in functional recovery, in particular for those with an incomplete 

recovery. However, more than half of the patients did not receive physical or 

occupational therapy more than 6 months after stroke. With the exception of one 

patient, intensity of therapy was less compared with the treatment intensity 

during the first 20 weeks after stroke in the group of patients that did continue 

therapy after 6 months. At 1 year, none of the patients with stroke received any 

rehabilitation services. Most likely this finding reflects the general assumption 

among healthcare providers that individual changes more than 6 months after 

stroke will be limited and not clinically relevant. Due to a lack of systematic 

manipulation and control for intensity and content of rehabilitation services 

provided after 6 months, we were unable to demonstrate the long term effects of 

intensity of treatment on the individual patterns of functional recovery between 6 

and 12 months after stroke. In addition, we cannot rule out possible observation 

bias due to elimination of blinding of the observer 6 months after stroke. Future 

studies may be directed towards finding predictive factors of functional recovery 

 125



 

more than 6 months after stroke. In addition, the effects of dose-response 

relations of task oriented treatment programmes in these patients with stroke 

showing an incomplete, but slow and persistent functional recovery should be 

investigated. Being able to identify these patients will allow for the administration 

of better individually tailored therapeutic interventions with regard to intensity, 

task specificity, and treatment frequency. Although, presently adequate 

identification of these patients is not possible, continuity in monitoring functional 

outcome will help therapists and physicians to decide the type and intensity of 

treatment needed to prevent further deterioration or to enhance improvement.43 

 

Abbreviations:  

SAN, Dutch Foundation aphasia test; MMSE, mini mental state examination; 

OPS, Orpinton prognostic scale; BI, Barthel index; FAC, functional ambulation 

categories; ARAT, action research arm test; NHP, Nottingham health profile; SIP, 

sickness impact profile; FAI, Frenchay activities index; ADL, activities of daily 

living. 
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Abstract  

 

Longitudinal studies show that almost all stroke patients experience at least 

some predictable degree of functional recovery in the first six months post-

stroke. However, the non-linear pattern as a function of time is not well 

understood. 

Several mechanisms are presumed to be involved, such as recovery of 

penumbral tissues, neural plasticity, resolution of diaschisis and behavioural 

compensation strategies. Rehabilitation is believed to modulate this logistic 

pattern of recovery, probably by interacting with these underlying processes. 

However, prediction models that are adjusted for the effects of time after stroke 

onset suggest that outcome is largely defined within the first weeks post-stroke, 

although functional improvement has been found to extend beyond six months 

post-stroke. In addition, kinematic studies show that functional improvement is 

more than recovery from impairments alone, suggesting that patients are able to 

improve in terms of gait or dexterity deficits using behavioural compensation 

strategies. Therefore, understanding the impact of task-dependent cortical 

activation patterns in non-invasive methods requires not only information 

derived from longitudinal studies pertaining to functional outcomes, but also a 

better understanding of what is kinematically learned during the acquisition of 

new skills. 
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1.1 Understanding the effects of rehabilitation 

 

In the absence of any curative therapy, rehabilitation is the most common 

treatment modality to improve quality of life after stroke.37 Although primary 

prevention of stroke is crucial and remains paramount in the fight against stroke-

induced disability, there is compelling evidence that improved, systematic stroke 

management, including rehabilitation, can reduce mortality and morbidity.68,111 

Rehabilitation comprises a broad array of biomedical, psychological, social, 

educational and vocational interventions that can be implemented in a variety of 

institutional and community-based settings. Services are often provided by a 

multidisciplinary team, whose composition depends on the patients’ physical, 

cognitive and emotional impairments, as well as the availability of rehabilitation 

resources in the community.37 

The main objective in stroke rehabilitation is to assist each patient in achieving 

the highest possible degree of individual physical and psychological performance. 

Rehabilitation has been described as the planned withdrawal of support, in which 

services are provided only when required.96 The ultimate goal for many stroke 

patients is to achieve a level of functional independence that enables them to 

return home and reintegrate into community life as fully as possible. Stroke 

rehabilitation is often described as a process of active (motor) learning that 

starts, preferably, within the first few days after stroke. There is compelling 

evidence that organized stroke unit care, provided by a specialized stroke team 

(ie, expert care), is associated with reduced mortality, increased independency 

and more frequent discharges home.68,111 Some trials found that this favourable 

outcome in ADL and independency is still significant at ten years post-stroke 

onset.49 

It is currently unclear why the specialized stroke units are more effective than 

general medical units.103 In general, there is no consensus as to when 

rehabilitation should start, what the optimum intensity is and how long it should 

continue. A number of factors have been claimed to contribute to the efficacy of 

care delivered in a stroke unit: 
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1) multidisciplinary communication on a regular basis65; 

2) better trained (skilled) staff providing more specialized care38,50,65,124; 

3) better organization of services and family integration54,65–68; 

4) earlier implementation of rehabilitation services and mobilization 

policies4,38,39,50,65,106; 

5) higher intensity of daily treatment63,69; 

6) more use of parenteral fluids, aspirin, antipyretics and antibiotics during 

the early phase of stroke rehabilitation65,94. 

 

Several factors have been found to differ significantly between a stroke unit and 

a general medical ward in favour of the former, such as pharmacological 

treatment (ie, increased prescription of heparin, intravenous saline and 

antipyretics), training of staff members (integrated nursing and physiotherapy) 

and earlier mobilization.50,94 This latter finding suggests that successful 

rehabilitation depends upon the co-ordinated care of an expert multidisciplinary 

team in which a range of interacting factors contribute to the effectiveness of 

stroke rehabilitation units.103,118 

In the last three decades, more than 300 randomized controlled trials (RCTs) 

have been published in the domain of stroke rehabilitation.32 Most of these 

studies, however, had dissimilar objectives. As a consequence, these studies 

measured outcome in different ways, at different levels of impairment, activity 

and participation, and evaluated effects of interventions implemented at different 

times after stroke onset. In addition, most studies suffered from methodological 

shortcomings, such as a lack of blinding procedures and intention-to-treat 

analysis, which may have resulted in a positive bias in reported effects. On the 

other hand, several studies showed a lack of statistical power (type II error), 

reducing the likelihood of finding statistically significant differences. 

Nevertheless, a review of these studies shows two key elements that seem to 

determine the effectiveness of rehabilitation. 

First, a number of randomized trials suggest that more therapy input results in 

better outcome. A meta-analysis of 20 studies involving 2,686 stroke patients 

suggested a beneficial effect of intensive therapy with regards to speed of 
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recovery and perhaps the degree of recovery from hemiplegia and ADL 

independence.129 In particular, those RCT studies that applied a treatment 

contrast between experimental and control groups extending beyond 16 hours 

seem to find a positive association with outcome in terms of ADL and 

instrumental ADL and a functional recovery mainly restricted to the lower limbs. 

This finding appears to be independent of the type of neurophysiological 

therapeutic approach applied1,29,129 and can be explained mainly by the amount 

of additional therapy time used in the experimental group compared to the 

control group. Interestingly, the evidence for a dose-response relationship has 

also been found in two independent meta-analyses for the treatment of 

aphasia.7,93 The most recent systematic review, involving eight adequately 

controlled trials7, showed that the amount of therapy per week and the total 

amount of therapy were associated with enhanced performance. 

Second, almost all studies performed so far show that therapeutic interventions 

are task-specific. In other words, their effects show hardly any generalization to 

other, often related tasks that are not directly trained in therapy.60,119,120 For 

example, the application of motor re-education techniques, functional electrical 

stimulation and EMG (electromyographic) feedback therapy generates an 

improvement in muscular activation patterns, but these applications more or less 

fail to show any transfer of effects to other Activities of Daily Living (ADL). 

Limited generalization of treatment effects has been clearly demonstrated by 

Winstein and colleagues.128 They showed that subjects who received standing 

balance training with a specially designed feedback device that provided dynamic 

visual information with regard to relative weight distribution over the paretic and 

non-paretic limbs attained significantly better static standing symmetry than 

those who did not receive augmented feedback. Despite these improvements in 

symmetry during stance, no generalization of these effects was found to control 

for the asymmetric limb movement patterns associated with hemiparetic 

locomotion.128 

According to Wagenaar and Meyer119,120 visual perception training in patients 

suffering from visual inattention constitutes an exception to this rule, showing 

some transfer of effects to reading and writing.125 Only a few studies have 
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demonstrated specific treatment effects at a functional (or disability) level, such 

as Cozean et al17 for functional electrical stimulation in combination with EMG 

feedback therapy during sitting and walking; Shumway-Cook et al102 and 

Winstein et al128 for postural sway feedback therapy to improve balance in 

stance; Webster et al125 for visual perception training during wheelchair 

navigation tasks; Powell et al91 for electrical stimulation of wrist extensors in 

patients with some residual wrist extensor strength; Taub et al114 for constraint 

induced movement therapy (CIMT) of the hemiplegic arm; and Hesse46,47 for 

body weight supported treadmill training (BWSTT). see ref.32,129 for a review 

The elements of intensity and task specificity that are considered to determine 

the effectiveness of therapeutic interventions have been integrated in newly 

developed interventions such as body-weight support treadmill training (BWSTT) 

and constraint induced movement therapy (CIMT). Both therapies are 

characterized by a forced use of the paretic limb in a functional manner. 

Recently, both elements (ie, augmentation and task specificity of treatment) 

were integrated in a randomized controlled study involving 101 patients with a 

primary middle cerebral artery (MCA) stroke.59,62 All patients were assessed 18 

times in the first year after stroke onset. Patients were allocated to one of three 

intervention arms. Subjects who received 30 minutes of additional training on 

every working day for 20 weeks showed faster improvements in gait in the group 

receiving lower limb rehabilitation in the experimental group, and faster recovery 

of dexterity in the group that received augmented upper limb rehabilitation, 

compared to the control group who were subjected to upper and lower paretic 

extremity air-splint immobilization (Fig. 1). 

The effects were, however, only significant up to six months post-stroke, 

suggesting that active task specific training may merely accelerate functional 

recovery. 

The long-term effects, however, remain unclear. A follow-up study showed that, 

on average, patients maintained the same level of activity up to one year after 

stroke. However, a significant number (ranging from 10 to 30%) of the patients 

showed further improvement or deterioration in functional outcomes such as gait 

speed, dexterity or ADL.59 Unfortunately, it was not possible to predict which of 
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these patients would change beyond the error threshold of measurement. 

However, patients with an incomplete functional recovery of upper or lower limb 

were most likely to change significantly.59  

 

Fig. 1. Mean recovery patterns on the Barthel Index (n = 101) in patients immobilized by 
an air splint (grey curve) or receiving an active motor training programme focusing on 
lower limb function (black curve). No statistically significant differences were found at six 
months post-stroke, suggesting faster recovery for those who received more intensive 
rehabilitation in the first 20 weeks.see refs. 59 and 62 for details Inserted photo depicts a patient 
with air splint. 

 

On the basis of this longitudinal study, three important issues should be 

addressed. First, the effects of rehabilitation may be temporary to a large extent 

and are more pronounced in the first six months post-stroke than later on (ie, in 

the chronic phase after six months post-stroke). Similarly, Ottenbacher and 

Janell, who reviewed 36 trials involving 3,717 patients, found a statistically 

significant negative association between effect sizes in individual trials, in terms 

of the effectiveness of rehabilitation, and the post-stroke timing of the first 

therapeutic intervention.85 Their finding suggests that stroke rehabilitation has an 

optimal time window for obtaining favourable effects.62 Second, the effects found 

are relatively small when compared to the substantial functional recovery often 

observed (about 10% of the variance in the outcome) and these effects occur 

largely irrespective of the type of therapy that is applied in the first six months 
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post-stroke. For example, patients who received only a small amount of therapy, 

due to immobilization by means of an air-splint, showed almost the same, non-

linear recovery pattern as a function of time as those who received lower or 

upper limb training (Fig. 1). In addition, identical exponential recovery curves 

were found for impairments after normalization of scaling properties such as 

strength, synergism and reduction of visual inattention as measured with the 

letter cancellation task and disabilities such as walking ability, dexterity of the 

paretic arm, balance and ADL (Fig. 2a and b). This suggests a common 

underlying mechanism of recovery that determines final outcome. 

Third, the improvement in disabilities such as those of gait and dexterity, which 

are non-linearly related to underlying impairments like strength and synergism, 

can be partly explained by the use of behavioural adaptation strategies to 

compensate for existing deficits rather than only by restitution of the existing 

underlying impairments themselves.64 Kinematic studies in particular have 

further elucidated the manner in which patients may improve their gait 

performance and dexterity by using behavioural compensation strategies.64 For 

example, based on kinematic analysis of arm and leg swing in 53 hemiplegics, 

we showed that improvement in comfortable and increased gait speed after 

stroke resulted in a larger leg and arm swing on the non-paretic than on the 

paretic side. 

This finding suggests that the contribution of the non-hemiplegic side to 

improvements in gait speed is larger than that of the hemiplegic side.64 Similarly, 

Cirstea and Levin16 showed that patients with severely to moderately impaired 

motor function of the upper limb are able to perform a reaching task by bending 

the trunk forward and controlling the reaching movement with the proximal 

musculature, thus compensating for their lack of motor control. These findings 

suggest that understanding the recovery of disabilities is far more complex than 

understanding the recovery of impairments alone. 

Recent research findings reflecting compensatory movements, also relate to the 

long-standing discussion in rehabilitation medicine as to how patients with 

spastic hemiparesis should be approached for optimal results.115
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Fig. 2. Mean normalized recovery patterns (% of maximum attainable recovery) for 
impairments such as Fugl-Meyer motor scores (synergism), motricity index scores of arm 
and leg (strength) and letter cancellation task (visual attention) as a function of time (n 
= 101); Mean normalized recovery patterns (% of maximum attainable recovery) for 
Barthel Index (BI), action research arm test (ARA), functional ambulation categories 
(FAC), trunk control test (TCT) and Fugl-Meyer balance test (FM balance) (n = 101). 

 

Figure 2 a and b  
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Although several approaches suggest that compensatory movements may 

potentially inhibit a return to normal neurological functioning and should be 

discouraged, evidence for this assumption is lacking. These remedial therapies, 

such as neurodevelopment treatment (NDT) or the Bobath approach, attempt to 

restore existing deficits, whereas other approaches, such as Brunnstrom, allow 

for compensatory movements. This may explain why more function-oriented 

compensatory therapies achieve their functional goals sooner than remedial 

therapies that do not allow for behavioural compensation.60 

 

1.2 Understanding the pattern of functional recovery 

 

Recent findings from several longitudinal studies suggest that, irrespective of the 

type and amount of therapy, the main pattern of recovery after stroke is 

determined by certain unknown biological processes, often characterized as 

‘spontaneous neurological recovery’.36 The nature of this observed pattern of 

spontaneous neurological recovery is insufficiently understood. To date, 

surprisingly little clinical and experimental research has addressed the question 

why a certain degree of ‘spontaneous’ recovery is possible despite severe 

cerebral damage.36,42 In rehabilitation medicine, spontaneous neurological 

recovery is perceived as one of the most neglected features of the clinical course 

of stroke36 page 359 The reason for this omission is probably the lack of methods 

capable of measuring the effects of time on the course of recovery directly. One 

way of improving our understanding of the time course of recovery may be to 

proceed by investigating the factors that predict the pattern of functional 

recovery as a function of time. 

Even though the outcome of stroke patients is heterogeneous by nature and 

individual recovery patterns differ, a strong mathematical regularity has been 

found in patients’ functional recovery. For example, individual curve-fitting of 

time series of the Barthel Index (BI) in 89 stroke patients with a first-ever MCA 

stroke showed that the best fitting model to capture all time series in the first 26 

weeks after stroke was a logistic regression model.61, see also 121 In this model, A(t) 

represents the modelled recovery at time t, and Ap, C and K are constants that 
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indicate different values for different patients (Fig. 3a). Ap is the modelled value 

of the final plateau, and C is the inflection point of the individual model curve at 

the time of fastest recovery (K) since onset. Analysis showed that the inclination 

of C was highly positively associated with Ap (rs = 0.69; p < 0.001). In other 

words, patients showing greater improvements within the first weeks post-stroke 

reached higher plateaus at six months than those with later BI improvements 

(Fig. 3a). In addition, the time since onset for the fastest recovery (expressed as 

the number of weeks) showed a statistically significant negative association with 

Ap (rs = − 0.47; p < 0.001). This finding suggests that if recovery takes place 

early after stroke onset, better outcomes may be expected at six months post-

stroke. Finally, regression analysis showed that the initial BI assessed in the first 

week post-stroke was the strongest predictor for the BI at six months, explaining 

about 56% of the variance in the outcome. In fact, the final outcome in terms of 

BI could be optimally predicted just by classifying stroke patients on the initial 

disability scale in the first week and adding 10 points (Fig. (3b)). Obviously, this 

suggests that the degree of recovery after MCA stroke is largely defined within 

the first weeks after the stroke, whereas after six months, further changes in 

functional recovery beyond the 95% CI of the error of measurement are 

restricted to about 10% of the stroke victims, in whom either further 

improvement or deterioration is found.59 Apparently, the length of the period 

without improvement after the stroke, as well as the extent of improvement in 

the early stages after the stroke, reflect the intrinsic cerebral damage. Obviously, 

the time and extent of functional improvement since stroke onset determine the 

individual plateau phase from six months onwards. 

The effect of time in relation to stroke outcome is further substantiated by the 

results of one of our recent studies, in which the effects of time since stroke 

onset were investigated with regard to the predictability of the outcome in terms 

of dexterity. This study included 102 first-ever, ischemic MCA stroke victims.61 All 

patients were characterized by an initially flaccid arm in the first week after 

stroke. Subsequently, logistic regression analysis was applied for the prediction 

of the dexterity of the hemiplegic arm (using the action research arm test; ARAT) 

at six months post-stroke. 
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At six months, some dexterity in the paretic arm was found in 38% (> 9 points 

on ARAT) and complete functional recovery in 11.6% of the patients. Univariate 

analysis in the first week after stroke onset showed that the type of infarction 

(lacunar, partial or total hemispheric infarctions), right hemisphere stroke, 

homonymous hemianopia, visual gaze deficit, visual inattention and severity of 

paresis were statistically significantly associated with poor arm function. 

Surprisingly, the strongest determinant of the outcome in terms of dexterity was 

the severity of leg paresis in the first week. 

Patients who showed some strength in the lower limb (≥ 25 points on the 

Motricity Index) had a probability of 74% of achieving some functional recovery 

(ARAT > 9 points) at six months, whereas the probability was only 14% for those 

patients who had a complete hemiplegia and failed to show any active 

movements in the lower limb (Fig. 4). When the candidate determinants were re-

tested in the second week, however, the strongest determinant to emerge was 

the Fugl-Meyer (FM) arm score, followed by Motricity Index (MI) leg score. 

Patients with 11 points or more on the FM arm score and more than 25 points on 

the MI leg score had a probability of 89% of achieving dexterity at six months. 

Patients who failed to reach this level had only an 8% chance of regaining some 

dexterity. 

In the fourth week post-stroke, the probability of developing some dexterity 

increased to 94% for those with sufficient recovery in the upper limb in terms of 

the FM arm score, but remained at about 6% for those who failed to achieve this 

level. 

Interestingly, no change in the probability of improved dexterity was found after 

the fourth week, suggesting that the outcome in terms of dexterity is already 

defined within the first four weeks post-stroke and that lack of voluntary motor 

control of the leg in the first week with no emergence of arm synergies at four 

weeks is associated with poor outcome at six months.61 Our results61 are 

confirmed by a number of descriptive studies by Twitchell116, Skilbeck et al104, 

Heller et al43 and Sunderland et al.112 All these studies also found that the 

absence of a measurable grip function within about one month post-stroke 

indicates poor functional recovery of the hemiplegic arm.
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Fig. 3. Functional recovery based on the Barthel Index (n = 89). A logistic function, 
which adequately fitted the individual recovery pattern, accounted for most of the 
variances found within the first 20 weeks post-stroke. F(t) represents the modelled 
recovery at time t; Ap, C and K are constants which have different values for different 
patients. Ap is the modelled value in the final plateau phase and C is the inflection point 
at the time of fastest recovery (K), while ‘e’ represents the natural logarithm. The mean 
moment of fastest recovery (K) is found at 5 weeks post-stroke (std. 6.8 weeks). K is 
found to be inversely related to final outcome Ap, while the amount of recovery on the BI 
at the time of fastest recovery (reflected by C) is positively related to the final plateau 
phase on the BI (ie, Ap); Mean recovery patterns classified according to the initial Barthel 
score (BI) (n = 89). Initial BI score, sitting balance (SB) and social support by a healthy 
partner predicted 56% of the variance of outcome at 26 weeks post-stroke. Further 
analysis showed that the time of fastest recovery within each patient group was highly 
associated with the initial BI score. 
 

 

 

Figure 3a and 3b 
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Fig. 4. Probability (%) of achieving dexterity (ARAT ≥ 10) at 6 months post-stroke (n = 
102). Based on the FM scores of the flaccid arm, optimal prediction of arm function 
outcome at 6 months could be made within 4 weeks after onset, whereas lack of 
voluntary motor control of the leg in the first week with no emergence of arm synergies 
at 4 weeks was associated with poor outcome at 6 months.61 

 

 

This suggests that final outcome in stroke patients is largely determined within a 

limited time window. It should be noted, however, that after four weeks, motor 

strength and synergism still need to show further improvement in order to 

generate a favourable outcome (Fig. 4). 

Obviously, the limited time window for the prediction of regaining dexterity after 

one month in relation to the effects of upper limb training treatment, such as 

neuromuscular stimulation91 or exercise therapy62,112, suggests that the 

differences in effects are restricted to those patients with some return of 

dexterity. 

It is not without reason that some degree of willed extension of the wrist and 

fingers is often used as an inclusion criterion in upper limb trials, such as 

constraint-induced movement therapy, in order to select the patients that may 

be likely to improve functionally.114 In line with this hypothesis, Platz and 

colleagues showed that 50% of the variance in motor improvement scores in 
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patients with mild arm paresis who received arm ability training could be 

predicted on the basis of activation of sensorimotor areas during movement 

preparation and deactivation of other cortical areas during movement execution, 

as assessed with multi-modal EEG.90 

The processes taking place within this critical time window of four weeks post-

stroke probably reflect the area of brain tissue that is irreversibly damaged by 

ischemia, as opposed to those areas that are potentially able to recover. The 

challenge to the rehabilitation scientist is to improve the understanding of the 

various mechanisms that are involved and define the restricted time window for 

the outcome of functional recovery after stroke. Improved understanding of 

these processes would enable clinicians to define the optimal treatment goals 

within an individually tailored treatment programme and to develop new 

therapies that specifically interact with the processes of recovery, such as 

pharmacological agents that may enhance the effectiveness of training.62,107 

 

1.3 What are the mechanisms of functional recovery? 

 

A number of mechanisms that have been hypothesized in the literature may 

contribute to the predictability of the process of functional recovery after stroke. 

In the past, the mechanisms underlying neurobehavioural recovery from lesions 

in the central nervous system such as stroke have been extensively described by 

Luria. These mechanisms are often described as involving either restitution or 

substitution of function.97 

The restitution model suggests that the lesioned area recovers as a result of 

tissue repair, while its function is assumed by other cortical and subcortical 

structures, either adjacent to or remote from the damaged area. This theory is 

known as ‘vicariation of function’ .83,117 Understanding the theory of vicariation of 

function requires an appreciation of several short-term and long-term 

physiological processes, such as the unmasking of previously present but 

functionally inactive connections, axonal and dendritic regeneration (ie, collateral 

sprouting), synaptogenesis and denervation hypersensitivity. 
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Based on these mechanisms of repair, Von Monakow117 hypothesized at the 

beginning of the 20th century that neurological recovery is largely due to a 

reactivation of functionally suppressed areas remote from, but connected to, the 

area of primary injury. This process is known as resolution of diaschisis.30, 

83,100,117 Recent PET scan studies showed that immediately after an acute stroke, 

restitution of non-infarcted penumbral areas around the infarcted area, ie, 

resorption of extracellular and intracellular oedema and necrotic tissue by 

reperfusion of viable areas, may contribute to spontaneous functional recovery in 

the early stages after stroke.100 The substitution model, by contrast, suggests 

that functional recovery after stroke occurs largely by behavioural compensation, 

by which patients learn to compensate for their acquired deficits.83,97 There are 

currently strong indications that both phenomena, ie, restitution as well as 

substitution, are largely responsible for the functional improvement observed 

after stroke. The various mechanisms potentially involved in functional recovery 

are discussed in the next four subsections. 

 

1) Restitution of non-infarcted penumbral areas 

The hypothesis of the restitution of non-infarcted penumbral areas assumes that 

the affected cerebral tissue has just enough energy to survive for a short period 

of time but not enough to communicate and function. As the neurons in the 

penumbra are still structurally intact and capable of re-functioning, they are 

believed to intervene in the acute phase in order to limit the infracted area. In 

particular, the introduction of Positron Emission Tomography (PET) and diffusion-

perfusion Magnetic Resonance Imaging (MRI) in cerebrovascular disorders has 

been accompanied by a rekindling of interest in human brain function and the 

clinical pathophysiology of cerebral ischemia, as well as in the restoration of 

function within penumbral areas by reperfusion. 

Due to the absence of a universally accepted definition of the penumbra, 

different concepts have emerged in the literature. Ischemic penumbral tissue is 

often described as the region that surrounds a severely hypo-perfused centre (ie, 

the ischemic core), in which electrical failure has occurred, but membrane 

homeostasis is maintained.87 In view of the dependence of homeostasis on the 
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ATP pump, the status of penumbral tissue after arterial occlusion is presumed to 

be directly related to the level of oxygen preservation, which in turn depends 

upon a patent regional cerebral blood flow (rCBF). The location and extent of the 

penumbral area depend largely on factors such as the time elapsed since 

occlusion and the severity of the ischemia. It is believed that some peri-infarcted 

hypoxic tissue may elude Wallerian degeneration and regain its function if 

reperfusion occurs. 

Although the presence of a non-infarcted penumbral zone in the acute ischemic 

state has been well established, and constitutes the main target for most acute 

medical interventions applied within 3 to 6 hours post-stroke onset, there is not 

much evidence that the non-infarcted penumbral tissue remains viable for a 

prolonged period of time after vessel occlusion.6,34,70,77 For example, Phan et al87 

reported that expansion of the ischemic lesion from viable into infracted tissue 

may occur within the first hours and in some patients for some time after this 

period. In particular, the large percentage of variance explained by derived 

prediction models immediately after stroke onset suggests that the outcome is 

largely defined at this stage of events, often captured in the first assessment. 

This finding suggests that the location and extent of the area of irreversible cell 

damage (ischemic core) should be highly predictive of the functional loss after 

six months.see e.g. 61 In particular, the cerebral metabolic rate for oxygen (CMRO2) 

in PET is considered to be a reliable parameter for assessing irreversible tissue 

damage. This hypothesis has gained acceptance with the findings of Marchal and 

colleagues77, who measured O-PET15 and showed that irreversible tissue damage 

was largely defined within 5–18 hours after the onset of a first-ever MCA stroke. 

They found that if voxel values of cerebral blood flow (CBF) were below 8.43 

ml/100 ml/min and if the oxygen consumption of CMRO2 was below 0.87 ml/100 

ml/min, the brain parenchyma was irreversibly damaged. In addition, they 

showed that the percentage of irreversible tissue damage calculated from all 

voxels in the involved hemisphere relative to the non-involved hemisphere was 

significantly and positively correlated to both the final volume of the infarct and 

the outcome at two months (r2 = 0,69; p < 0.001).77 
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In agreement with a limited therapeutic time window for reperfusion, most 

studies have shown that almost 90% of the initially non-infarcted penumbral 

tissue becomes infarcted within three hours post-stroke.6,34, 57,77 In some cases, 

however, tissue may still be saved from infarction for up to 16 or even 42 hours 

after stroke onset.6,31,77,87 These findings suggest that the ischemic penumbra 

surrounding a focal cerebral lesion can be regarded as salvageable if reperfusion 

occurs in time.87 Theoretically, reperfusion may be a mechanism for neurological 

recovery and as such present a plausible explanation for the spontaneous 

recovery found during the first days after stroke onset. 

However, reports pertaining to the process of salvage and restoration of ATP 

function after reperfusion are scarce. In any case, the limited time window of 

several hours for eluding irreversible cerebral tissue damage after arterial 

occlusion is difficult to match with the long-term recovery pattern observed even 

beyond the first six months post-stroke. 

 

2) Resolution of diaschisis 

A second, much less investigated mechanism potentially responsible for more 

extensive early recovery after stroke may be the occurrence of diaschisis and its 

resolution. Von Monakow117 asserted that the function of brain areas remote 

from, but anatomically connected to, the infarcted area is depressed due to an 

interrupted functional input from the injured region.117 Contrary to slow-growing 

lesions (e.g. tumours), acute lesions as a result of stroke or cerebral trauma are 

known to result in such reactive depressions. 

A number of studies have provided evidence for the existence of a so-called 

‘apoplectic shock’, which relates to reduced metabolism and regional cerebral 

blood flow (rCBF) in functionally related areas of the brain after 

stroke.2,30,83,100,117 

There are strong indications that, immediately after stroke, cortical injury results 

in hypometabolism and inhibition of areas remote from the infarcted area 

(cerebral shock). The down regulation of neural activity is considered to be due 

to a glutamate-mediated toxicity which results in destabilization of N-Methyl-D 

aspartate (NMDA) receptors, with a subsequent influx of Ca2+ and Na+ ions. In 
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addition, a decrease in afferent input received from the area of infarction may 

contribute to the suppression. Diaschisis has been described as the mechanism 

responsible for the inhibition of the cerebellar hemisphere contralateral to a 

supratentorial spinal tract injury.113 Recent small focal stroke models with PET in 

rats show that the anatomically and functionally related cortical areas with 

hypometabolism may be more than 13 times larger than the infarcted area 

itself.15 Decrements in glucose metabolism are assumed to reflect synaptic 

activity and hence the disruption of normal glial–neuronal relationship in these 

adjacent cortical areas.15 Recovery is believed to occur as a result of the gradual 

reversal of this functional suppression of viable neuronal tissue. It is important to 

note that diaschisis should be distinguished from irreversible brain damage and 

could be a possible explanation for the more extensive loss of function that 

occurs immediately after stroke onset. 

A number of reports suggest that recovery of, for example, dexterity after stroke 

may be caused by adaptations taking place in corresponding cortical motor maps 

of the involved but also of the non-involved hemisphere.2,13 Recent studies of 

brain metabolism after cortical injury have largely confirmed that resolution of 

diaschisis is likely to play an important role in these processes of cerebral 

recovery.83,100,117 For example, a number of studies have demonstrated the 

compensatory abilities of the ipsilateral hemisphere following an initial 

suppression immediately after stroke onset.  

The initial suppression (so called ‘diaschisis commissuralis’), transmitted via 

axons of the corpus callosum from related areas in the ipsilateral hemisphere117, 

may be one of the possible mechanisms responsible for the more than expected 

extensive functional loss at onset based on the involved area of irreversible 

cerebral damage involved. Studies investigating rCBF with PET scanning have 

demonstrated the occurrence of a short period of ‘transhemispheric depression of 

metabolism’ after ischemic infarction.48,73 For example, Weiller et al126,127 showed 

a significant increment in rCBF within the contralateral posterior cingulate, 

premotor cortices, and within the ipsilateral caudate nucleus in ten patients who 

were recovering from a lacunar striatocapsular motor stroke. The activity in 

these areas was more pronounced than in normal subjects. However, different 
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individual patterns of organizational and functional compensation were found, 

depending on the site of subcortical lesion and the motor somatotopy of the 

pyramidal tract.126,127 Similar findings have been reported by Pantano et al86 in 

chronic stroke patients (n = 37) enrolled in the study at 3.6 (±1.6) months after 

stroke onset. Measurements of the rCBF of the ipsilateral hemisphere (ie, nucleus 

caudatus, thalamus, lentiform nucleus and premotor cortex) were positively 

correlated with the improvements observed during the three months of the 

study.86 Finally, Seitz and colleagues, using PET scanning in recovered patients 

who were able to perform sequential finger movements with the recovered hand 

after six months showed a recovery related network remote from the stroke 

lesion.100 This network was characterized by a topographic overlap with the 

lesion-affected network, suggesting that diaschisis may be a key factor in the 

process of stroke recovery.100 

It should be noted that diaschisis is not restricted to the hemispheres 

themselves, but involves the spinal cord and contralateral cerebellum as well. 

This neural structure is able to compensate for the functional depression 

resulting from motor cortex injury. For example, immediately after stroke onset, 

depression of the pyramidal tract fibres within the spinal cord may result in 

flaccidity. This mechanism has been described by von Monakow117 as ‘diaschisis 

corticospinalis’ and is comparable to the phenomenon of ‘cerebral shock’, which 

is often seen in severe stroke patients.5,30,83,117 The underlying mechanism of 

spinal shock is unknown, but it may be the result of a transient loss of 

descending excitatory input, resulting in hyperpolarization of alpha motor 

neurons.117,127 The ability of the spinal cord to compensate for the imposed 

inhibition after stroke has already been described by Twitchell116, who found a 

recurrence of myotatic stretch reflexes within 48 hours, followed by a gradual 

return of muscle tone. The increasing muscle tone allows the emergence of 

stereotypic movement patterns (ie, synergies), which basically enables the 

stroke patient to stand upright and walk. 

The above findings suggest that the discontinuation and compensation of 

functionally depressed areas may be the result of another neurophysiological 
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mechanism underlying the non-linear process of ‘spontaneous neurological 

recovery’ after stroke. 

 

3) Tissue repair 

A third mechanism that may contribute to the nonlinear recovery pattern is brain 

plasticity caused by anatomical and functional reorganization of the CNS, such as 

synaptic sprouting, functional enforcement in existing neural circuits (ie, 

unmasking) and development of fresh polysynaptic connections.83,99,110 The 

changes in cerebral properties may be expressed at two interacting functional 

levels of the nervous system: at the level of sensory and/or motor representation 

of the cortex (ie, map plasticity) and at a neuronal level (ie, neuronal or synaptic 

plasticity).9 Two other neural mechanisms of recovery that are closely related to 

mechanisms of sprouting are the processes of unmasking of existing but 

functionally inactive pathways and the use of alternative functional pathways 

that involve the normal system of cerebral circuit redundancy.72 The time window 

during which different forms of plasticity occur is wide and may not be restricted. 

Short-term changes within minutes are probably due to unmasking of latent 

synapses involving modulation of GABAergic inhibition, whereas long term 

changes involve mechanisms in addition to the unmasking of latent synapses 

such as axonal regeneration and sprouting with changes in the shape, number, 

size and type of synapses. There are strong indications that training may 

enhance these plastic mechanisms. There is now considerable evidence to 

support the view that the adult human brain maintains the ability to reorganize 

itself throughout life. This ability may underlie the capacities to learn and to 

recover from injury. Consistent with findings from RCTs in stroke rehabilitation, 

there is strong evidence from recent animal studies that elements of intensity 

(ie, the number of repetitions) and specificity of training also impact upon the 

extent of use-dependent cortical plasticity.11,83 These elements are similar in 

animals and humans.76 

However, the concept of cerebral plasticity is poorly defined in the literature. The 

present review uses the term ‘plasticity’ according to the definition used by 

Bloedel et al8 page 440 and Boroojerdi et al9 as ‘any enduring change in cortical 
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properties either morphological of functional’. Plasticity generated by anatomical 

and functional reorganization is often characterized as one of the unspecified 

mechanisms that may be responsible for resolution of diaschisis and with that 

alterations to cortical or subcortical maps.2,15,30 For example, after disruption of 

the pyramidal pathway, Asanuma3 showed increased activity in adjacent areas of 

the motor cortex. This finding suggests that cortical maps adjoining the locus of 

injury within the involved hemisphere are able to adapt to the functional loss. 

Apparently, the somatotopic representations of the cortex should not be 

regarded as a static array of hard-wired parallel circuits, but rather as a dynamic 

system which is capable of reorganizing (within hours) its somatotopic 

representation.8 Although evidence for the reorganization of cortical maps in 

associated areas after stroke is limited, a number of studies have demonstrated 

a shifting of cortical maps after digit amputation79, somatosensory 

deafferentiation80 and motor nerve lesions27 in the mammalian brain, a process 

enhanced by (motor) learning. There is also evidence that the cortex adjacent to 

affected and nonaffected areas within the cerebral hemispheres mediating stroke 

recovery assumes the function of deactivated pathways. For example, Weiler and 

colleagues showed that in patients with lesions limited to the posterior limb of 

the internal capsule, recovered hand movements led to motor cortex activation 

that extended laterally to the face area, suggesting that the hand representation 

shifts toward the face area.127 In addition, a number of authors have raised the 

possibility that the ipsilateral motor pathways also play a role in functional 

recovery.72,127 Several published case studies have described a re-appearance of 

hemiplegia on the recovered side after a second stroke in the ipsilateral 

hemisphere, suggesting a ‘take-over’ of ipsilateral motor pathways.72 

Learning-dependent synaptogenesis has been shown to occur in rats trained to 

perform a skilled reaching task. This training led to an increase in the number of 

synapses per neuron within layer V in the caudal forelimb area.58,92 However, the 

rostral forelimb areas failed to show such cortical reorganization.58,92 Skill 

learning is also accompanied by an increased horizontal synaptic density within 

layer II/III of the motor cortex. At least in the barrel cortex of rats, modification 
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of local N-methyl-D-aspartic acid (NMDA) receptors is necessary for the 

development of experience dependent plasticity.84,92 

Finally, an increment in growth-associated proteins (GAP) and synaptophysin 

proteins has been found in the mammalian brain, providing evidence for the 

occurrence of sprouting in neocortical structures.110 It should be noted, however, 

that plasticity is not identical to anatomical tissue repair in the sense of ‘several 

axons crossing damaged neocortical brain areas’.27,53 

Furthermore, the concepts of diaschisis and anatomical tissue repair are not 

mutually exclusive. For example, the restitution of function by tissue repair (ie, 

processes such as denervation supersensitivity, sprouting and synaptogenesis, as 

well as ‘unmasking’ of previously unused dendritic and synaptic pathways) may 

be regarded as mechanisms by which the brain operationalizes processes such as 

deactivation and reorganization of cortical or subcortical maps. Therefore, 

deactivation of diaschisis is often seen as an expression of plasticity which 

compensates for the primary injury. 

It is believed to resolve over time and to be responsive to environmental 

stimulation and to the action of monamine agonists such as alpha receptor 

agonists.2,30 Thus, cortical plasticity appears to play a beneficial and adaptive role 

in the recovery from stroke, but it should also be noted that not all plasticity 

results in beneficial effects in terms of impairments and activities. 

There are several examples of morphological and functional changes (plasticity) 

in the central nervous system being negatively associated with recovery after 

stroke. These include epileptic seizures after stroke and the gradual development 

of hyperreflexia and clonus, which are regarded as positive symptoms of 

spasticity. In other words, neuronal plasticity and functional reorganization of the 

nervous system are not synonymous but closely related to each other. 

 

4) Behavioural compensation 

Finally, there are strong indications that motor recovery after cortical injury 

occurs to a large extent through behavioural compensation, rather than via 

processes of ‘true recovery’ alone. In fact, behavioural compensation strategies 

are considered to be potential confounders in our understanding of ‘neural repair’ 
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and related cerebral recovery after stroke.101 For example, in one recent study of 

stroke patients, moderately to severely impaired subjects used compensatory 

strategies of the trunk to accomplish a pointing task, rather than trying to 

achieve restitution of the original arm function.16 These findings are in agreement 

with a recent longitudinal study which found that patients tend to compensate for 

the loss of isolated hand and elbow movements by securing the elbow in a 

flexion synergy position when performing a reaching task of the hemiplegic arm 

after stroke.109 Apparently, patients prefer to control the movement proximally at 

the trunk and shoulder, while simultaneously freezing the elbow, wrist and hand 

in a pre-adjusted mid-position during the transport phase of the reaching 

task.16,109 

The manner in which patients try to control functional movements after stroke, 

such as during gait and reaching, is in agreement with Bernstein’s theories of 

human movement behaviour.71 According to Bernstein, the most fundamental 

solution to the problem of controlling co-ordination consists of reducing the 

number of independent elements to be controlled. In other words, locking the 

elbow in a synergistic pattern enables the patient to compensate for the 

weakness of the paretic elbow musculature. Obviously, the synergy dependent 

grasp with the upper limb may be seen as an adaptive mechanism that facilitates 

functionality by (1) reducing the degrees of freedom and hence the complexity of 

movement control and (2) compensating for the muscle weakness at the distal 

extremity that can be controlled for less accurately.71,109 Apparently, the central 

nervous system strives to solve the lack of movement co-ordination by reducing 

the number of free to-be-controlled elements of the movement system. 

Advantages to selecting this more simple strategy of movement control may be 

found in the reduced energy costs required to achieve the goal of movement, as 

well as higher accuracy in controlling the movement despite existing constraints 

like weakness, increased stiffness due to spasticity and decreased perception.109 

Recently, compensation strategies have also been found in the lower limb of 

patients who improved walking speed after stroke.64 This study showed that 

increasing walking speed resulted in relatively larger increments in step and 

stride length on the non-paretic side compared to the paretic side. In other 
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words, the compensating contribution of the non-hemiplegic side of the body to 

increased walking speed by alternating arm and leg swing was found to be larger 

than the contribution of the hemiplegic side of the body.64 Obviously, one may 

conclude that functional recovery is not only a matter of restoration or 

restitution, but also a matter of compensation by using alternative movement 

strategies to achieve the intended goal.101 Moreover, normal motor behaviour of 

healthy subjects may not serve as a measure of reference for understanding the 

adaptive motor behaviour of hemiparetic stroke patients.71 

The compensating movement strategies are not captured by merely measuring 

impairments, such as motor strength, synergism and perception. Likewise, 

measurements at disability level can not differentiate between improvements at 

impairment level and the use of alternative movement strategies. Therefore, in 

an attempt to create an overall picture of the changes that occur after stroke, 

there is consensus among rehabilitation scientists about using a range of 

measurements when exploring outcomes of transcranial magnetic stimulation 

(TMS) and functional magnetic resonance imaging (fMRI).28,122 

A better understanding of the relationship between the mechanisms of cortical 

reorganization and recovery from impairments and disabilities, including the 

existence of behavioural techniques to compensate for existing deficits, may 

have a major impact on the timing and content of rehabilitation-oriented and 

pharmacological therapies. Moreover, it would facilitate the interpretation of the 

development of the synergy dependent compensatory movements often 

observed during recovery after stroke.116 A better understanding of the bi-

hemispheric plasticity after stroke would also allow for the development of new 

therapies that attempt to enhance plasticity. However, for a better interpretation 

of above findings the interaction between plasticity processes after stroke and 

functional recovery requires further elucidation. Obviously, longitudinal studies 

are needed to investigate the impact of impairments and kinematic changes on 

functional outcome over time observing patients from the first days post-stroke 

onwards. 
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1.4 How are changes in cortical activation patterns related to functional 

improvements of the upper limb? 

 

The significance of the changing task-related cortical activation patterns found 

after stroke for the recovery of abilities is insufficiently understood, and 

conflicting results have been reported in the literature. In particular, the use of 

fMRI78; see for a review: 45 and TMS76,44,75 as non-invasive techniques facilitates studies 

to be continued on the impact of the changing cortical activation patterns on 

improving motor functions after stroke. Both methods support the concept that 

neuronal reorganization (ie, neuroplasticity) in the affected and non-affected 

hemispheres contributes to functional recovery after stroke. However, most 

studies have investigated the impact of changes in motor function on fMRI cross-

sectionally by comparing fMRIs of healthy age-matched subjects.13,18–

25,52,55,56,82,88,89,130 Unfortunately, few studies have directly related the macroscopic 

plastic changes in cortical activation patterns of stroke victims, as revealed by 

fMRI or TMS, to the process of recovery of functional abilities. In addition, most 

studies choose the time since onset of fMRI arbitrarily. As a consequence, the 

interpretation of any association between the fMRI image and improvements 

observed in functional recovery becomes subject to speculation.see also critical comments 

in 26 For example, in most studies it is unclear whether activation of the ipsilateral 

motor cortex with movement of the recovered hand127 represents true 

involvement of the ipsilateral motor pathways or merely reflects unwilled mirror 

movements of the unaffected hand due to lack of transhemispheric GABAergic 

inhibition. Although there is little doubt that recovery from stroke involves plastic 

reorganization of the brain, the challenge is to identify which of the many 

changes demonstrated are important in mediating functional recovery after 

stroke. 

Understanding the dynamic process of functional recovery and overcoming the 

problem of heterogeneity of fMRI findings between subjects require longitudinal 

studies.123 To date, eleven longitudinal studies have used fMRI to investigate the 

dynamics of motor recovery of the upper limb after stroke. In these studies, 

patients were scanned within a few days as well as several months after stroke 
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onset. Six studies restricted their investigation to the first six months following 

ischemic stroke31,78,98,105,108,122, whereas four reported the effects of stroke 

rehabilitation in the chronic stage.14,51,74,78 All fMRI studies examined recovery of 

the paretic arm31 and/or hand function18–25,31,51,52,55,78,82,88,89,95,105,108,122,130 as a 

function of time. In these studies inclusion was confined to patients suffering 

from ischemic stroke only, with the exception of the studies by Levy et al74 and 

Staines et al108, which also included patients with hemorrhagic strokes. Almost all 

studies investigated only patients with good or excellent motor recovery of the 

hand after stroke, based on their ability to perform a finger-tapping or finger-to-

thumb opposition movement. These studies reported task-related brain 

activation in patients mainly in the contralateral sensorimotor cortex31,78,105,108, 

contralateral premotor cortex31,78,108, ipsilesional cerebellum105 and bilateral 

supplementary motor areas (SMA).31,78,105,108 

In general, two main patterns of neural reorganization have been found during 

motor recovery of hand function after stroke. In the affected (infarcted) 

hemisphere, a predominantly posterior and lateral shift of cortical activation has 

been observed on fMRI14,122,127, whereas the non-affected hemisphere showed 

increased activity levels suggesting an initial migration of the activation away 

from the affected hemisphere.127 

These studies have often reported task-related brain activation in the bilaterally 

supplementary motor area and parietal cortex, the ipsilesional cerebellum105 and 

the ipsilateral (non-lesioned) sensorimotor and premotor cortex.31,108,122 

However, the clinical significance of these ipsilesional and contralesional shifts 

and increase of activation remains unclear. It is often assumed that these cortical 

increments are associated with rapid motor recovery, reflecting a ‘takeover’ of 

the damaged area.76,108,127 Only a few studies employed an array of 

measurements to acquire a better understanding of the impact of the reported 

changes at the impairment as well as disability level.see also comments in 122,123 None of 

the longitudinal studies investigated the process of impact of plasticity on 

outcome by controlling for the kinematic changes during functional improvement. 

As a result, these studies failed to differentiate between ‘true motor recovery’ 

and ‘compensatory motor recovery’. This causes considerable difficulty in the 
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interpretation of these changes in fMRI studies, apart from other potentially 

confounding factors such as a lack of control for mirror movements, strength, 

precision and the timing of imaginary movements (motor paradigm) during fMRI 

scanningsee also critical comments in 26  

Recently, there have been indications that this shift from the affected to the 

unaffected hemisphere is strongly dependent on the severity of the stroke and 

the integrity of the corticospinal tract system.31,78,105, 122,123 Longitudinal studies 

have shown that after an early increase in task-related brain activation, 

improved motor recovery of the upper limb is accompanied by a reduced cortical 

activation pattern on fMRI in motor-related regions such as the bilateral 

sensorimotor cortex, premotor cortex, SMA, cingulated motor areas and 

cerebellum.12,78,122 The use of fMRI in patients who failed to show (incomplete) 

functional recovery due to irreversible damage of the corticospinal tract of the 

hand demonstrated an increment and shift in cortical activation 

patterns.31,78,122,123 For example, Feydy and colleagues conducted a longitudinal 

analysis of three successive fMRIs in 14 stroke patients and showed that only 

extensive injury due to Wallerian degeneration (as shown by TMS) in the primary 

motor areas of the hand (M1) resulted in an ipsilateral recruitment of activity 

within the hand area in the non-involved hemisphere in 3 out of 4 cases.31 

Patients in whom the primary motor area was spared or partially damaged 

showed a restricted pattern of activation towards the involved motor cortex only, 

without recruitment of ipsilateral areas (8 out 10 cases). The findings of Feydy et 

al suggest that ipsilateral recruitment of the non-involved hemisphere after 

stroke can be regarded as a compensatory cortico-cortical process, which is 

primarily related to the severity and location of the lesion in the primary cortex 

of the hand (M1).31 These findings are confirmed by the results of a recent study 

by Zemke and colleagues.130 They showed a 2.7 fold larger contralateral ventral 

sensorimotor cortex activation pattern in stroke patients with full motor 

recovery, despite similar tapping force, frequency, range of motion and 

electromyogram, compared to partially recovered patients. In addition, smaller 

ipsilateral premotor and larger contralateral sensorimotor activation patterns 
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were found in patients with right arm involvement compared to those with left 

arm involvement. 

Obviously, the longitudinal studies suggest that ipsilateral recruitment of the 

non-involved hemisphere after stroke may be regarded as a compensatory 

corticocortical process, which is mainly inversely related to the severity of the 

lesion of the primary cortex of the hand (M1) (ie, more extensive lesions with 

concomitant poorer recovery of dexterity are accompanied by larger ipsilateral 

activation patterns). This hypothesis fits in with studies in primates with 

experimental lesions that demonstrate that when the corticospinal tract (M1) is 

preserved, motor recovery proceeds by reacquisition of pre-infarct movements. 

In contrast, irreversibly damaged cortical areas show the development of 

compensatory movement patterns.33 Also, stroke patients showing involvement 

of corticofugal motor efferents are less likely to recover from impaired upper limb 

function.101 On the other hand, interhemispheric disinhibition will be prevented in 

less severely M1 injured patients, in whom some elements of the corticospinal 

tract have been preserved, and functional repair will be directed towards 

restitution of the original functionally intact corticospinal neurons of M1. For 

example, Friel and Nudo showed that the amount of recovery of skilled hand use 

in adult squirrel monkeys after a small ischemic infarct of the hand area (M1) 

was related to the relative size of the lesion and its specific location within the 

M1 hand representation.33  

Consistent with these longitudinal fMRI studies are the findings of Ward and 

colleagues who recently showed a negative association between functional 

outcome in terms of dexterity and task-related cortical activation patterns. They 

cross-sectionally investigated 20 patients with variable degrees of recovery at 

least three months after stroke onset and found that poor functional outcome 

was significantly negatively correlated to increased task-related activation 

patterns within the bilateral or ipsilateral dorsolateral premotor cortex, 

cingulated sulcus, contralateral SMA and pre-SMA, contralateral insular cortex 

and bilateral cerebellar hemispheres and vermis. These findings suggest that 

bilateral recruitment of these regions occurs in patients with poor outcome, but 

not in those with good outcome in terms of dexterity.123 The regions that are 

 159



 

bilaterally activated involve the sensorimotor, premotor, posterior parietal, 

prefrontal and insular cortices, SMA, cingulated motor areas (CMA) and 

cerebellum. 

Obviously, if the corticospinal input from M1 is preserved, less reliance is needed 

on using parallel motor areas to generate an alternative input. However, because 

of the nature of these alternative projections10, functional recovery is usually 

incomplete or absent.31,101,123 Unfortunately, such a negative association between 

preservation of the corticospinal tract to the hand (M1 neurons), suggesting 

focussing of brain activation on fMRI31,78 and PET129, could not be confirmed by 

Ward and colleagues.122 Although they also found a reduction in task-dependent 

activation over time after stroke, they were not able to associate this decrement 

with the initial severity or rate of recovery in the eight stroke patients 

involved.122 On the other hand, the hypothesis that task-dependent focussing of 

cortical activation depends on the integrity of corticospinal projections to the 

hand is consistent with studies of the predictive value of early TMS.40–42 

Therefore, it may be hypothesized that ipsilateral activation of parallel 

corticospinal tract neurons (M1) is insufficient and at best helpful in supporting 

the activation of synergistic proximal arm and trunk muscles. 

It does not assume the function of the muscles of the paretic hand. In addition, 

rather than projecting to the ipsilateral muscles of the hand, anatomical studies 

in humans show that the ipsilateral corticospinal connections mainly end in axial 

and proximal stabilizing muscles.10 It may even be hypothesized that the 

increment of ipsilateral cortical maps after unilateral stroke may be regarded as 

a (temporary) release phenomenon, due to transhemispheric disinhibition of 

GABA neurons35,70, which is often observed in patients with large strokes and 

poor motor recovery.30,35 

Thus, the functional impact of changes in ipsilateral and contralateral activation 

patterns on fMRI as a reflection of plasticity needs to be re-examined. There is 

now growing evidence that the strategy of motor remapping after injury of the 

primary motor cortex of the hand (M1) as a result of a middle cerebral artery 

stroke will depend greatly on the integrity of the corticospinal tract itself (ie, the 

severity of Wallerian degeneration) early after stroke onset. It has been found 
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that for patients with severe M1 lesions, the optimal strategy to compensate for 

the (irreversible) loss of dexterity is to recruit the corresponding ipsilateral areas 

of the non-involved hemisphere. Correspondingly, it may be hypothesized that 

behavioural compensation strategies are more likely to be related to an 

insufficient return of neural function within the original brain areas (M1, SMA and 

PMA) in the contralateral hemisphere than to a real ‘take-over’ of neural function 

by (ipsilateral) cortical activations. Patients showing reversible, partial loss of 

dexterity, however, show a shift in activity to the original brain areas within the 

M1, reflecting brain activity which is comparable to what is found in healthy 

subjects. 

 

1.5 Conclusions and implications for future studies 

 

In the last three decades, a number of studies have shown that augmented task-

oriented training may enhance the processes of functional recovery after stroke. 

In particular, therapies that combine the elements of intensity and task 

specificity, such as constraint induced movement therapy (CIMT) and body-

weight supported treadmill training (BWSTT) have been found to be most 

effective. On the other hand, a number of cohort studies have shown that the 

outcome of functional abilities such as dexterity is highly predictable early after 

stroke and that the time since stroke onset is an important factor determining 

the accuracy of prediction. Although there is now strong evidence that task-

oriented rehabilitation programmes may facilitate this natural pattern of 

recovery, their impact is relatively small when compared with the predictable 

recovery course observed in the first six months post-stroke. Why intensive task 

oriented rehabilitation programmes applied at an early stage influence this 

natural course of functional recovery is not known. For this reason, a better 

understanding is needed of mechanisms that may contribute to the process of 

functional recovery after stroke. Mechanisms claimed to be responsible for the 

non-linear change over time include recovery of penumbral tissue around the 

infarcted area, subcortical reorganization, reduction of temporarily deactivated 

intact brain remote from, but anatomically connected to the area of the primary 
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injury, reinforcement of ipsilateral motor pathways and behavioural 

compensation strategies. 

Non-invasive imaging techniques such as fMRI and TMS in particular have shown 

that changes in activation patterns in the ipsilateral and contralateral brain 

structures, such as the thalamus, caudate and lentiform nuclei and prefrontal 

cortex, are enhanced by rehabilitation and parallel functional recovery. Currently, 

the plastic cerebral changes reflecting neuronal reorganization are often regarded 

as important mechanisms explaining the functional recovery after stroke. 

However, the interpretation of fMRI, PET81 and TMS changes relating to neuronal 

reorganization and functional repair is still inconclusive and not unequivocal. 

Besides clinical heterogeneity due to differences in timing post-stroke and 

severity of deficits, other factors hampering comparisons between studies include 

differences in the motor paradigm and the assessment of impairments and 

disabilities as well as differences in the techniques used to assess brain activity. 

In addition, only a few fMRI studies have related these dynamic changes in 

cortical activation (re-mapping) to neurological improvements in a longitudinal 

design, whereas those studies that investigated stroke patients longitudinally 

failed to observe the impact of changes in cortical activation in a functional 

approach. 

The interpretation of fMRI findings is further complicated by our lack of 

understanding of the concept of ‘motor recovery’. In other words, it remains 

unknown what is improving in the motor control in patients demonstrating 

functional recovery. This phenomenon requires a better understanding of the 

‘nature’ of co-ordination deficits in functional tasks, and thus of the natural and 

physical laws of co-ordination and control in the performance of such tasks. In 

this context, it is obvious that the emergence of synergistic movement patterns, 

as well as the concomitant changes within the motor system, such as increased 

stiffness, will both lead to altered motor control. From the perspective of 

Bernstein’s law of motor control, however, these changes, which are 

characterized by reduced joint involvement in the paretic limb, proximal motor 

control and uncoupling of successive joint movements, may be regarded as 

adaptive behaviour. After all, these changes enable patients to control functional 
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tasks with more accuracy and less energy by reducing the number of degrees of 

freedom. It may thus be hypothesized that the preferred motor pattern in which 

hemiplegic patients move may be viewed as the optimal adaptive behaviour for a 

given state of the system of movement production, rather than as a ‘pathologic’ 

behaviour.71 In addition, newly developed therapies should adhere more closely 

to the basic principles of meaningful motor learning, which requires proper 

assessment, training of meaningful skills graded to the level of difficulty, clear 

instructions, no overload, knowledge of results and performance, and varied 

repetition. Only if we are able to understand what is learned in motor control and 

how this knowledge is related to neural recovery, will we be able to determine 

the best way to present therapeutic exercises to the patient. 

Hence, a better theoretical understanding of the underlying mechanisms of 

disordered movement coordination in terms of perception and action is needed 

for the development of more effective rehabilitation strategies. In order to allow 

for an adequate interpretation of the impact of the dynamics of fMRI findings on 

functional improvement of the upper paretic limb, the synergy dependent 

adaptations observed should be controlled kinematically over time.  
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CHAPTER 10 
 

 

 

 

General discussion  
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INTRODUCTION 

 

Stroke is a complex disorder and complex is recovery from it. With the 

institutionalization of stroke services across health care facilities, a reduction in 

mortality rates, length of inpatient stay and improved independence in activities 

of daily living has been achieved. However, stroke remains the leading cause of 

long-term disability. Moreover, it is a condition for which there is no universally 

accepted rehabilitation approach (chapter 2). Much remains to be learned from 

stroke recovery and the effects of stroke rehabilitation.  

 

This thesis describes the long term recovery of hemiplegic gait in severely 

affected stroke patients. Based on the application of a repeated measurement 

research design, data were obtained within the first post-stroke year period. This 

information subsequently enabled the identification of time-related changes and 

was used to address the following main questions:  

Are intensive stroke rehabilitation programmes, implemented within the early 

and subacute post-stroke phases, worthwhile in terms of long term functional 

gains and can this long term recovery be estimated early after stroke onset for 

better individualized reliable therapeutic goal setting and discharge planning?  

For this purpose, early and late recovery patterns were studied as functional 

recovery after stroke tends to be non-linear and time-dependent. Subsequently, 

this information was used in the interpretation of some of the mechanisms 

involved in the long term recovery of hemiplegic gait and the impact of intensity 

of therapeutic interventions on this recovery.  

The main findings of the studies presented in the first part of this thesis indicate 

predictive relationships between early determinants and late outcome and the 

relevance of measuring frequently and longitudinally in order to take into 

consideration the non-linear time-dependent relationship of covariates with 

recovery of gait after stroke. In the second part it is demonstrated that the long 

term effects of intensity of stroke rehabilitation, implemented during the initial 

20 post-stroke weeks, are maintained for up to one year.  
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PREDICTING RECOVERY OF GAIT AFTER STROKE 

 

Although adherence to major methodological principles in prognostic research is 

a prerequisite for achieving internal and statistical validity, heterogeneity of the 

stroke population remains a major threat to the external validity of prediction 

models when these models are based on insufficient large patient samples 

(chapter 2).1,2,3,4  Generating a large patient sample in a clinical setting is often 

difficult to materialize. Therefore, stratification of patients based on demographic 

and diagnostic data has been recommended in order to increase precision of 

prediction models.1,2,4,5,6 The aim of applying prediction models in more specific 

subpopulations of stroke patients is to strike a balance between precision and 

generalizability. In chapter 4 we described the development of a longitudinal 

prediction model based on a relative homogeneous stroke population for the 

identification of significant variables. All 101 subjects suffered a severe middle 

cerebral artery stroke and none were ambulatory at the first post-stroke week. 

Selection of variables was based on consistency in predicting outcome 

throughout the entire initial 10 week period after stroke. In the final multivariate 

logistic regression models age and Barthel Index (BI) proved to be the most 

robust variables in the prediction of independent walking outcome at six months 

(Functional Ambulation Categories: FAC ≥4). Low age and high BI were 

associated with a high probability of independent hemiplegic gait at 6 months. 

However, high sensitivity coincided with moderate specificity of the prediction 

models. As a consequence prediction within the acute and subacute phases 

(initial 10 weeks) of stroke patients who will fail to regain independent gait at 6 

months was less reliable. This finding suggests that when in doubt the clinician 

should consider age and BI when planning discharge, rehabilitation or home care 

services.  

The probability of regaining independent gait at 6 months for an individual with a 

BI of 5 points in week 4 diminishes with about 10 percent each added 5 years of 

age between 55 (81%) and 70 (46%), but for a individual of 65 years of age the 

difference in probabilities between 5 and 10 BI points (59% versus 92 %) is 

much more pronounced than between 10 and 15 BI points (92% versus 99%). 
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These findings suggest a linear relationship for age and a non-linear relationship 

for BI with independent gait. Table 1 provides the formulas generated by the 

logistic prediction model for the calculation of probabilities of achieving 

independent gait at 6 months.   

 

Table 1. Formulas for probabilities of regaining independent gait at 6 months post-stroke. 

 Week Diagnostic model 
 1 1 / {1 + EXP[-(11.508 – 0.146 * age)]} 
 2 1 / {1 + EXP[-(6.694 - 0.126 * age + 0.311 * BI)]} 
 3 1 / {1 + EXP[-(5.306 - 0.105 * age + 0.050 * TCT)]} 
 4 1 / {1 + EXP[-(5.344 - 0.107 * age + 0.399 * BI)]} 
 5 1 / {1 + EXP[-(4.781 - 0.101 * age + 0.379 * BI)]} 
 6 1 / {1 + EXP[-(6.572 - 0.128 * age + 0.361 * BI)]} 
 7 1 / {1 + EXP[-(7.357 – 0.150 * age + 0.423 * BI)]} 
 8 1 / {1 + EXP[-(3.938 – 0.121 * age + 0.521 * BI)]} 
 9 1 / {1 + EXP[-(3.461 – 0.106 * age + 0.451 * BI)]} 
 10 1 / {1 + EXP[-(3.166 – 0.117 * age + 0.503 * BI)]} 

Exp, Exponential function (anti-logarithm); BI, Barthel Index; TCT, Trunk Control Test 
 

The results of this study also indicate the complexity of recovery because even in 

these robust variables observing false positive cases is not uncommon. 

Moreover, not all true non-ambulatory patients will be initially classified as non-

walkers.  As a consequence some patients may qualify for post-acute 

rehabilitation services and be subjected to gait training without showing a 

potential for mastering functional independence in gait. This may lead to a 

wrongful investment of resources, time and effort from health care professionals 

and raised expectations on the part of the patient. Diminished specificity of the 

prediction model is responsible for its failure to predict all true non-ambulatory 

patients.    

 

Non-linearity and time-dependency are characteristic elements of stroke 

recovery (chapter 2). However, whether there are any constant elements to be 

identified in this relationship in stroke recovery is a question addressed in 

chapter 3.  

In this chapter the nature of the relationship between safe comfortable and 

maximal walking speed was explored in 81 stroke patients. The results of this 

study showed that in marked hemiplegic stroke patients (FAC ≥3) maximum 
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walking speed can be reliably estimated by comfortable walking speed time 

measurement expressed in meters per second (m/s). It was found that 

maximum speed equals 1.32 times comfortable speed. This relation remained 

constant after adding co-variables to the regression models in an attempt to 

increase the precision, such as the patients’ age, balance, hemiplegic arm and 

leg muscle strength and type of therapeutic intervention. It was concluded that 

the relationship between safe comfortable and maximum walking speeds is fixed 

in post-stroke time. This fixed relationship suggests that these two parameters 

are defined at a biomechanical level in stroke irrespectively of gender, age, time 

following onset or its severity. More research is needed to determine the nature 

of this biomechanical fixed relationship between comfortable and maximum 

walking speed. Only longitudinal study designs can address such a relationship in 

stroke recovery. These designs may assist in elucidating the biomechanical 

principles that are likely to govern this relationship in the stroke population as to 

date the exact nature of this relationship is not yet fully understood. 

Training at higher walking speeds is likely to better prepare stroke patients for 

meeting the demands imposed by independent community living. However, more 

research is needed to determine if maximum walking speed training needs to be 

considered a therapeutic adjunct that should be incorporated in stroke 

rehabilitation programmes. 

To underscore the complexity of stroke recovery and its measurement, we 

explored the longitudinal relationship between comfortable walking speed and 

the classification of physical independent gait (FAC ≥3) over time in 73 stroke 

patients in chapter 5. First, it was shown that comfortable walking speed is 

sensitive enough to detect clinically important changes and therefore is suitable 

for demonstrating pretest-posttest time-related post-stroke changes in 

independent gait in our population. Based on random coefficient analysis over 

the entire study period, significant time-dependent effects were demonstrated 

between walking speed and FAC scores for physically independent gait, ie, this 

relationship is subject to time related longitudinal changes. In addition, the 

pretest-posttest walking speed and FAC observations showed an emerging 

pattern of changing walking speeds coupled with high correlated pretest-posttest 
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FAC appraisals. There are indications that, in this relationship, repeated FAC 

appraisals are not only based on steady walking speeds, but that the walking 

speeds related to a specific FAC appraisal also change and, over time, may shift 

gradually from higher to lower speeds. This finding suggests that a critical 

appraisal of the outcome of repeated measurements remains important as 

unexpected phenomena (such as shift) may interact with clinimetric sound 

instruments and as a consequence may affect clinical decision making.  

 

Several classifications based on aetiology, subtype, topography of stroke on CT 

or MRI scan and clinical neurological manifestation have been suggested by 

epidemiologists for stratification of acute stroke patients.7 However, the 

usefulness of many of these classifications for epidemiological and clinical studies 

is limited due to a lack of reliable differentiation between classes7 as well as a 

lack of predictive validity of the classification of interest with respect to 

outcome.2 It has been hypothesised that some homogeneity can be created by 

composing subgroups with an identical underlying process, enabling treatments 

to be focused on particular subgroups of stroke patients.8 A number of authors 

have argued that certain subgroups of the stroke population may benefit more 

than other subgroups from specific rehabilitation services. In order to achieve the 

most efficient use of such services, it is important to identify predictors that 

discriminate between stroke patients with good and poor prognosis.9,10,5 We were 

able to demonstrate such a subgroup but could not identify the specific defining 

characteristics of these patients (chapter 8). This chapter describes the outcome 

of a randomized controlled trial conducted to study the long term effects of 

intensity of stroke rehabilitation in 101 patients. The impact of intensity on three 

randomized intervention groups was studied. Basic rehabilitation programmes 

were supplemented with either extra upper or lower extremity training or air 

splint immobilization. Outcome was based on several ADL and quality of life 

measures. It was found that the long term effects of intensity of stroke 

rehabilitation during the initial 20 post-stroke weeks were maintained for up to 

one year. However, a significant number of patients with incomplete recovery 

showed improvements or deterioration of walking ability and ADL beyond the 
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error threshold between 6 and 12 months post-stroke. The identification of this 

subgroup of stroke patients is the first step towards improving stroke care as it 

then becomes possible to target specific stroke populations in an attempt to 

optimize individual stroke rehabilitation. 

 

The classification based on the BI has been proposed for its reliability and high 

predictive validity with respect to outcome of disability.10,11,12 Our study 

described in chapter 4 confirmed this finding but also found age of the patient to 

be predictive of outcome of walking at 6 months. Within our stroke population, 

each added year of age reduced the probability of regaining independent gait 0.9 

times, while at the same time each higher BI point improved chances 1.4 to 1.7 

times depending on the week of prediction. However, more research is needed to 

elucidate the negative association observed between age and independent gait. 

Do older individuals suffer more severe strokes or are perhaps premorbid factors 

responsible for this declining probability?  

Besides heterogeneity of the stroke population, differences within and between 

studies in post-stroke timing of measurements taken for prediction decrease 

external validity of existing prediction models.1,2,4 The development of new 

effective therapeutic strategies relies on a better understanding of the 

mechanisms underlying recovery of function. Addressing the question of what 

needs to be learned precedes the question of how it should be learned.13 This 

may partially explain the failure to demonstrate overloading effects on walking 

speed as discussed in chapter 7. This study describes a pilot study conducted to 

investigate the effects of overloading of the lower extremity on walking speed in 

three chronic stroke patients. It was hypothesized that overloading the 

hemiparetic lower extremity would generate increased motor output resulting in 

carry-over effects. In some sports these effects are commonly used in order to 

improve performance. Overloading was based on the randomized application of 2 

and 6 lbs weight cuffs to the distal paretic lower extremity. A single subject 

withdrawal design study showed a gradual improvement in comfortable walking 

speed between subsequent days but failed to demonstrate any immediate 

favourable effects on comfortable walking speed as a direct result of limb 
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overloading. This finding suggests that this training concept requires further 

scrutiny because of the improvements observed over time. It also indicates the 

usefulness of small scale research projects to pilot a research question. 

Therefore, to test a research question it is certainly feasible to use a single 

subject design as a preliminary study before deciding on the implementation of a 

randomized controlled trial.  

 

METHODOLOGICAL ASPECTS 

 

Traditionally, cross-sectional stroke research is conducted. Pretest-posttest 

measurements are performed in one or two groups and subsequently analysed. 

When attempts are made to relate the outcome of such a research project to the 

results of similar projects, it is not uncommon to find that different time points of 

measurement as well as dissimilar measurement instruments are used. The 

variability in timing of the assessment of final outcome has made comparisons 

between prognostic studies difficult.1 This presents a problem in systematic 

reviews as the lack of uniformity limits mutual comparison let alone the pooling 

of results for meta-analysis. In stroke research the non-linear functional recovery 

pattern presents challenges to overcome and calls for an inception cohort with 

repeated measurements taken at fixed times post-stroke. To date in stroke 

research, there are only few longitudinal studies published that used repeated 

measurements over time.  

Wagenaar observed a sigmoidal (S-shaped) form for individual recovery 

patterns.14 As most improvement tends to occur early following stroke, weekly 

measurements are required within this period. We obtained weekly 

measurements during the initial 10 week post-stroke onset period followed by 

biweekly measurements until the 20th week. Thereafter, follow-up measurements 

were done at 26, 38 and 52 weeks. Based on the outcome of these 

measurements, this thesis provides a better understanding of the necessity to 

measure frequently, longitudinally and at standardized times. Tilling et al 

advocate the use of multilevel growth curve models with covariate effects based 

on repeated measurements to describe patterns of stroke recovery.15  
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In our research project reliable, valid and responsive measurement instruments 

were used for all functional assessments that were done by one observer who 

was blinded for treatment assignment. A major advantage of frequently repeated 

measurements over time is that the generated information represents reality far 

better than the information gathered from one or two measurements (chapter 

2). This in turn allows for a more valid interpretation of reality as it enables 

observing changes in actual recovery processes that take place over time. 

Longitudinal modelling of change scores may provide a better understanding of 

the quasi-causal relationship between body functions and structures, activities 

and participation.16 In chapter 6 we studied the longitudinal relationship of 

functional change in walking ability and change in time-dependent covariates and 

developed a multivariate regression model to predict longitudinal change of 

walking ability. In regular multi-level hierarchical regression modelling the 

regression coefficients presented, collectively reflect the cross-sectional (ie, 

between subjects-variation) as well as the longitudinal relationship (ie, within-

subject variation) between determinant(s) and outcome. This constitutes a 

limitation when the absolute differences between subjects exceed the changes 

over time within subjects. As a result the longitudinal within-subject relationships 

will be more or less overruled by the cross-sectional relationships.17 This is likely 

to occur when time periods between repeated measurements are relatively short 

and the within-subject correlation high. Because of this limitation, we used a 

model in which the cross-sectional component is more or less ‘removed’ from the 

analysis by modelling only change scores.17 Based on our analysis, we found that 

for achieving improvement in walking ability, improvement in standing balance 

was more important than improvement in leg synergism or strength. This 

suggests that in order to meet the objective of improving gait stroke 

rehabilitation should include an intensive balance training programme although 

more research is needed to establish a causal relationship between balance 

training and improvement in gait.  

In addition, reduction in visuo-spatial inattention was predictive of improvement 

in gait. In other words, unabated neglect may hamper efforts to improve gait 

after stroke. Our findings also indicate that time itself is an independent 
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covariate which is negatively associated with change on FAC. This latter 

observation suggests that most pronounced improvements occur early after 

stroke onset and that critical time windows may play a role in functional 

recovery.  

The statistical approach of modelling change scores holds much promise for the 

future as its use facilitates the unravelling of the time-dependent components of 

functional recovery after stroke. This in turn may help to elucidate the underlying 

mechanisms responsible for the non-linear patterns of recovery observed after 

stroke.  

Longitudinal research based on clinimetric data and data obtained from 

neurophysiological techniques, such as Transcranial Magnetic Stimulation (TMS), 

as well as neuroimaging, such as functional Magnetic Resonance Imaging (fMRI) 

and Positron Emission Tomography (PET), may increase our knowledge of neural 

plasticity by linking cerebral adaptive changes and concomitant observed 

recovery profiles of impairments and activities.12    

 

However, as to be expected longitudinal designs also carry some disadvantages. 

Because more patients are needed who are also closely followed over time this 

clinimetric approach is more costly and laborious than traditional cross-sectional 

research and therefore may be difficult to implement without financial support. 

Because the within subject variability between longitudinal measurements 

(expressed as the within subject correlation coefficient ρ) is added to the 

numerator of the fraction to calculate the minimal sample size for a study using a 

repeated measurement design, such a design necessitates a larger patient 

sample. Therefore, within the same number of repeated measurements and 

differences, the lower the within variability (higher ρ) the more subjects are 

required. However, increasing the number of repeated measurements coincides 

with a decreasing sample size.17  
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CONCLUDING REMARKS WITH A FOCUS ON FUTURE RESEARCH 

 

In most regression models developed to date, the clinical predictors included are 

assumed to be fixed, implying that they do not change over time as a result of 

recovery. Our findings indicate that clinical determinants show considerable 

improvement in the early stages after stroke onset. More research is needed for 

the development of prognostic models based on the within-subject variability of 

covariates and uniform timing of prediction and assessment of final outcome. In 

our studies of the relationship between comfortable and maximum walking 

speeds (chapter 3) and time dependency of walking classification (chapter 5) we 

applied a regression model that analyzed the within and between subject 

variability simultaneously. The former study showed a predictable stable 

relationship between both speeds over time after stroke. The latter study clearly 

demonstrated an association between walking classification and walking speed 

measurements over time. This association was also subject to a time related 

decline. Many time-dependent variables are yet to be determined, but from the 

results of our study conducted to predict improvement in gait over time it 

becomes evident that time itself is a strong determinant for functional recovery 

after stroke (chapter 6). However, future research should focus on the 

identification of other time-dependent determinants. This information can than 

be used to determine critical time windows for specific therapeutic interventions 

but may also assist in identifying hierarchy in recovery patterns.18 The use of 

mixed modeling statistical techniques allows for the analysis of cross-sectional 

and longitudinal treatment and time effects simultaneously while correcting for 

the correlated observations within subjects over time and allowing for regression 

coefficients to differ between subjects. As time constitutes an independent 

covariate in such a model, these statistical methods enable longitudinal analysis 

of unequally spaced time points of measurement. Moreover, in random 

coefficient analysis missing data are presumed to be missing at random.17 Few 

attempts are made to study emerging longitudinal patterns in stroke 

presentation. Our finding of the presence of a constant between comfortable and 

maximal walking speeds in stroke patients is an example of such a pattern 
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(chapter 3). The issue of elucidating possible longitudinal associations between 

patterns observed in stroke recovery requires more attention. Which rationale 

can explain an observed pattern? To date no clear answers are formulated. 

Knowledge is lacking of any tools that can be used to establish a plausible 

rationale. Energetic and biomechanical related mechanisms may be involved in 

this fixed pattern in stroke patients and deserve further scrutiny in future 

research.    

 

The impact of therapy induced changes on stroke recovery was studied in our 

randomized controlled trial on the long term effects of intensity of training 

(chapter 8). The results of this study suggest that intensity of stroke 

rehabilitation may accelerate recovery. While the effects are maintained until one 

year post-stroke, intensity of stroke rehabilitation is not likely to produce 

additional activities, ie, better long term walking ability and ADL. At first sight 

these findings may appear insignificant. However, they are not. Faster recovery 

means a lower probability of complications, earlier discharge to home and fewer 

costs to society. It should be noted that a lack of statistical power may have 

been responsible for the inability to demonstrate any long term additional 

benefits of increased intensity of stroke rehabilitation. Therefore, multi-center 

trials with adequate power are needed to further investigate possible additional 

benefits of stroke rehabilitation. In the present study a subgroup of patients was 

found with incomplete functional recovery at 6 months that showed large 

subsequent changes (including both improvements and deterioration) in body 

functions and activities. This observation indicates that there is potentially a 

subgroup of patients in who increased therapy could be targeted at a later stage.  

However, identifying the characteristics of these patients, who are exceptions to 

this general rule and would benefit from later intervention to optimize their 

recovery, is a challenge that should be addressed in future research.          

The non-linear pattern as a function of time is not well understood. Chapter 9 

discusses the mechanisms that are presumably involved in the pattern of 

functional recovery after stroke. These include recovery of penumbral tissues, 

neural plasticity, resolution of diaschisis and behavioural strategies. Based on 
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information from prediction models that are adjusted for the effects of time after 

stroke onset, it can be derived that outcome is largely defined within the first 

weeks post-stroke. However, functional improvement has been found to extend 

beyond six months post-stroke. Kinematic studies show that functional 

improvement is more than recovery from impaired body functions alone. In other 

words, there are strong indications that motor recovery after stroke occurs to a 

large extent through behavioural compensation, rather than via processes of 

‘true recovery’ alone. For instance, it was shown that recovery to a large extent 

is due to the implementation of strategies that allow for the compensation of 

existing impairments in the lower hemiparetic extremity.19 That study 

demonstrated that increasing walking speed resulted in relatively larger 

increments in arm and leg swing on the non-paretic side than on the paretic side. 

In other words, the contribution to the increased walking speed by alternating 

arm and leg swings was found to be larger on the non-hemiplegic side than on 

the hemiplegic side of the body. One may conclude that functional recovery is 

not only a matter of restoration or restitution but also involves compensation by 

using alternative strategies to achieve the intended goal. In fact, behavioural 

compensation strategies are considered to be potential confounders in our 

understanding of ‘neural repair’ and related cerebral recovery after stroke.20 

Normal motor behaviour of healthy subjects should not serve as a measure of 

reference for understanding the adaptive motor behaviour of hemiparetic stroke 

patients.21 Although several neurological treatment approaches, such as 

Neurodevelopment Treatment (NDT), suggest that compensatory movements 

may potentially inhibit a return to normal functioning and therefore their use 

should be discouraged evidence for this assumption is lacking.22,23 This may 

explain why more functionally oriented compensatory therapies, such as Motor 

Relearning Programme24, achieve their functional goals sooner than remedial 

therapies that do not allow for behavioural compensation (chapter 2). This 

finding is supported by a recent study of Bode et al who showed that, after 

controlling for the stroke severity, greater than expected gains in self-care were 

predicted by longer lengths of stay and more intensive function-focused 

occupational therapy. However, in this study predictors of residual change in 
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mobility differed by gender: greater than expected gains in mobility for men 

were predicted by longer lengths of stay and more intense function-focused 

physical therapy whereas, for women, they were predicted by stroke severity 

alone.25  

Future studies may explore the relationship between behavioural adaptations and 

improved skills after stroke, ie, addressing the issue of which changes in motor 

control coincide with functional improvements. This knowledge may contribute to 

determining the best way in which to subject stroke patients to therapeutic 

exercises. 
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SUMMARY 

 

This PhD thesis addresses the long term recovery of hemiplegic gait in severely affected 

stroke patients. It first reviews current rehabilitation research developments in functional 

recovery after stroke (chapter 2). This chapter provides background information for the 

research discussed in subsequent chapters. Thereafter, early and late stroke recovery 

was studied. Because of its non-linear nature and time-dependency, this required the 

establishment of acute, subacute and long term recovery profiles. This thesis therefore 

also includes a clinimetric and prognostic research section (chapters 3, 4, 5 and 6) and a 

section consisting of therapeutic intervention research (chapters 7 and 8) followed by a 

review discussing the possible mechanisms involved in functional recovery after stroke 

(chapter 9). 

 

Chapter 2 reviews current rehabilitation research developments in functional recovery 

after stroke. With the institutionalization of stroke services across health care facilities a 

reduction in mortality rates, length of inpatient stay and improved independence in 

activities of daily living have been reported. Several systematic reviews show that 

traditional treatment approaches induce improvements that are confined to body function 

level only and do not generalize to a functional improvement level. Recently developed 

treatment strategies, that incorporate compensation strategies with a strong emphasis 

on functional training, may hold the key to optimal stroke rehabilitation. Intensity and 

task-specific exercise therapy are important components of such an approach.  However, 

due to marked heterogeneity of the stroke population and poor methodological quality of 

many studies results are uncertain. Several options are discussed to overcome the 

problem of stroke heterogeneity in research designs. 

Longitudinal repeated measurements designs are required to study the effects of non-

linearity and time dependency of functional recovery in stroke. Furthermore, prognostic 

research based on sound clinimetric data generates relevant information that may guide 

the clinician in clinical decision making and in determining optimal treatment strategies. 

Guidelines assist the clinician in this responsibility. 

 

Chapter 3 describes the relationship between 10 meter comfortable and maximum 

walking speed over time in the stroke population. The objective of this prospective cohort 

study was to identify the nature of this relationship (ie, fixed or dynamic). In addition, 

the significance of maximum walking speed and implications for the clinician are 
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addressed. As none of the stroke patients participating in this study was able to walk 

unassisted during the first week post-stroke onset and not all of the included 101 

patients progressed to unassisted walking at some point in time, the findings were based 

on walking speed measurements from week 2 to week 52 in 81 patients. Walking speed 

progressively increased from the second to the fifty-second week within the comfortable 

speed measurements from .037 to .635 m/s and within the maximum speed 

measurements from .071 to .851 m/s. The overall mean comfortable and maximum 

speed was .472 and .638 m/s, respectively. The results of this study showed that in 

marked hemiplegic stroke patients maximum walking speed can be reliably estimated by 

comfortable walking speed time measurement converted to meters per second (m/s). It 

was found that maximum speed equals 1.32 times comfortable speed. Furthermore, this 

relation remained constant after adding co-variables to the regression model in an 

attempt to increase its precision, such as the patients’ age, balance, hemiplegic arm and 

leg muscle strength and type of therapeutic intervention. In other words, the relationship 

between comfortable and maximum walking speed is fixed in post-stroke time in this 

stroke population. Based on this information, therapists can safely train stroke patients 

at (1.3 times) higher walking speeds in order to better prepare them for meeting the 

demands imposed by independent community living.  

 

Chapter 4 describes the most robust variables in the early prediction of recovery of 

independent gait at 6 months in 101 stroke patients. Twenty-four determinants, possibly 

related to recovery of gait at 6 months, were measured within 14 days following stroke 

onset and onwards. Selection of variables was based on consistency in predicting 

outcome throughout the entire initial 10 week post-stroke period. This strategy was 

elected to identify predictive variables relative insensitive to the timing of post-stroke 

prediction. Bivariate logistic regression analysis produced a model that included patients’ 

age, Motricity Index of arm and leg, Brunnstrom Fugl-Meyer of leg, Trunk Control Test, 

Barthel Index and type of intervention. Subsequently, a stepwise forward logistic 

regression statistical procedure was used for determining the probabilities of regaining 

independent gait. Moreover, sensitivity, specificity, accuracy, type I and II error and 

predictive value were calculated for model determinants. This study demonstrates that 

age and Barthel Index are the most robust variables within the first 10 week post-stroke 

months for predicting independent walking outcome at six months ie, lower age and 

higher Barthel index were associated with an increased probability of independent 

hemiplegic gait at 6 months. Odds ratios amounted to 0.9 for age and ranged from 1.4 to 
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1.7 for BI. In other words, each added year of age reduces the probability of regaining 

independent gait 0.9 times, while at the same time each higher BI point improves 

chances 1.4 to 1.7 times depending on the week of prediction. 

However, predicting non-ambulatory patients within the initial weeks proved to be much 

more difficult. This finding implies that this logistic regression model is better suited for 

predicting ambulatory patients than non-ambulatory patients. Therefore, awareness of a 

too optimistic estimation of walking independence at six months is required when 

deciding on allocating post-stroke resources. 

The accuracy of the model ranged between 75% and 86%. Sensitivity remained 

consistently high (ranging from 89% to 96%) and specificity moderately low (ranging 

from 53% to 62%) throughout the first 10 post-stroke weeks. Concomitant type I errors 

ranged from 37% to 47%, while type II errors ranged from 4% to 11%. Finally, 

predictive values ranged between 74% and 86%.  

 

Chapter 5 discusses the longitudinal relationship between comfortable walking speed 

and Functional Ambulation Categories (FAC) scores for physically independent gait 

between week 4 and week 26 post-stroke onset in 73 patients. We initially determined 

whether repeated comfortable walking speed measurements were sensitive enough to 

detect post-stroke changes in physically independent gait in this severely affected stroke 

population and than proceeded by establishing the post-stroke time dependency of the 

relation between FAC scores for independent gait and comfortable walking speed 

measurement. In this study a minimal clinical important difference (MCID) of 10 percent 

was used as the minimal acceptable clinical change. Responsiveness ratios based on a 10 

percent MCID exceeded the smallest detectable or real difference and ranged between 

4.36 and 17.70. In particular within the 4th and 7th post-stroke week period, high 

responsiveness ratios were observed for comfortable walking speeds suggesting that 

relatively most relevant clinical walking speed changes took place within this period. 

These findings indicate that this instrument is sensitive to clinically important changes 

and suitable for demonstrating pretest-posttest time-related post-stroke changes in 

comfortable walking speed in our population. Based on random coefficient analysis, a 

significant ‘between and within subject’ regression coefficient of 0.113 (CI: 0.079 - 

0.147, p = 0.000, count = 664) was demonstrated as well as significant negative 

interaction between time post-stroke measurement and FAC scores (b: -0.003, CI: -

0.005 - - 0.001, p = 0.010). Over the entire study period, significant time dependent 

effects were demonstrated between walking speed and FAC scores for physically 
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independent gait in that this relationship became weaker as post-stroke time passes 

(0.113 minus 0.003 for each consecutive measurement). Thus, this relation is subject to 

time related longitudinal changes. Subsequently, pretest-posttest walking speed 

differences and FAC agreement were determined. Here a pattern emerged of changing 

walking speeds coupled with high correlated FAC appraisals over time. There are 

indications that, in this relationship, repeated FAC appraisals are not only based on 

steady walking speeds, but that the walking speeds related to a specific FAC appraisal 

also change and, over time, may shift gradually from higher to lower speeds.   

 

Chapter 6 describes the longitudinal relationship of functional change in walking ability 

and change in time-dependent covariates and presents a multivariate regression model 

for the prediction of longitudinal change of walking ability. 

A prospective cohort study, based on 18 repeated measurements over time during the 

first post-stroke year, was conducted in 101 acute stroke patients with first-ever 

ischemic middle cerebral artery strokes. Baseline characteristics as well as longitudinal 

information from Functional Ambulation Categories (FAC), Fugl-Meyer leg score (FM-leg), 

Motricity leg score (MI-leg), letter cancellation task (LCT), Fugl-Meyer balance score (FM-

balance) and timed-balance test (TBT) were obtained. Intervention consisted of a basic 

rehabilitation programme with additional arm, leg or air splint therapy. Change scores on 

the Functional Ambulation Categories (FAC) over time constituted outcome. 

In total 1532 of the 1717 change scores were available for random coefficient analysis. 

In the final model improvement in the TBT change scores was the most important factor 

in predicting improvement on FAC (β=0.094) followed by changes scores on FM-leg 

(β=0.014), LCT omissions (β=-0.010) and MI leg test (β=0.001). In addition, time itself 

was significantly negatively associated with improvement in walking ability (β=-0.002).  

It is concluded that in order to achieve improvement in walking ability improvement in 

standing balance control is more important than improvement in leg strength or 

synergism, whereas reduction in visuo-spatial inattention is independently related to 

improvement of gait. Finally, time itself is an independent covariate which is negatively 

associated with change on FAC suggesting that most pronounced improvements occur 

early after stroke onset. 

 

Chapter 7 describes a pilot study aimed to investigate the carry-over effects on 

comfortable walking speed after overloading the lower hemiparetic extremity in chronic 

stroke patients. It was hypothesized that overloading the hemiparetic lower extremity 
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would generate increased motor output resulting in carry-over effects. In some sports 

these effects are commonly used in order to improve performance. A single subject 

research study was conducted using a withdrawal design (A-B-A-B-A) on three patients 

with ischemic middle cerebral artery infarction. Chronic stroke patients (≥ 3 years post-

stroke) were recruited with stage 3 or 4 Fugl-Meyer scores in the lower extremity and the 

ability to ambulate independently without walking aids. Based on this withdrawal design, 

the daily procedure included walking at comfortable speeds 5 times 10 meters during the 

A1 phase and 3 times 10 meters during all subsequent phases. This procedure was 

repeated for five consecutive days. Two lbs (B1) and 6 lbs (B2) weight cuffs were 

attached to the distal lower hemiparetic extremity and randomized over the two B 

phases. Control (A1, A2, A3) and intervention (B1, B2) phases were alternated with brief 

resting periods. Mean comfortable walking speed for 10 meters constituted the outcome 

variable. All patients showed significant differences between phases (χ2 = 34.187; p < 

0.001). However, with the exception of a carry-over effect between the A1 (0.86 m/sec) 

and A2 (0.89 m/sec) phases in one subject (p = 0.043), no significant carry-over effects 

were found on ensuing A2 and A3 control phases. Although gradual improvements in 

comfortable walking speed between subsequent days were found, the present pilot study 

did not demonstrate favourable group effects on comfortable walking speed as a result of 

limb overloading. 

 

Chapter 8 discusses a study conducted to assess the long term effects at 1 year after 

stroke in patients who participated in an upper and lower limb intensity training 

programme in the acute and subacute rehabilitation phases. A three group randomised 

controlled trial with repeated measures was used. One hundred and one patients with a 

primary middle cerebral artery stroke were randomly allocated to one of three groups for 

a 20 week rehabilitation programme with emphasis on (1) upper limb function, (2) lower 

limb function or (3) immobilisation with an inflatable pressure splint (control group). 

Follow-up assessments within and between groups were compared at 6, 9, and 12 

months after stroke. Outcome was based on several ADL and quality of life measures. 

No statistically significant effects were found for treatment assignment from 6 months 

onwards. At a group level, the significant differences in efficacy demonstrated at 20 

weeks after stroke in favour of the lower limb remained. However, no significant 

differences in functional recovery between groups were found for Barthel Index (BI), 

Functional Ambulation Categories (FAC), Action Research Arm Test (ARAT), comfortable 

and maximal walking speed, Nottingham Health Profile part 1(NHP-part 1), Sickness 
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Impact Profile-68 (SIP-68), and Frenchay Activities Index (FAI) from 6 months onwards. 

At an individual subject level a substantial number of patients showed improvement or 

deterioration in upper limb function (n=8 and 5, respectively) and lower limb function 

(n=19 and 9, respectively). Activities of daily living (ADL) scores showed that five 

patients deteriorated and four improved beyond the error threshold from 6 months 

onwards. In particular, patients with some but incomplete functional recovery at 6 

months are likely to continue to improve or regress from 6 months onwards. 

It was concluded that on average patients maintained their functional gains for up to 1 

year after stroke after receiving a 20 week upper or lower limb function training 

programme. However, a significant number of patients with incomplete recovery showed 

improvements or deterioration in dexterity, walking ability, and ADL beyond the error 

threshold. 

 

Chapter 9 reflects on the facts and theories in relation to the understanding of the 

pattern of functional recovery after stroke. Longitudinal studies show that almost all 

stroke patients experience at least some predictable degree of functional recovery in the 

first six months post-stroke. However, the non-linear pattern as a function of time is not 

well understood. Several mechanisms are presumed to be involved, such as recovery of 

penumbral tissues, neural plasticity, resolution of diaschisis and behavioural 

compensation strategies. Rehabilitation is believed to modulate this logistic pattern of 

recovery, probably by interacting with these underlying processes. However, prediction 

models that are adjusted for the effects of time after stroke onset suggest that outcome 

is largely defined within the first weeks post-stroke, although functional improvement has 

been found to extend beyond six months post-stroke. In addition, kinematic studies show 

that functional improvement is more than recovery from impaired body functions alone, 

suggesting that patients are able to improve in terms of gait or dexterity deficits using 

behavioural compensation strategies. Therefore, understanding the impact of task-

dependent cortical activation patterns in non-invasive methods requires not only 

information derived from longitudinal studies pertaining to functional outcomes, but also 

a better understanding of what is kinematically learned during the acquisition of new 

skills. 

 

Chapter 10 summarizes the main conclusions from this thesis, discusses implications 

and perspectives and provides recommendations for future research. It stresses the need 

for further prognostic research based on repeated measurements and cross-sectional and 
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longitudinal statistical analysis. It discusses the problem of heterogeneity of the stroke 

population and addresses relevant methodological issues in clinical stroke research. 
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SAMENVATTING 

 

Dit proefschrift richt zich op de bestudering van het lange termijn herstel van 

loopvaardigheid bij patiënten met een ernstig cerebro-vasculair accident (CVA). In het 

tweede hoofdstuk worden recente ontwikkelingen beschreven op het gebied van 

revalidatieonderzoek t.a.v. van het functionele herstel na een CVA. Dit hoofdstuk geeft 

achtergrondinformatie voor het promotieonderzoek. Hierna wordt zowel het vroege als 

late herstel beschreven. Vanwege het non-lineaire beloop en de tijdsafhankelijkheid van 

dit herstel werden acute, subacute en lange termijn herstelprofielen bestudeerd. Dit 

proefschrift is derhalve opgebouwd uit een klinimetrisch en een prognostisch deel 

(Hoofdstukken 3, 4, 5 en 6) en uit een therapeutisch interventie deel (Hoofdstukken 7 en 

8) gevolgd door een bespreking van de mogelijke mechanismen die een rol spelen bij het 

functionele herstel na een CVA (Hoofdstuk 9).  

 

Hoofdstuk 2 beschrijft de huidige stand van kennis over het functionele herstel na een 

beroerte gegeneerd door revalidatieonderzoek. Door de introductie van zogenaamde 

stroke services in de zorgketen zijn de mortaliteit, opnameduur en afhankelijkheid van de 

patiënt verminderd. Diverse systematische reviews tonen aan dat de effecten van de 

traditionele behandelingsmethoden zich beperken tot het niveau van lichaamsfuncties en 

niet generaliseren naar het functionele niveau. Meer recent ontwikkelde 

behandelstrategieën met een sterk accent op functionele training vervullen een 

belangrijke rol bij het verwezenlijken van optimale revalidatie van de CVA patiënt. Daarin 

spelen intensiteit en taakspecificiteit een belangrijke rol. Vanwege de uitgesproken 

heterogeniteit van de CVA populatie en onvoldoende methodologische kwaliteit van veel 

studies zijn de gerapporteerde resultaten veelal onzeker. 

In dit hoofdstuk worden verschillende opties besproken om het probleem van de 

heterogeniteit van de studiepopulatie het hoofd te bieden. Herhaald in de tijd uitgevoerde 

metingen zijn nodig om de effecten van non-lineariteit en tijdsafhankelijkheid van het 

functionele herstel na een CVA te bestuderen. Prognostische studies, die gebaseerd zijn 

op solide klinimetrische gegevens, leveren informatie op die van belang is voor klinische 

besluitvorming en het bepalen van optimale behandelstrategieën. Behandelrichtlijnen 

ondersteunen de clinicus en therapeut in het revalidatieproces.  

 

Hoofdstuk 3 beschrijft de relatie in de tijd tussen 10 meter comfortabele en maximale 

loopsnelheid in de CVA populatie. Het doel van dit prospectieve cohort onderzoek was de 
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aard van deze relatie vast te stellen (d.w.z. vast of dynamisch). Bovendien worden in dit 

hoofdstuk het belang van maximale loopsnelheid en de klinische implicaties besproken. 

Omdat in dit onderzoek geen van de deelnemende patiënten zelfstandig loopvaardig was 

in de eerste week na het CVA en bovendien niet alle 101 geϊncludeerde patiënten deze 

status bereikten op enig moment na het CVA, waren de bevindingen gebaseerd op 

loopsnelheidmetingen in de periode tussen de 2de en 52ste week bij 81 patiënten.  De 

comfortabele loopsnelheid nam geleidelijk toe tussen de 2de en 52ste week van .037 tot 

.635 m/s. De maximale loopsnelheid gaf een soortgelijk beeld te zien en nam toe van 

.071 tot .851 m/s, terwijl de gemiddelde comfortabele en maximale loopsnelheden 

respectievelijk .472 m/s en .638 m/s bedroegen. De resultaten van dit onderzoek laten 

zien dat bij hemiplegische CVA patiënten op basis van comfortabele 

loopsnelheidmetingen de maximale loopsnelheid betrouwbaar kan worden voorspeld, 

d.w.z. de maximale loopsnelheid komt overeen met 1.32 keer de comfortabele 

loopsnelheid. Deze relatie werd niet beïnvloed door het toevoegen van co-variabelen 

(d.w.z. leeftijd van de patiënt, evenwicht, spierkracht in hemiplegische arm en been en 

type interventie) aan het regressiemodel in een poging om de precisie van deze 

associatie te verbeteren. Met andere woorden deze relatie tussen comfortabele en 

maximale loopsnelheid blijft constant in de tijd na een CVA in onze populatie. Op basis 

van deze informatie kunnen fysiotherapeuten CVA patiënten beter voorbereiden op de 

periode na ontslag door veilig (tot 1.3 keer) hogere loopsnelheden te oefenen. 

 

Hoofdstuk 4 beschrijft de meest robuuste vroege voorspellende variabelen voor het 

herstel van het onafhankelijk looppatroon op 6 maanden na een CVA bij 101 patiënten. 

Vierentwintig determinanten, die mogelijk gerelateerd waren aan het herstel van 

loopvaardigheid na een CVA, werden binnen twee weken en daarna geregistreerd. De 

selectie van de variabelen vond plaats op basis van hun vermogen om iedere week de 

uitkomst te kunnen prediceren gedurende eerste 10 weken na een CVA. Er is voor deze 

strategie gekozen om zodoende variabelen te selecteren die relatief ongevoelig zijn voor 

het tijdstip van predictie na een CVA. Bivariate logistische regressie analyse leverde een 

model op met de volgende variabelen: leeftijd van patiënt, Motricity Index van 

hemiplegische arm en been, Brunnstrom Fugl-Meyer van hemiplegisch been, Trunk 

Control Test, Barthel Index (BI) en type interventie. Vervolgens is op basis van een 

‘stepwise forward’ logistische regressie statistische procedure de kans berekend op het 

ontwikkelen van onafhankelijke loopvaardigheid na 6 maanden. Bovendien werd 

criterium validiteit vastgesteld door sensitiviteit, specificiteit, accuratesse, type I en II 
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fouten en voorspellende waarden te berekenen voor de in het model opgenomen 

variabelen. Dit onderzoek toont aan dat leeftijd en BI de meest robuuste variabelen zijn 

binnen de eerste 10 weken na een CVA die een zelfstandig looppatroon na 6 maanden 

kunnen voorspellen, d.w.z. een lagere leeftijd en hogere Barthel Index zijn geassocieerd 

met een verhoogde kans op het bereiken van een zelfstandig looppatroon na 6 maanden. 

Odds ratio’s bedroegen 0.9 voor leeftijd en varieerden van 1.4 tot 1.7 voor BI. Met 

andere woorden elk extra leeftijdsjaar vermindert de kans op zelfstandig lopen met een 

factor 0.9, terwijl tegelijkertijd elk extra BI punt de kans doet toenemen met 1.4 tot 1.7 

keer afhankelijk van de week waarin de meting heeft plaatsgevonden. Het voorspellen 

binnen de eerste 10 weken van CVA patiënten die niet loopvaardig worden bleek echter 

veel moeilijker te zijn. Deze bevinding leidt tot de conclusie dat het logistisch regressie 

model beter geschikt is om de aanwezigheid dan de afwezigheid van loopvaardigheid bij 

CVA patiënten na 6 maanden te voorspellen. Het gevolg hiervan kan zijn dat op basis van 

een te optimistische inschatting verstrekking van hulpmiddelen etc. plaats vindt. De 

accuratesse van het model varieerde van 75 tot 86 procent. Sensitiviteit bleef constant 

hoog (89% - 96%) terwijl specificiteit lager (53% - 62%) uitviel binnen de eerste 10 

weken na een CVA. De hiermee samenhangende type I fouten varieerden van 37 tot 47 

procent, terwijl type II fouten varieerden van 4 tot 11 procent. De voorspellende 

waarden varieerden tussen 74 en 86 procent.  

 

Hoofdstuk 5 behandelt de longitudinale relatie tussen comfortabele loopsnelheid en 

Functional Ambulation Categories (FAC) classificatie voor een fysiek zelfstandig 

looppatroon in de periode tussen de vierde en zesentwintigste week na een CVA bij 73 

patiënten. In eerste instantie werd de aandacht gericht op de beantwoording van de 

vraag of herhaalde comfortabele loopsnelheidmetingen sensitief genoeg waren om 

veranderingen in het looppatroon na een CVA te kunnen detecteren. Aansluitend werd de 

tijdsafhankelijkheid in de relatie tussen FAC scores voor een onafhankelijk looppatroon 

en comfortabele loopsnelheidmetingen na een CVA vastgesteld. Hierbij werd voor het 

aantonen van een minimaal acceptabele klinische verandering een minimaal klinisch 

relevant verschil (MCID) van 10 procent gehanteerd. Responsiveness ratio’s gebaseerd 

op een MCID van 10% overtroffen de kritische waarde van 1.96 (kleinst waarneembaar 

verschil) en varieerden van 4.36 tot 17.70. In het bijzonder werden in de periode tussen 

de vierde en zevende week na het CVA hoge responsiveness ratio’s waargenomen voor 

comfortabele loopsnelheid hetgeen erop wijst dat binnen deze periode relatief de meeste 

klinische veranderingen in loopsnelheid plaatsvonden. Deze bevindingen geven aan dat 
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dit instrument gevoelig is voor het meten van klinische belangrijke veranderingen en 

geschikt om tijdsafhankelijke veranderingen tussen voor- en nametingen bij 

comfortabele loopsnelheden aan te tonen in onze CVA populatie.  

Tevens werd op basis van een random coefficient analyse een significante ‘intra- en 

intersubject’ regressiecoëfficiënt van 0.113 (CI: 0.079 - 0.147, p = 0.000, aantal = 664) 

gevonden en bovendien een significante negatieve interactie (b: -0.003, CI: -0.005 - - 

0.001, p = 0.010) waargenomen tussen het tijdstip van meting na een CVA en FAC 

scores. Gedurende de gehele meetperiode werden tijdsafhankelijke effecten aangetoond 

tussen loopsnelheid en FAC scores voor het fysiek zelfstandig looppatroon, waarbij deze 

associatie zwakker werd bij achtereenvolgende metingen. Vervolgens zijn veranderingen 

in loopsnelheden tussen voor- en nametingen en de mate van overeenstemming in FAC 

scores tussen voor- en nametingen vastgesteld, waarbij een patroon zichtbaar werd van 

veranderende loopsnelheden gekoppeld aan hoog gecorreleerde FAC scores in de tijd. Er 

zijn aanwijzingen dat in deze relatie de FAC scores niet alleen gebaseerd zijn op stabiele 

loopsnelheden maar dat de loopsnelheden die gerelateerd zijn aan een specifieke FAC 

score ook onderhevig zijn aan veranderingen en dat in de tijd deze snelheden geleidelijk 

afnemen.  

 

Hoofdstuk 6 beschrijft de longitudinale relatie tussen functionele veranderingen in 

loopvaardigheid en veranderingen die optreden bij tijdsafhankelijke covariaten. Op basis 

van een multivariaat multi-level regressie model werden de longitudinale veranderingen 

in loopvaardigheid voorspeld.  

Een prospectief cohort studie, gebaseerd op 18 herhaalde metingen in de tijd gedurende 

het eerste jaar, werd verricht bij 101 patiënten met een ischaemisch CVA van de arteria 

cerebri media. Informatie werd verkregen van tijdsonafhankelijke variabelen en uit 

tijdsafhankelijke longitudinale metingen van Functional Ambulation Categories (FAC), 

Fugl-Meyer been scores (FM-leg), Motricity been scores (MI-leg), letter cancellation task 

(LCT), Fugl-Meyer balans scores (FM-balance) and timed-balance test (TBT). De 

behandeling bestond uit een regulier revalidatie programma met daaraan toegevoegd 

extra arm-, been- of airsplinttherapie. De veranderscores van de Functional Ambulation 

Categories (FAC) in de tijd bepaalden de uitkomstmaat. 

In totaal waren 1532 van de 1717 veranderscores beschikbaar voor random coefficient 

analyse. In het eindmodel bleken verbeteringen in TBT veranderscores de belangrijkste 

voorspellende factoren te zijn voor verbeteringen in FAC (β=0.094) gevolgd door 

veranderscores FM-been (β=0.014), LCT omissies (β=-0.010) en MI been (β=0.001). 
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Bovendien bleek de factor tijd zelf significant en negatief geassocieerd te zijn met 

verbeteringen in loopvaardigheid (β=-0.002). 

Er werd geconcludeerd dat voor het bereiken van verbeteringen in loopvaardigheid 

verbeteringen van het evenwicht in stand belangrijker zijn dan verbeteringen in 

spierkracht van het been of synergisme, terwijl een afname in visuo-spatiële inattentie 

onafhankelijk gerelateerd is aan verbeteringen in loopvaardigheid. Tot slot blijkt tijd na 

een CVA zelf een onafhankelijke covariaat te zijn, die negatief geassocieerd is met 

veranderingen op de FAC, hetgeen er op wijst dat de meest uitgesproken verbeteringen 

vroeg na het ontstaan van een CVA optreden. 

 

Hoofdstuk 7 beschrijft een pilot studie naar de ‘carry-over’ effecten van verzwaring van 

het hemiplegische been op de comfortabele loopsnelheid bij chronische CVA patiënten. 

Hierbij was de achterliggende gedachte dat verzwaring van het hemiplegische been zou 

leiden tot een toename van motorische output en dientengevolge tot ‘carry-over’ 

effecten. Bij sommige sporten wordt hiervan gebruikt gemaakt om de uitvoering en 

prestatie te verbeteren. Een ‘single subject design’ onderzoek werd uitgevoerd op basis 

van ‘withdrawal’ (A-B-A-B-A) bij drie patiënten met een ischaemisch infarct van de 

arteria cerebri media. Patiënten (≥ 3 jaar na CVA) met stadium 3 of 4 op de Fugl-Meyer 

schaal in de onderste extremiteit, die in staat waren om zonder hulpmiddel zelfstandig te 

lopen, werden gerekruteerd. Op basis van het ‘withdrawal’ concept werden bij het lopen 

dagelijkse metingen verricht van comfortabele snelheden gedurende 5 keer 10 meter 

tijdens de A1 fase en 3 keer 10 meter tijdens alle volgende fasen. Deze procedure werd 

herhaald gedurende vijf achtereenvolgende dagen. Twee lbs (B1) en 6 lbs (B2) 

verzwaringen werden aangebracht aan de distale hemiplegische onderste extremiteit en 

gerandomiseerd over de twee B fasen. Controle (A1, A2, A3) en interventie (B1, B2) fasen 

werden afgewisseld met korte rustperioden. De gemiddelde loopsnelheid over 10 meter 

was hierbij de uitkomstvariabele. Alle patiënten lieten significante veranderingen zien 

tussen fasen (χ2 = 34.187; p < 0.001). Met uitzondering van een ‘carry-over’ effect 

tussen de A1 (0.86 m/sec) en A2 (0.89 m/sec) fasen bij één persoon (p = 0.043) werden 

er geen significante ‘carry-over’ effecten waargenomen tussen opeenvolgende A2 en A3 

controle fasen. Hoewel geleidelijke verbeteringen in de comfortabele loopsnelheid tussen 

opeenvolgende dagen werden aangetoond konden in dit onderzoek geen gunstige 

groepeffecten worden vastgesteld ten gevolge van verzwaring van het hemiplegisch 

been.  
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Hoofdstuk 8 bespreekt een studie die is uitgevoerd om de lange termijn effecten na één 

jaar te beoordelen bij CVA patiënten die hebben deelgenomen aan een intensief arm- en 

beenoefenprogramma welke zij ondergingen in de acute en subacute revalidatie fase. 

Een gerandomiseerd gecontroleerd onderzoek gebaseerd op herhaalde metingen in de 

tijd werd uitgevoerd. Honderd en één patiënten met een primaire CVA ten gevolge van 

een arteria cerebri media infarct werden random toegewezen aan één van drie groepen 

voor het volgen van een revalidatieprogramma gedurende 20 weken. Deze groepen 

kregen revalidatie met nadruk op de bovenste extremiteit (groep 1), onderste extremiteit 

(groep 2) en immobilisatie van beide hemiplegische extremiteiten met een opblaasbare 

druksplint (controle groep 3). De informatie verkregen uit de herhaalde metingen werd 

vergeleken tussen en binnen groepen na 6, 9 en 12 maanden. De uitkomst was 

gebaseerd op diverse meetinstrumenten die betrekking hebben op Activiteiten van het 

Dagelijks Leven (ADL) en kwaliteit van leven. Er werden geen statistisch significante 

effecten gevonden tussen de groepen vanaf 6 maanden na het CVA. Op groepsniveau 

persisteerden de significante effecten in doeltreffendheid, welke werden waargenomen bij 

de twintigste week na CVA, voor de onderste extremiteit. Er werden echter geen 

significante effecten gevonden ten aanzien van het functionele herstel voor de BI, FAC, 

Action Research Arm Test (ARAT), comfortabele en maximale loopsnelheid, Nottingham 

Health Profile deel 1 (NHP-deel 1), Sickness Impact Profile-68 (SIP-68) en Frenchay 

Activities Index (FAI) vanaf 6 maanden na een CVA. Op patiëntniveau werd bij een 

substantieel aantal patiënten verbeteringen en verslechteringen waargenomen in 

armfunctie (respectievelijk 8 en 5) en beenfunctie (respectievelijk 19 en 9). Gebaseerd 

op ADL scores was er een verslechtering bij vijf en een verbetering bij 4 patiënten te zien 

vanaf 6 maanden. In het bijzonder gaven patiënten, die onvolledig hersteld waren, 

veranderingen te zien in handvaardigheid, loopvaardigheid en ADL.  

Geconcludeerd werd dat, op basis van het arm- en beenoefenprogramma dat werd 

uitgevoerd gedurende de eerste 20 weken na het CVA, gemiddeld beschouwd de 

onderzochte patiënten hun functionele verbeteringen handhaafden tot één jaar na de 

CVA. Bij een significant aantal patiënten met onvolledig herstel werden verbeteringen of 

verslechteringen in handvaardigheid, loopvaardigheid en ADL aangetroffen.  

 

Hoofdstuk 9 gaat in op de feiten en theorieën die van belang zijn bij de begripsvorming 

ten aanzien van functionele herstelpatronen na een CVA. Longitudinale studies tonen aan 

dat bijna alle CVA patiënten tenminste enig voorspelbaar functioneel herstel doormaken 

binnen de eerste 6 maanden. Het niet-lineaire herstelpatroon als functie van tijd wordt 
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evenwel niet goed begrepen. Diverse mechanismen zijn mogelijk hierbij betrokken, zoals 

het herstel van penumbral parachym, neurale plasticiteit, diaschisis en compensatoir 

gedrag. Naar verwachting moduleert revalidatie dit logistische herstel patroon, 

waarschijnlijk door interactie met onderliggende processen. Predictiemodellen, die 

rekening houden met het tijdseffect na een CVA, laten zien dat dit herstel vooral 

plaatsvindt binnen de eerste weken na een CVA. Bekend is echter dat functioneel herstel 

soms 6 maanden na een CVA ook nog kan optreden. Kinematische studies tonen aan dat 

functioneel herstel meer behelst dan alleen het herstel van lichaamsfuncties hetgeen 

erop wijst dat patiënten in staat zijn op basis van het toepassen van compensatoir 

gedrag verbeteringen te genereren in het looppatroon en de handvaardigheid. Het inzicht 

krijgen in taakafhankelijke corticale activatie patronen met behulp van non-invasieve 

onderzoeksmethoden vereist naast informatie over het functionele herstel uit 

longitudinale studies ook een beter begrip van wat precies kinematisch wordt geleerd 

tijdens het aanleren van nieuwe vaardigheden.  

 

Hoofdstuk 10 geeft een overzicht van de belangrijkste conclusies van de in dit 

proefschrift beschreven studies en bespreekt de implicaties en perspectieven naast de 

aanbevelingen voor vervolgonderzoek. Het benadrukt het belang van aanvullend 

prognostisch longitudinaal onderzoek. Het bespreekt ook het heterogeniteitprobleem 

binnen de CVA populatie en methodologische problemen welke zich voordoen bij klinisch 

onderzoek na een CVA.  
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