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Abstract 

Evidence shows that neurological and functional recovery occurs in both the acute and chronic phases 
post stroke. Rehabilitation has been shown to be most beneficial when started early, although recovery 
of stroke-related impairments is still possible even years later. Stroke recovery is influenced by a variety 
of intrinsic and extrinsic factors that influence the likelihood and degree of neurological reorganization. 
The effects of early initiated rehabilitation, increased therapy intensity, and enriched environments on 
stroke recovery are of particular interest. 
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Key Points  

• Neurological recovery refers to the intrinsic recovery of impairment. 

• Functional recovery refers to regaining independence in activities of daily living. 

• Neurological recovery can be divided into early local processes and later reorganization. 

• Neurological recovery peaks within the first three months of stroke, while functional recovery can 
continue for a longer period of time. 

• Functional recovery primarily occurs within 3 months and may be influenced by age and lesion size. 

• Functional recovery can continue between 6 months to 3 years post stroke. 

• Brain capacity is dependent on the number of functional connections (i.e. synapses). 

• Learning and experience may result in an expansion of cortical representation. 

• Sensory stimulation may facilitate motor recovery. 

• Stroke recovery is primarily associated with brain plasticity in the adjacent cortex. 

• Motor recovery is primarily associated with brain plasticity involving pathways of the affected 
hemisphere. 

• Ipsilateral motor pathways involving the unaffected hemisphere are recruited when infarcts are so 
large that the affected hemisphere cannot recover. 

• Aphasia recovery is associated with bilateral hemispheric activation. 

• More intensive rehabilitation therapies may result in improved functional outcomes. 

• Earlier rehabilitation therapy may result in improved functional outcomes. 

• Greater lesion volume may be associated with poorer outcomes. 

• It is unclear whether and to what extent age impacts stroke recovery. 
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3.1 Impact of Stroke 
Stroke is a common life-altering event that often has a dramatic effect on stroke survivors, their families, 
health care resources, and society in general. In Canada, approximately 62,000 individuals suffer a stroke 
annually and about 405,000 are currently living with the consequences of a stroke. Moreover, with an 
aging population and improved acute care it is anticipated that this number will increase by 80% over the 
next two decades. Caregivers also experience an increase in physical demands (Sit et al. 2004; Wikstrom 
et al. 2000) along with a decrease in health-related quality of life (Godwin et al. 2013) and a greater risk 
of psychological distress (Simon et al. 2009). 
 

3.2 Classifying Outcomes Post Stroke 
The WHO International Classification of Functioning, Disability and Health (ICF) (WHO 2001) provides a 
multi-dimensional framework which was revised from the previous classification. The ICF framework 
(2001) identifies three primary levels of human functioning: the body or body part, the whole person, and 
the whole person in relation to their social context.  
 
Outcomes may be measured at any of these three levels: body functions/structure (impairment), activity 
(formerly referred to as disability), participation (formerly referred to as handicap). Activity and 
participation are affected by environmental and personal factors (formerly referred to as contextual 
factors). The ICF terms are described in Table 3.2.1 and illustrated in Figure 3.2.1. 
 
Table 3.2.1 ICF Terms and Descriptions 

ICF Term Descriptions Examples 

Body Functions Physiological functions of body systems 
(including psychological functions)  

Conscious functions 
Orientation functions 
Muscle power functions 
Attention functions 
Memory functions 

Body Structures  Anatomical parts of the body such as 
organs, limbs, and their components  

Structure of brain 
Structure of upper & lower extremities 

Activity Execution of a task or action by an 
individual  
 
Limitations are difficulties an individual may 
have in executing activities  

Walking 
Speaking 
Eating 
Washing 
Dressing 
Toileting 

Participation  Involvement in life situation Driving 
Return to work 

Environmental 
Factors  

Physical, social, and attitudinal 
environment in which people live and 
conduct their lives  

Immediate family 
Health professionals 
Health services, systems, and policies 

Personal Factors  Features of the individual that are not part 
of a health condition or state 
 

Age 
Gender 
Ethnicity 
Lifestyle 
Education 
Occupation 
Socioeconomic status 
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Figure 3.2.1 Classifying Outcomes Post Stroke 
 
The ICF Core Set for stroke includes a comprehensive list of components including body functions, body 
structures, activities, participation, and environmental factors. The Comprehensive ICF Core Set for stroke 
is the largest of the ICF Core Sets developed for the 12 most burdensome chronic conditions. The large 
scope of categories included in the Comprehensive ICF Core Set reflects the important and complex 
impairments, limitations, and restrictions of activities and participation involved, as well as the numerous 
interactions with environmental factors.  
 
Due to the length of this classification system, a Brief ICF Core Set for stroke has been defined and can be 
more readily used in clinical practice. The Brief Core Set represents a selection of ICF domains from the 
whole classification and includes a total of 18 categories: six on body functions, two on body structures, 
seven on activities and participation, and three on environmental factors. These domains account for the 
most fundamental aspects of stroke-related functioning (see Table 3.2.2). The relatively larger number of 
categories relating to restrictions in activities and participation reflects the relevance of these limitations 
to everyday activities in people with stroke. 
 
Table 3.2.2 ICF Core Sets for Stroke 

Category  Comprehensive Set Brief Set 

Body Function 41 6 

Body Structure 5 2 

Activities and Participation 51 7 

Environment 33 3 

Total Categories 130 18 

 

3.3 Defining Recovery and Time Course Post-Stroke 
 

3.3.1 Defining Different Types of Recovery 
 
Spontaneous or Intrinsic Neurological Recovery 
As a general rule, the severity of the initial deficit is inversely proportional to the prognosis for recovery. 
Almost all spontaneous recovery occurs during the first three to six months post stroke. The course of 
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recovery negatively accelerates as a function of time and is a predictable phenomenon (Skilbeck et al. 
1983). Skilbeck et al. (1983) studied 92 stroke survivors with a mean age of 67.5 years at final assessment, 
either two or three years after stroke. The majority of recovery was reported within the first six months, 
with continued but non-statistically significant recovery after six months.  
 
Recovery post stroke has been best studied with motor recovery. Spontaneous recovery as defined by 
measuring motor impairment has been found to resolve by fixed proportion. For instance, within six 
months of stroke, motor recovery of the upper extremity occurs by fixed proportion. Approximately 70% 
of each patient’s maximum possible improvement occurs regardless of the initial impairment (Fugl-Meyer 
score), but only for those with relatively intact corticospinal (motor) tract function (Prabhakaran et al. 
2008). Fixed proportionality has been shown to hold true for patients across all ages and countries with 
different rehabilitation services (Byblow et al. 2015). 
 
Irreversible structural damage to the corticospinal tract severely limits recovery of the upper limb 
movement (Stinear et al. 2012; Stinear et al. 2007). Proportional resolution of upper extremity motor 
impairment post stroke is associated with recovery outcomes (Stinear 2010). This spontaneous recovery 
of impairment is minimally affected by rehabilitation therapy. Krakauer et al. (2012) has speculated that 
low therapy intensity may be responsible for rehabilitation not influencing spontaneous recovery. 3D 
kinematics in individuals with subacute and chronic stroke have shown that motor recovery associated 
with rehabilitation is driven more by adaptive or compensatory learning strategies, which propel brain 
reorganization. However, most clinical tests only assess a patient’s ability to accomplish a certain task or 
function and do not measure impairment. 
 
Functional or Adaptive Recovery 
Functional recovery refers to improvement of independence in areas such as self-care and mobility. 
Recovery depends on the patient's motivation, learning ability, and family support as well as the quality 
and intensity of therapy. This type of recovery is modifiable by interventions and is influenced by, but may 
occur independently of, neurological recovery. Functional deficits are often referred to as disabilities and 
are measured in terms of functions such as activities of daily living (ADL). 
 
Conclusions Regarding the Definition of Recovery 
 

Neurological recovery of impairment is a natural, spontaneous, intrinsic process. Functional recovery 
of independence is influenced by compensatory/adaptive learning strategies (i.e. rehabilitation) and 
other extrinsic factors (e.g. family support).  

 

Neurological recovery refers to the intrinsic recovery of impairment. 
 
Functional recovery refers to regaining independence in activities of daily living. 

 

3.3.2 Mechanisms of Neurological Recovery  
While a number of processes have been identified as playing a role in neurological recovery following 
stroke, the role each process plays is not completely understood. Recovery from stroke is often attributed 
to resolution of edema and return of circulation within the ischemic penumbra (Dombovy 1991).  
 
However, spontaneous recovery can be prolonged well past the resolution period of acute structural 
changes caused by the stroke, with recovery occurring four to six weeks post stroke (Brodal 1973). 
Furthermore, clinical trials have indicated that the cerebral cortex undergoes functional and structural 
reorganization for weeks to months following injury. with compensatory changes extending up to six 
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months in more severe strokes (Green 2003). Recovery can be grouped into two categories (see Table 
3.3.2.1): 1) Local CNS processes (early recovery); and 2) CNS reorganization (later recovery). 
 
Table 3.3.2.1 Mechanisms of Recovery from Stroke (Adapted from Dombovy 1991)  

Mechanism Time Frame of Occurrence 

Local CNS Processes  
Resolution of edema 
Resolution of ischemic penumbra 
Resolution of remote diaschisis 

 
Weeks to months 
Hours to weeks 
Days to months 

CNS Reorganization 
Neurotransmitter alterations 
Unmasking of pathways 
Synaptogenesis 

 
Weeks to years 
Immediate to months 
Weeks to months 

 
Local Processes (Early Recovery) 
Local processes leading to initial clinical improvement occur independent of behaviour or stimuli. 
 
a) Post-Stroke Edema 
Edema surrounding the lesion may disrupt nearby neuronal functioning. Some of the early recovery may 
be due to resolution of edema surrounding the infarcted area (Lo 1986) and as the edema subsides, these 
neurons may regain function. This process may continue for up to eight weeks but is generally completed 
much earlier (Inoue et al. 1980). Cerebral hemorrhages tend to be associated with more edema, which 
take longer to subside, but may in turn be associated with a more dramatic recovery. 
 
b) Reperfusion of the Ischemic Penumbra 
Reperfusion of the ischemic penumbra is another local process which can facilitate early recovery. A focal 
ischemic injury consists of a core of low blood flow that eventually infarcts (Astrup et al. 1981; Lyden & 
Zivin 2000). It is surrounded by a region of moderate blood flow, known as the ischemic penumbra (Astrup 
et al. 1981; Lyden & Zivin 2000), which is at risk of infarction but still salvageable. Reperfusion of this area 
causes previously non-functioning neurons to resume functioning with subsequent clinical improvement. 
 
c) Resolution of Diaschisis 
Diaschisis is a state of low reactivity or depressed function as a result of a sudden interruption of major 
input to a part of the brain remote from the site of brain damage. With injury to one area of the brain, 
other areas of brain tissue are suddenly deprived of a major source of stimulation. Nudo et al. (2001) 
noted that diaschisis occurs early after injury and is an inhibition or suppression of surrounding cortical 
tissue or cortical regions at a distance that are interconnected with the injury core. The reversibility may 
be partially due to the resolution of edema, which may account for a portion of spontaneous recovery 
(Nudo et al. 2001). Neuronal function may return following the resolution of diaschisis, particularly if the 
connected area of the brain is left intact. This is particularly true of non-cortical structures after cortical 
injury (Lo 1986). 
 
CNS Reorganization (Later Recovery) 
Neurological reorganization plays an important role in the restoration of function which is a combination 
of spontaneous recovery, improvement of impairment, and relearning through rehabilitation. It can 
extend for a much longer period of time than local processes, such as the resolution of edema or 
reperfusion of the penumbra, and is of particular interest as it can be influenced by rehabilitation training. 
Based on animal research, Nudo (2003a) suggested that changes occurring during motor learning (e.g. 
synaptogenesis) are likely the same type of changes that occur during later recovery from stroke. This 
relationship has been well shown following small, focal lesions in the motor cortex where the same 
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principles of motor learning and development of functional connections are occurring in adjacent, 
undamaged tissue.  
 
Nudo (2003a) also reported that neuroplasticity post stroke is based on three main concepts (with the 
motor cortex as an example): 1) In non-stroke brains, acquisition of skilled movements is associated with 
predictable, functional changes within the motor cortex; 2) Injury to the motor cortex post stroke results 
in functional changes in the remaining cortical tissue; 3) After a cortical stroke, these two observations 
interact so that reacquiring motor skills is associated with functional neurological reorganization in the 
undamaged cortex. Neuroplasticity or cortical reorganization is an important underlying rationale for 
rehabilitation and a major neurophysiological underpinning of neurological recovery post stroke.  
 
Conclusions Regarding the Mechanism of Neurological Recovery 
 

Local processes of neurological recovery occur early on and include resolution of edema, resolution of 
diaschisis, and reperfusion of the penumbral region.  

 
Cortical reorganization occurs later in the neurological recovery process. It is dependent on not only 
the lesion site but on the surrounding environment and remote locations that have structural 
connections with the injured area. 

 

Neurological recovery can be divided into early local processes and later reorganization. 

 

3.3.3 Time Course of Recovery 
Peak neurological recovery from stroke occurs within the first three months. A number of studies have 
shown that recovery may continue at a slower pace for at least six months. Up to 5% of patients continue 
to recover for up to one year, which is especially true for patients who are severely disabled at the time 
of initial examination (Bonita & Beaglehole 1988; Duncan et al. 1992; Ferrucci et al. 1993; Kelly-Hayes et 
al. 1989; Wade et al. 1983; Wade et al. 1987). Progress towards recovery may plateau at any stage of 
recovery with only a very small percentage of those with moderate to severe strokes (about 10%) 
achieving “full recovery”. The return of motor power is not synonymous with recovery of function; 
function may be hampered by ataxia, apraxia, sensory deficits, communication disorders, and cognitive 
impairment. Functional improvements may occur in the absence of neurological recovery and may 
continue for months after neurological recovery is complete (Duncan & Sue Min 1997; Nakayama et al. 
1994). 
 
In the Copenhagen Stroke Study, Jorgensen et al. (1995; 1995) studied 1,197 acute patients from a large 
community-based population consecutively admitted to a 63-bed stroke unit. Neurological impairment 
was classified using the Scandinavian Stroke Scale (SSS) and functional disability was defined according to 
the Barthel Index (BI). Typically, recovery for impairment and functional disability meant the highest 
recorded score in SSS and BI, respectively, with no further improvement. At the time of the initial 
assessment, 41% of patients had mild strokes, 26% moderate, and 19% severe, reflecting the severity of 
their neurological impairment. As a group, 95% of all patients reached their best neurological level within 
an average of 11 weeks. For patients with mild stroke, 95% reached their maximal neurological recovery 
within six weeks; 95% of those with moderate, severe, and very severe strokes achieved their maximal 
recovery within 10, 15, and 13 weeks respectively.  
 
Neurological recovery occurred on average two weeks earlier than functional recovery. In surviving 
patients, the best neurological recovery occurred within 4.5 weeks in 80% of the patients, while best ADL 
function was achieved by 6 weeks. For 95% of the patients, best neurological recovery was reached by 11 
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weeks and best ADL function within 12.5 weeks. Best walking function was reached within four weeks for 
patients with mild paresis of the affected lower extremity, six weeks for those with moderate paresis, and 
11 weeks for severe paralysis. Consequently, the time course of both neurological and functional recovery 
was strongly related to both initial stroke severity and functional disability. Jorgensen et al. (1995; 1995) 
also noted that two-thirds of all stroke survivors have mild to moderate strokes and are able to achieve 
independence in ADL. The findings of the Copenhagen Stroke Study are summarized in tables 3.3.3.1 and 
3.3.3.2. 
 

Table 3.3.3.1 Impairment and Recovery of Patients in the Copenhagen Stroke Study 

Category (SSS) Admission1 Discharge2 Survival (%) 
Weeks to 80% Best 

Recovery3 
Weeks to 95% Best 

Recovery3 

Very Severe 
(0-14) 

19% 4% 38 10 13 (11.6-14.4) 

Severe 
(15-29) 

14% 7% 67 9 15 (13-17) 

Moderate 
(30-44) 

26% 11% 89 5.5 10.5 (9.5-11.5) 

Mild 
(45-58) 

41% 78% 97 2.5 6.5 (5.4-7.6) 

1 Percentage of patient distribution on admission, grouped by stroke severity subgroups, as measured by SSS 
2 Percentage of survivors (79% of initial group) after completion of stroke rehabilitation 
3 Neurological recovery as measured by SSS 

 

Table 3.3.3.2 Disability and Outcome of Patients in the Copenhagen Stroke Study 

Category (BI) Discharge1 Survival (%) 
Weeks to 80% Best 

Recovery2 

Weeks to 95% Best 
Recovery2 

Very Severe (0-20) 14% 50 11 17 (15-19) 

Severe (25-45) 6% 92 15 16 (13.5-18.5) 

Moderate (50-70) 8% 97 6 9 (7.5-10.5) 

Mild (75-95) 26% 98 2.5 5 (4-6) 

None (100) 46%    
1 Percentage of patients upon discharge, grouped by stroke severity subgroups, as measured by BI 
2 Functional recovery as measured by BI 

 
Based on observations of the Copenhagen Stroke Study, it can be concluded that the initial severity of 
stroke is inversely proportional to the final functional outcome, with the majority of patients who suffer 
mild strokes demonstrating only mild or no disabilities, while the majority of patients who suffer very 
severe strokes experience severe or very severe deficits even upon completion of rehabilitation. 
 
Conclusions Regarding the Time Course of Recovery 
 

Neurological recovery peaks within the first three months post stroke and may continue at a slower 
pace in the following months. Functional recovery can continue for an extended period time after the 
completion of neurological recovery. Overall, recovery is generally greater and quicker in milder 
strokes. 

 

Neurological recovery peaks within the first three months of stroke, while functional recovery can 
continue for a longer period of time. 
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3.3.4 Recovery of Specific Functions  
In a longitudinal study by Hier et al. (1983), arm and leg weakness recovered in approximately 40% of 
patients by week 16, sensory extinction in 80% by week 46, hemianopsia in 65% by week 33, unilateral 
spatial neglect in 70% by week 13, anosognosia and neglect in nearly all by week 20, motor impersistence 
in all by week 55, and prosopagnosia and constructional apraxia in 80% by week 20. Hier et al. (1983) 
found that earlier recovery was associated with: a) younger age; b) parenchymatous hemorrhage; and c) 
lesion size less than 6% of the right hemisphere volume. 
 
a) Ambulation  
Dobkin (1997) performed an analysis of 800 patients from the Copenhagen Stroke Study (Jorgensen, 
Nakayama, Raaschou, Vive-Larsen, et al. 1995). At baseline, 51% were unable to walk, 12% walked with 
assistance, and 37% were independent ambulators. At discharge, 22% were unable to walk, 14% walked 
with assistance, and 64% walked independently. Approximately 80% of those who were initially non-
walkers reached their best walking function within 6 weeks and 95% within 11 weeks. In patients who 
walked with assistance, 95% reached best function within 5 weeks. Independent walking was achieved by 
34% of the patients who had been dependent at baseline and by 60% of those who initially required 
assistance. However, many initially dependent walkers never achieved walking speeds that are considered 
to be sufficient for independent community ambulators.  
 
b) Upper Extremity Function  
In another analysis of the Copenhagen Stroke Study (Nakayama et al. 1994), Dobkin (1997) noted that a 
that the best upper extremity function was achieved by 95% of patients within 9 weeks, as assessed by 
the Barthel Index sub-scores for grooming and feeding. Patients with mild paresis showed improvement 
by 6 weeks, while patients with severe paresis reached best function by 11 weeks. Full function was 
achieved by 79% of those with mild paresis but only by 18% with severe paresis. Patients who could flex 
and extend affected fingers and wrist by three months showed improvement for more than a year in 
specifically practiced tasks. These findings, and those from other studies, suggest that arm and hand 
function for most patients tends to improve for up to 12 weeks (Dobkin 1997). 
 
Dobkin (1997) also analyzed the Framingham Study, a community-based study of 680 patients with acute 
stroke. At baseline, hemiparesis was found in 88% of patients, with equal amounts in each category of 
severity: mild, moderate, and severe). At 1 month, 26% had no impairment and 39% were graded as mild. 
Motor impairment at 6 months was rated as non-existent for 39%, mild for 36%, moderate for 10%, and 
severe for 14%. In fact, patients presenting with a mild motor impairment were ten times more likely to 
achieve full recovery than those with severe impairment. 
 
c) Higher Cerebral Functions 
According to Dobkin (1997), approximately 35% of patients with acute stroke will be admitted to an acute 
hospital with aphasia and approximately 18% will still have aphasia upon discharge from rehabilitation 
(Pedersen et al. 1995; Wade et al. 1986). For aphasia, most improvement occurs within 12 weeks, 
although gains that are important for social functioning may continue for a year (Dobkin 1997). Other 
higher cerebral functions, such as dementia, are also apparent in stroke patients (Tatemichi et al. 1994). 
Kokmen et al. (1996) found that dementia was nine times more frequent in the first year after stroke than 
expected.  
 
Conclusions Regarding the Recovery of Specific Functions 
 

The vast majority of recovery for ambulation, upper extremity function, and higher cerebral functions 
occurs within 12 weeks. 
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Faster recovery may be influenced by younger age, smaller lesions, and parenchymatous 
hemorrhages. 

 

Functional recovery primarily occurs within three months and may be influenced by age and lesion 
size. 

 

3.3.5 Maintenance of Stroke Recovery 
Functional status remains relatively stable once it plateaus (Stineman & Granger 1991). Between six 
months and three years post stroke, the average level of functional ability is maintained (Dombovy et al. 
1986). Beyond five years, slight increases in institutionalization rates and deterioration in function are 
noted, most likely related to the effects of increasing age and comorbidity (Stineman & Granger 1991). 
Although overall function remains stable, there are differential shifts in performance of specific functions 
following stroke rehabilitation. Mobility and bowel incontinence continue to improve long-term 
(Heinemann et al. 1987; Lehmann et al. 1975). However, ADL tend to decline, which has been related to 
caregivers providing increasing assistance once patients are discharged home. Socialization within and 
outside of the home, as well as leisure activities decline significantly; decreased socialization extends 
beyond the effects of the physical deficits. 
 
In a study of 100 patients with mild to moderate strokes, the most dramatic recovery of ADL function 
occurred within the first 30 days post stroke (Duncan & Sue Min 1997). However, even individuals with 
mild and moderate strokes exhibited limitations in higher physical functions, physical and social role 
functioning, and return to work. Patients with severe strokes had a much more protracted recovery, with 
most recovery occurring between one and three months post stroke. This group also had the greatest 
degree of variability in ADL recovery. A very strong correlation was noted between motor recovery and 
ADL recovery, although the percentage of ADL recovery was always greater than the percentage of motor 
recovery. Thus the authors postulated that stroke patients might achieve independence in basic ADL in 
the presence of significant residual motor impairment (Duncan & Sue Min 1997). 
 
Conclusions Regarding the Maintenance of Stroke Recovery 
 

Overall function remains relatively stable between six months and three years post stroke. However, 
differential shifts exist in performance of specific functions (e.g. mobility, socialization) following 
stroke rehabilitation. 

 

Functional recovery can continue between six months to three years post stroke. 

 

3.4 Plasticity of the Cortex 
 

3.4.1 Functional Connections 
While humans have larger brains than mammals of similar size and are thereby capable of more complex 
brain functions (Turkstra et al. 2003), it does not necessarily mean that humans have more neurons per 
kilogram compared to other animals (Turkstra et al. 2003). Rockel et al. (1980) compared the number and 
density of cortical neurons in human, macaque, cat, rat, and mouse brains. With the exception of the 
visual cortex, the number of neurons per area was similar, despite the fact that the total cortical surface 
area was greatest in humans (Turkstra et al. 2003). The authors speculated that the greater thickness of 
cortex in humans was primarily caused by the increased number and complexity of dendritic and axonal 
branches compared to other species.   
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Therefore, brain capacity appears to be dependent on the number of functional connections rather than 
the number of neurons present. For new learning to occur after stroke, the spared connections need to 
be adjusted so that new functional connections are developed. However, since functional connections 
develop over a lifetime of genetic programming and experience, they are likely to be somewhat resistant 
to change post stroke (Turkstra et al. 2003). 
 
Conclusions Regarding Functional Connections 
 

Brain capacity is dependent on the number of functional connections, and not the number of neurons.  
 

Functional connections develop over a lifetime of genetic programming. Functional substitutions post 
stroke requires the development of new connections. 

 

Brain capacity is dependent on the number of functional connections (i.e. synapses). 

 

3.4.2 Learning, Experience, and Motor Reorganization 
 
Cortical Motor Maps 
As described by He et al. (1993) and Stepniewska et al. (1993), the motor cortex is composed of several 
interconnected cortical areas including: the primary motor cortex; the premotor cortex; the 
supplementary motor area; and the cingulated motor areas (Frost et al. 2003). With the use of functional 
MRI (fMRI), researchers have been able to identify which parts of the human brain are activated during 
specific tasks. For example, Kim et al. (1993) has shown that in right-handed persons, right-handed 
unilateral motor tasks are associated with brain activation confined primarily to the contralateral (left) 
hemisphere, with ipsilateral (right) brain activation being relatively small in comparison. In contrast, the 
authors found more ipsilateral brain activation for movements involving the left hand. 
 
Enriched Environments 
Animals raised in complex or enriched environments have greater brain weight, thicker cortical tissue, 
greater neuron size, a greater degree of dendritic branching, higher dendritic spine frequency, larger 
synaptic contacts, more perforated synapses, and more synapses per neuron (Bennett et al. 1964; 
Diamond et al. 1964; Diamond et al. 1967; Globus et al. 1973; Rosenzweig et al. 1962; Turner & Greenough 
1985; Volkmar & Greenough 1972; West & Greenough 1972). Short-term changes include the immediate 
expression of early genes, alterations in synaptic efficacy, and long-term potentiation (Kleim et al. 1996; 
Rioult et al. 2000), whereas long-term changes include an increase in dendritic arborization, spine density, 
axonal sprouting, and the number of synapses per neuron (Calverley & Jones 1990; Jones et al. 1997; 
Turner & Greenough 1985; Withers & Greenough 1989). Researchers have since discovered that motor 
learning results in morphologic changes to the motor cortex (Bennett et al. 1964; Diamond et al. 1964; 
Kleim et al. 1996; Turner & Greenough 1985). These modifications are likely due to the availability of 
greater sensory stimuli and learning experiences, which are in turn expressed as structural changes within 
the brain.  
 
In a trial by Janssen et al. (2013), patients located in a mixed stroke rehabilitation unit were observed for 
changes in physical, cognitive, and social activity. Patients who were exposed to an enriched environment 
were more likely to engage in social activities and less likely to be inactive, alone, or asleep than patients 
without enrichment. This preliminary trial suggests that the comprehensive model of enrichment 
developed for use in a rehabilitation unit was effective in increasing activity in stroke patients.  
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Motor Learning 
In animal studies, it has been shown that newly learned movements are represented over larger cortical 
territories (Karni et al. 1998; Kleim et al. 1998; Nudo, Wise, et al. 1996; Pascual-Leone et al. 1995). 
However, repetitive unskilled movements that do not require motor learning will not produce cortical 
changes (Kleim et al. 1998; Plautz et al. 2000). The increase in synapses per neuron associated with motor 
learning appears to be specific to the cortical area being stimulated (Kolb 1995; Turner & Greenough 1985; 
Withers & Greenough 1989). Thus brain reorganization with training may generalize to new but related 
tasks (Turkstra et al. 2003), while failure to maintain training will result in a contraction of cortical 
representation (Castro-Alamancos & Borrel 1995; Nudo, Milliken, et al. 1996). 
 
Similar to animals, motor learning in humans results in the associated movements being represented 
across large cortical areas (Karni et al. 1998; Pascual-Leone et al. 1995). Subjects learning to track a moving 
target with their dominant right hand showed parallel and progressive activation increases in the left 
primary motor cortex, as accuracy and smooth pursuit movements improved (Grafton et al. 1992). 
Similarly, subjects learning to play a new piano piece demonstrated that the size or excitability of the 
motor representation of the hand increased as the individuals improved (Hallett 2001; Pascual-Leone et 
al. 1995). 
 
Learning versus Recovery 
Both neurological recovery and motor learning occur post stroke. There is no data to contradict the 
supposition that individuals post stroke can learn new motor skills using their involved limbs in a fashion 
similar although attenuated to healthy individuals. The ability to learn new motor skills likely represents 
a continuum based on the severity of neurological deficits. Several studies have shown the ability of 
individuals with chronic, stable motor deficits post stroke to improve their motor functioning after 
specialized intensive training (Lehmann et al. 1975; Tangeman et al. 1990; Taub et al. 1993; Werner & 
Kessler 1996; Wolf et al. 1989), with the amount of improvement correlated to the intensity of 
rehabilitation (Langhorne et al. 1996; Nugent et al. 1994; Smith et al. 1981). Cortical mapping has 
demonstrated changes in the organization of the cerebral cortex associated with learning motor tasks in 
the intact brain (Nudo, Milliken, et al. 1996; Pascual-Leone et al. 1994) as well as in the injured brain 
(Nudo, Milliken, et al. 1996). 
 
Impact of Experience 
Similar to animals, experience can yield changes to the human motor cortex. Penfield and Boldrey (1937) 
first showed that the cortical finger representations of the skilled hand in trained badminton players was 
organized differently than their unskilled hand. Similarly, the cortical finger representations of the left 
hand in string instrument players were larger than untrained players, when compared to the cortical space 
represented by the right-hand fingers (Elbert et al. 2001). It was also noted that the degree of change was 
proportional to the age when musical training began. However, even when training began in adulthood, 
the representation of the relevant fingers was still larger in trained than untrained players (Elbert et al. 
2001; Kolb 2003).   
 
Repetitive practice of a known task results in changes to the human motor cortex. Practicing a known 
sequence of finger movements can produce a progressive expansion of finger representations in the 
primary motor cortex within 30 minutes (Humphrey 1986) that persists for at least 8 weeks after training 
(Karni et al. 1998). There is also evidence from transcranial magnetic stimulation (TMS) that repeated 
movements of the thumb paired with movements of the shoulder (Cohen et al. 1995), face (Cohen et al. 
1996), or foot (Crisostomo et al. 1988) produces a shift in the location of the thumb representational area 
towards the representation of the paired movement. Likewise, lack of movement of a specific muscle can 
result in reorganization of the motor cortex to reflect the lack of use. For example, unilateral 
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immobilization of the ankle joint without a peripheral nerve lesion can cause a decrease in the affected 
tibialis anterior motor cortical area compared to the area of the unaffected tibialis anterior, which occurs 
without changes to the spinal excitability or motor threshold (Liepert et al. 1995). Therefore, it can be 
surmised that repetitive training yields an expansion of cortical regions subserving the motor function, 
while failure to maintain training results in a contraction of cortical representation. 
 
Conclusions Regarding Learning, Experience, and Motor Reorganization 
 

Learning and experience can yield an expansion of cortical representation, which may be enhanced 
by enriched and complex environments. 

 
Repetitive practice of a known task leads to an expansion of cortical representation, while failure to 
maintain training results in a contraction of cortical representation. 
 

Learning and experience may result in an expansion of cortical representation. 

 

3.4.3 Somatosensory Reorganization and Stimulation 
 
Somatosensory Reorganization 
In terms of somatosensory changes post stroke, reorganization has been observed in cortical topography 
and neuronal receptive fields in various animals (Coq & Xerri 1999; Doetsch et al. 1990; Jenkins & 
Merzenich 1987; Pons et al. 1988). Research in this area has revealed that cortical neurons both adjacent 
to, and at some distance from the lesion, respond to stimulation of skin regions that were previously 
represented by neurons in the injured area. These changes have been observed within hours (Coq & Xerri 
1999) and days (Doetsch et al. 1990; Jenkins & Merzenich 1987) of the focal cortical injury. 
 
Clinical studies have shown that somatosensory reorganization occurs following a stroke. Wikstrom et al. 
(2000) examined patients up to 15 days post stroke and again at 3 months, comparing them to healthy 
controls. Recovery of touch post stroke was paralleled by growth of the P1m somatosensory evoked 
magnetic field deflection, which may have represented reestablishment of lateral inhibitory functions at 
the primary somatosensory cortex (Wikstrom et al. 2000). As well, cerebral damage in humans has been 
correlated with a dissociation between the detection and the localization of tactile stimuli, such that 
readily detected contralesional stimuli show significantly misperceptions of the locations of the stimuli 
(Rapp et al. 2002). Post-lesion miss-localization may preserve the relative locations of the pre-lesion 
topography, resulting in systematically shifted and distorted somatosensory experiences (Rapp et al. 
2002). Rapp et al. (2002) suggested that tactile inputs were not merely redirected to intact neural tissue, 
but were instead reorganized within the remaining neural substrate. This hypothesis is consistent with 
animal research findings that indicate that remodeling of somatosensory neural substrates subsequent to 
focal cortical lesions generally preserves the original neural topography.  
 
Sensory Stimulation 
In animals, Nudo (2003b) noted that the “motor cortex receives significant amounts of cutaneous and 
proprioceptive input that seems to be roughly segregated within the posterior and anterior aspects of the 
primary hand motor area, respectively.” Motor deficits can develop when there is a disruption in sensory 
input to the motor cortex, and such deficits can last for months (Humprey et al. 1994). The responsiveness 
of the motor area to a loss of somatosensory stimuli begins to return by four months, although it does not 
return to its pre-stroke ability (Nudo 2003b). It is suspected that compensatory strategies are adopted 
(i.e. using other sensory modalities to guide motor behaviour), which reduces the need for somatosensory 
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guidance (Nudo 2003b). Therefore, motor deficits may not simply be an issue of motor output but may 
also be due to a sensorimotor disconnection. 
 
In clinical studies, it has been noted that prolonged peripheral nerve stimulation increases excitability of 
related muscle representations in the motor cortex (Hallett 2002), causing the motor map to change in 
some instances (Ridding et al. 2000). These findings suggest that sensory stimulation may be a useful 
rehabilitation tool that can be applied in a number of ways, including passive movements, nerve 
stimulation, and acupuncture (Hallett 2002). 
  
Conclusions Regarding Somatosensory Reorganization and Stimulation 
 

Cerebral damage results in dissociation between the detection and the localization of tactile stimuli. 
 

Tactile inputs are not simply redirected to intact neural tissue post stroke, but are instead reorganized 
within available neural substrate. 

 
Prolonged peripheral nerve stimulation changes the motor cortical representations, indicating 
sensory stimulation may be able to facilitate motor recovery.  
 

Sensory stimulation may facilitate motor recovery. 

 

3.5 Mechanisms of Reorganization Post Stroke  
 

3.5.1 Reorganization of the Affected Hemisphere 
Numerous theories and hypotheses have been proposed to explain neurological recovery following 
stroke. Functional brain imaging offers an opportunity to evaluate those theories and actually visualize 
recovery within the brain following a stroke. fMRI, PET, and TMS have all been used to assess motor 
activation after stroke (Thirumala et al. 2002). 
 
Reorganization in Adjacent Brain Tissue 
Animal research has shown evidence that structural changes occur in the uninjured cortical tissue 
surrounding the stroke. When damage occurs to a portion of the cortex, much of the surrounding 
undamaged cortex will nevertheless be impacted due to the loss of intracortical projections with the area 
of injury (Nudo 2003a). Remote areas of the brain that have some connection to the damaged brain region 
may be impacted as well. Nudo (2003a) suggested that “the mechanisms that underlie functional changes 
in the motor cortex of normal animals during motor skill learning are likely the same mechanisms that 
play a role in recovery after damage to the motor cortex”. Therefore, a process of brain reorganization 
can be anticipated in the area adjacent to and connected to the damaged area.  
 
In healthy right-handed persons, Cramer (2003) noted that “performance of a unilateral motor task by the 
right hand is associated with activation that is largely contralateral…In contrast, there is greater ipsilateral 
activation for movements by the left hand.” Following a stroke, Cramer (2003) noted that movement of 
the affected hand resulted in three patterns of cortical reorganization that were not mutually exclusive of 
each other and may occur concomitantly:  
1. Greater degree of bilateral motor cortex activity, with recruitment of the motor network of the 

ipsilateral (unaffected) hemisphere. 
2. Increased recruitment of secondary cortical areas in the contralateral (affected) hemisphere. 
3. Recruitment along the cortical rim of the infarct. 
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The predominate pattern of reorganization, which correlates with therapy-related improvements in upper 
extremity movements, involves increased fMRI activity in the premotor cortex, supplementary motor 
area, and secondary somatosensory cortex contralateral to the affected limbs (Johansen-Berg et al. 2002). 
Similarly, the area of cortical representation of the affected hand increased dramatically with the use of 
constraint-induced movement therapy (Liepert et al. 2000). It is also known that after a stroke, finger-
tapping activates the same motor regions as those activated by the same task in non-stroke controls, but 
to a larger extent, including involvement of the unaffected hemisphere (Cramer et al. 1997). Most clinical 
studies examining patterns of cortical reorganization post stroke have described an anterior (Weiller et 
al. 1993) or posterior (Cramer & Bastings 2000; Pineiro et al. 2001; Rossini et al. 1998) shift in the site of 
activation within the stroke-affected hemisphere. 
 
Plastic Changes in the Penumbra 
Frost et al. (2003) suggested two principles to explain how plasticity is related to the amount of brain 
damage: “1) reorganization of secondary cortical areas is a general feature of injury-induced plasticity, 
and 2) remote reorganization is directly related to the reciprocal connectivity of the various motor areas.” 
These principles imply that some form of connection to the damaged motor area is required for functional 
reorganization. Larger strokes, which damage primary and secondary motor areas, severely limit the 
capacity for compensatory reorganization. Thus, greater the damage to reciprocal intracortical pathways 
is associated with greater the plasticity in secondary intact areas. 
 
Plastic changes in the damaged hemisphere are associated with the best recovery (Hallett 2001). 
According to Cramer et al. (2002), “patients with the greatest recovery from a motor stroke demonstrated 
a progressive increase in activity in the peri-infarct areas of the supplementary motor area and primary 
motor cortex contralateral to the affected hand.” The peri-infarct tissue, otherwise known as the 
penumbra, has been defined as “ischemic peri-infarct tissues that lie between the thresholds of electrical 
failure and membrane integrity” (Astrup et al. 1981). More recent definitions focus on the potential for 
rescuing this tissue, which is at risk of infarction using appropriate therapy (Heiss & Graf 1994). According 
to Read et al. (1998), multiple regions of the brain, especially the peri-infarct area, may play a large role 
in cortical reorganization and functional recovery after stroke. As such, it is important to determine the 
extent of the penumbra, how long it persists after stroke, and its salvageability at various time points.  
 
Conclusions Regarding Clinical Studies on Reorganization of the Affected Hemisphere 
 

Motor recovery primarily involves the contralateral pathways of the affected hemisphere rather than 
the unaffected hemisphere; involvement of adjacent hemispheric regions is indicative of recovery 
potential. 

 
The predominant pattern in cortical reorganization is increased activation of secondary (surrounding) 
cortical regions of the affected hemisphere. Axonal sprouting and subsequent synaptogenesis may be 
associated with recovery. 
 

Stroke recovery is primarily associated with brain plasticity in the adjacent cortex. 
 
Motor recovery is primarily associated with brain plasticity involving pathways of the affected 
hemisphere. 
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3.5.2 Role of Ipsilateral Pathways 
Animal research has shown that the amount of dendritic growth in the undamaged motor cortex is 
associated with both the size of the lesion and the distribution of the injury (Biernaskie et al. 2004). 
Damage to the primary motor cortex leads to compensatory recruitment of the ipsilateral undamaged 
hemisphere, involving the sensorimotor cortex and premotor area (Feydy et al. 2002; Schallert et al. 2003; 
Stepniewska et al. 1993). As the size of the damage increases, reorganization in the surrounding affected 
cortex may no longer be possible, resulting in continued activation of the unaffected hemisphere 
(Biernaskie et al. 2004).  
 
In clinical research, functional neuroimaging has been influential in suggesting that ipsilateral pathways 
may be involved in post-stroke recovery. Several studies have demonstrated changes in activation 
patterns during movement of the affected limb in both the affected and unaffected motor cortex (Cao et 
al. 1998; Chollet et al. 1991; Cramer et al. 1997; Cuadrado et al. 1999; Feydy et al. 2002; Honda et al. 1997; 
Johansen-Berg et al. 2002; Kopp et al. 1999; Weiller et al. 1993). Ipsilateral motor evoked potentials (MEP) 
are more likely to be seen in patients with stroke when compared to normal subjects (Caramia et al. 1996; 
Lammers et al. 1995; Turton et al. 1995). Compared to contralateral MEP, ipsilateral MEP are associated 
with poorer functional recovery. Therefore, ipsilateral pathways appear to be inadequate for motor 
recovery alone, and play a role only when the contralateral pathway is too damaged to be activated. 
 
Conclusions Regarding Ipsilateral Pathways 
 

Ipsilateral motor pathways from the intact hemisphere contribute to motor recovery, most often in 
more severe strokes with poor functional recovery. 

 
There may be competition between contralateral and ipsilateral connections, with ipsilateral 
pathways becoming more prominent when functional contralateral pathways cannot recover. 

 

Ipsilateral motor pathways involving the unaffected hemisphere are recruited when infarcts are so 
large that the affected hemisphere cannot recover. 

 

3.5.3 Recovery from Aphasia 
Functional neuroimaging has also been utilized to explore recovery in patients with aphasia. Although 
there is predominance of the left hemisphere over the right in language functions, language recovery 
depends on the restitution of a speech-relevant network that involves both hemispheres (Kuest & Karbe 
2002). Cao et al. (1999) found that language recovery was associated with bilateral activation in five 
patients and right hemispheric activation in two patients, but the former was associated with better 
recovery than the latter. Similarly, Weiller et al. (1995) and Buckner et al. (1996) reported an increased 
degree of right hemisphere activation when compared to controls in Wernicke’s and Broca’s aphasia. 
However, Heiss et al. (1999) found that the most efficient language recovery was achieved only when the 
left temporal area was preserved.  
 
Conclusions Regarding Recovery from Aphasia 
 

Aphasia recovery is associated with bilateral hemispheric activation. Right hemispheric activation 
alone may be associated with a worse outcome, suggesting the need for the left hemisphere in the 
recovery process. 

 

Aphasia recovery is associated with bilateral hemispheric activation. 
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3.6 Influence of Rehabilitation on Post-Stroke Reorganization  
 

3.6.1 Intensity of Therapy 
Improved post-stroke recovery may be achieved with increased intensity of rehabilitation, which can be 
defined as greater duration, frequency, and/or exertion of therapy. Several meta-analyses have shown 
that greater therapy intensity is a strong predictor of overall functional improvement (Cooke et al. 2010; 
Galvin et al. 2008; Kwakkel 2006; Kwakkel et al. 2004; Lohse et al. 2014; Veerbeek et al. 2011; Veerbeek 
et al. 2014). Therapies examined in the meta-analyses included physiotherapy, occupational therapy, 
speech-language therapy, aerobic training, resistance training, and constraint-induced movement 
therapy. While there have been some notable exceptions, such as the VECTORS, CIRCIT, and ICARE trials 
(Dromerick et al. 2009; English et al. 2015; Winstein et al. 2016), the dose-response effects of these 
findings suggest the concept that “more is better” applies to stroke recovery (Gladstone et al. 2002). 
 
One of the challenges with therapeutic intensity is determining the critical threshold needed to obtain a 
benefit (MacLellan et al. 2011). Research suggests that hundreds of task-specific repetitions may be 
necessary for optimizing recovery (Lang et al. 2016). Another challenge is providing enough therapy in 
order to reach a therapeutic threshold. Given limitations of health care systems, the intensity of therapy 
generally provided during post-stroke rehabilitation is suboptimal (Lang et al. 2009). Incorporation of 
assistants/volunteers, evening/weekend therapy, group therapy, and technology (e.g. robotic devices, 
virtual reality) may be required may be necessary to achieve optimal intensity. 

 
Conclusions Regarding Intensity of Therapy 
 

Greater intensity of stroke rehabilitation therapies is generally associated with improved functional 
outcomes. However, the benefits of therapeutic intensity may not be uniform or proportional. 

 

More intensive rehabilitation therapies may result in improved functional outcomes. 

 

3.6.2 Timing of Therapy 
Animal research has demonstrated that the brain has an increased propensity for responding to 
rehabilitation therapies early after stroke, which is manifested in the reorganization of the adjacent intact 
cortex (Biernaskie et al. 2004). In early reviews of clinical studies, researchers identified a positive 
correlation between early rehabilitation and good recovery (Cifu & Stewart 1999; Ottenbacher & Jannell 
1993). Several large-scale studies have since reported that early admission to rehabilitation was 
associated with improved functional outcomes (Maulden et al. 2005; Paolucci et al. 2000; Salter et al. 
2006; Wang et al. 2015; Wang et al. 2011; Yagi et al. 2017; Yagura et al. 2003). However, these findings 
may be misleading, as a variety of confounding factors can result in later admission to rehabilitation (e.g. 
stroke severity, medical instability, comorbidity index) (Wang et al. 2015; Wang et al. 2011). 
 
Recent efforts in research regarding timing of rehabilitation have focused on very early mobilization 
(VEM). VEM has been defined as any intervention reducing the time from stroke onset to first out of bed 
episode and increasing the amount of out-of-bed physical activity post stroke (Bernhardt et al. 2008). 
While several large-scale trials have reported that VEM improves functional outcomes (Bai et al. 2012; Bai 
et al. 2014; Chippala & Sharma 2016; Liu et al. 2014; Morreale et al. 2016), a number of smaller trials 
found it to be no more effective than standard care (Langhorne et al. 2010; Poletto et al. 2015; Sundseth 
et al. 2012, 2014). AVERT was an international, multicentre trial conducted over an eight-year period, and 
is the largest-scale trial of VEM to date. Early results of AVERT reported that VEM was a feasible and 
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effective intervention when compared to standard care (Bernhardt et al. 2008; Cumming et al. 2011; van 
Wijk et al. 2012). However, the final results found that VEM was associated with greater odds of 
unfavourable outcome at three months (AVERT Collaboration Group 2015). Additional analysis of these 
results showed that more frequent and shorter VEM improved the chance of regaining independence, 
while higher doses of long-term VEM worsened outcomes (Bernhardt et al. 2016). 
 
Conclusions Regarding Timing of Therapy 
 

Earlier admission to rehabilitation is associated with improved functional outcomes. However, 
additional research is required to examine the effect of potential confounders. 

 
Very early mobilization is associated with improved outcomes when sessions are frequent and shorter, 
but with poorer outcomes when sessions are prolonged and intensive. 
 

Earlier rehabilitation therapy may result in improved functional outcomes. 

 

3.7 Other Factors Influencing Post-Stroke Reorganization 
 

3.7.1 Effect of Lesion Size on Recovery 
Early research suggested that lesion size has an impact on post-stroke outcomes, due to the different 
mechanisms of neurological recovery. Recovery from smaller lesions involve changes in the remaining 
intact motor cortex, while larger lesions require changes in other cortical regions to facilitate 
compensatory behavior (Kolb 1995). In a systematic review of the literature before 2005, Schiemanck et 
al. (2006) identified 13 studies investigating the impact of lesion volume, as assessed by CT or MRI, on a 
variety of outcomes in individuals with ischemic stroke. A significant correlation between the two 
variables was found in 12 of the studies, suggesting that larger volume was associated with poorer 
outcome. However, the authors noted methodological issues in many of the studies, including: results 
were not clearly presented; impact of lesion location was not analyzed; and appropriate endpoints were 
not used. Subsequent studies have investigated the relationship between lesion size and post-stroke 
recovery, which are summarized in Table 3.7.1.1. 
 
Table 3.7.1.1 Effect of Lesion Size on Recovery 

Study Sample Size Effect 

Vagal et al. (2015) 65 + 

Kim et al. (2014) 409 + 

Page et al. (2013) 139 x 

Vogt et al. (2012) 2538 + 

Yoo et al. (2010) 54 + 

Barrett et al. (2009) 169 + 

Hand et al. (2006) 82 - 

Pan et al. (2006) 111 + 

Schiemanck et al. (2005) 75 + 

Schiemanck et al. (2005) 94 + 
Note: + = correlation, - = no correlation, x = conflicting results 

 
Most of the selected studies reported that lesion volume was significantly correlated with or an 
independent predictor of favourable long-term outcomes, often after adjusting for age, stroke severity, 
and stroke onset. Patients with smaller strokes scored better on the Modified Rankin Scale (mRS), 
Barthel Index (BI), and/or National Institutes of Health Stroke Scale (NIHSS) than those with larger 
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strokes. One study found that lesion volume was associated with upper limb function, but not with 
outcomes on the Fugl Meyer Assessment (Page et al. 2013). In another study, lesion volume was not a 
predictor of outcome on the mRS (Hand et al. 2006). However, given the positive findings from the eight 
studies and the results of the previous systematic review, evidence suggests that lesion volume is 
negatively correlated with functional outcomes. 
 
Conclusions Regarding the Effect of Lesion Size on Recovery 
 

There is evidence that greater lesion volume is associated with poorer functional outcomes post 
stroke, after adjusting for age, stroke severity, and stroke onset. 
 

Greater lesion volume may be associated with poorer outcomes. 

 

3.7.2 Effect of Age on Recovery 
Animal research has explored a potential biological link between age and stroke recovery. The 
regenerative response of neurons and glial cells, though largely preserved with age, appears to be delayed 
or occurs at a diminished rate in older animals (Popa-Wagner et al. 1999; Whittemore et al. 1985): reactive 
neuronal synaptogenesis declines (Scheff et al. 1978), synaptic replacement rates attenuate (Cotman & 
Anderson 1988), and sprouting responses are less robust (Schauwecker et al. 1995). However, in the 
absence of clinical research, it is difficult to determine the impact of age on post-rehabilitation outcomes. 
 
In an early systematic review of the literature up to 1986, Jongbloed et al. (1986) reported that 14 studies 
found a significant negative correlation between age and outcome, while four studies found no such 
correlation. Considerable heterogeneity between the studies was noted in terms of patient samples, 
timing of assessments, and outcome measures. In particular, 12 of the former studies measured function 
at discharge, while three of the latter studies measured change in function. Subsequent studies have 
investigated the relationship between age and post-stroke recovery, which are summarized in Table 
3.7.2.1. 
 
Table 3.7.2.1 Effect of Age on Recovery 

Study Sample Size Effect 

O’Brien et al. (2016) 71652 + 

Radholm et al. (2015) 2839 + 

Bentsen et al. (2014) 1437 + 

Abanto et al. (2013) 579 + 

Knoflach et al. (2012) 14256 + 

Denti et al. (2010) 1555 + 

Arnold et al. (2008) 1004 - 

Saposnik et al. (2008) 26676 + 

Luk et al. (2006) 878 x 

Black-Schaffer et al. (2004) 979 + 

Kugler et al. (2003) 2219 + 

Paolucci et al. (2003) 150 + 

Bagg et al. (2002) 561 x 

Ergeletzis et al. (2002) 223 x 

Weimar et al. (2002) 1754 + 

Sze et al. (2000) 793 + 

Giaquinto et al. (1999) 248 + 

Macciocchi et al. (1998) 327 + 

Pohjasvaara et al. (1997) 486 + 
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Alexander et al. (1994) 520 + 

Falconer et al. (1994) 260 x 

Kalra (1994) 245 + 

Nakayama et al. (1994) 515 x 

Granger et al. (1992) 7905 + 

Heinemann et al. (1987) 163 - 
Note: + = correlation, - = no correlation, x = conflicting results 

 
Several of the selected studies reported that age was negatively correlated with favourable outcomes on 
the Modified Rankin Scale (mRS), Barthel Index (BI), and/or Functional Independence Measure (FIM); 
some studies found a negative correlation with length of stay and discharge home as well. However, other 
studies failed to find any association between age and post-stroke outcomes, or reported conflicting 
results. Old age has been associated with greater rate of comorbidities (Jongbloed 1986), lower quality of 
care (Luker et al. 2011), and limited tolerance to rehabilitation (Carey et al. 1988). These factors, among 
many others, could account for a correlation between age and recovery. Conversely, a lack of correlation 
could be attributed to a ceiling effect of FIM and BI scores in younger patients, who often present with 
higher scores upon admission (Bagg et al. 2002). In addition, the selected studies showed considerable 
variation on a number of variables, including division of age groups, use of outcome measures, timing of 
assessments, and stroke characteristics of patients (i.e. severity, location, size, etiology). Many studies 
also failed to assess initial neurological impairment and/or report rehabilitation intensity, both of which 
could influence outcomes. Therefore, given the lack of conclusive evidence, advanced age alone should 
not be regarded as a limiting factor in providing stroke rehabilitation. 
 
Conclusions Regarding the Effect of Age on Recovery 
 

There is conflicting evidence regarding the impact of age on functional outcomes, length of stay, 
discharge destination, and mortality post stroke. 
 

It is unclear whether and to what extent age impacts stroke recovery. 
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Summary 

1. Neurological recovery of impairment is a natural, spontaneous, intrinsic process. Functional 
recovery of independence is influenced by compensatory/adaptive learning strategies (i.e. 
rehabilitation) and other extrinsic factors (e.g. family support).  

2. Local processes of neurological recovery occur early on and include resolution of edema, resolution 
of diaschisis, and reperfusion of the penumbral region.  

3. Cortical reorganization occurs later in the neurological recovery process. It is dependent on not only 
the lesion site but on the surrounding environment and remote locations that have structural 
connections with the injured area. 

4. Neurological recovery peaks within the first three months post stroke and may continue at a slower 
pace in the following months. Functional recovery can continue for an extended period time after 
the completion of neurological recovery. Overall, recovery is generally greater and quicker in milder 
strokes. 

5. The vast majority of recovery for ambulation, upper extremity function, and higher cerebral 
functions occurs within 12 weeks. 

6. Faster recovery may be influenced by younger age, smaller lesions, and parenchymatous 
hemorrhages. 

7. Overall function remains relatively stable between six months and three years post stroke. 
However, differential shifts exist in performance of specific functions (e.g. mobility, socialization) 
following stroke rehabilitation. 

8. Brain capacity is dependent on the number of functional connections, and not the number of 
neurons.  

9. Functional connections develop over a lifetime of genetic programming. Functional substitutions 
post stroke requires the development of new connections. 

10. Learning and experience can yield an expansion of cortical representation, which may be enhanced 
by enriched and complex environments. 

11. Repetitive practice of a known task leads to an expansion of cortical representation, while failure 
to maintain training results in a contraction of cortical representation. 

12. Cerebral damage results in dissociation between the detection and the localization of tactile 
stimuli. 

13. Tactile inputs are not simply redirected to intact neural tissue post stroke, but are instead 
reorganized within available neural substrate. 

14. Prolonged peripheral nerve stimulation changes the motor cortical representations, indicating 
sensory stimulation may be able to facilitate motor recovery.  
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15. Motor recovery primarily involves the contralateral pathways of the affected hemisphere rather 
than the unaffected hemisphere; involvement of adjacent hemispheric regions is indicative of 
recovery potential. 

16. The predominant pattern in cortical reorganization is increased activation of secondary 
(surrounding) cortical regions of the affected hemisphere. Axonal sprouting and subsequent 
synaptogenesis may be associated with recovery. 

17. Ipsilateral motor pathways from the intact hemisphere contribute to motor recovery, most often 
in more severe strokes with poor functional recovery. 

18. There may be competition between contralateral and ipsilateral connections, with ipsilateral 
pathways becoming more prominent when functional contralateral pathways cannot recover. 

19. Aphasia recovery is associated with bilateral hemispheric activation. Right hemispheric activation 
alone may be associated with a worse outcome, suggesting the need for the left hemisphere in the 
recovery process. 

20. Greater intensity of stroke rehabilitation therapies is generally associated with improved functional 
outcomes. However, the benefits of therapeutic intensity may not be uniform or proportional. 

21. Earlier admission to rehabilitation is associated with improved functional outcomes. However, 
additional research is required to examine the effect of potential confounders. 

22. Very early mobilization is associated with improved outcomes when sessions are frequent and 
shorter, but with poorer outcomes when sessions are prolonged and intensive. 

23. There is evidence that greater lesion volume is associated with poorer functional outcomes post 
stroke, after adjusting for age, stroke severity, and stroke onset. 

24. There is conflicting evidence regarding the impact of age on functional outcomes, length of stay, 
discharge destination, and mortality post stroke. 

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 24 of 34 
www.ebrsr.com 

 

References

Abanto, C., Ton, T. G., Tirschwell, D. L., Montano, S., Quispe, Y., Gonzales, I., Valencia, A., Calle, P., Garate, 
A., & Zunt, J. (2013). Predictors of functional outcome among stroke patients in Lima, Peru. J 
Stroke Cerebrovasc Dis, 22(7), 1156-1162.  

Alexander, M. P. (1994). Stroke rehabilitation outcome: A potential use of predictive variables to establish 
levels of care. Stroke, 25(1), 128-134.  

Arnold, M., Halpern, M., Meier, N., Fischer, U., Haefeli, T., Kappeler, L., Brekenfeld, C., Mattle, H. P., & 
Nedeltchev, K. (2008). Age-dependent differences in demographics, risk factors, co-morbidity, 
etiology, management, and clinical outcome of acute ischemic stroke. J Neurol, 255(10), 1503-
1507.  

Astrup, J., Siesjo, B. K., & Symon, L. (1981). Thresholds in cerebral ischemia: The ischemic penumbra. 
Stroke, 12(6), 723-725.  

AVERT Collaboration Group. (2015). Efficacy and safety of very early mobilisation within 24h of stroke 
onset (AVERT): a randomised controlled trial. Lancet Neurol, 386(9988), 46-55.  

Bagg, S., Pombo, A. P., & Hopman, W. (2002). Effect of age on functional outcomes after stroke 
rehabilitation. Stroke, 33(1), 179-185.  

Bai, Y., Hu, Y., Wu, Y., Zhu, Y., He, Q., Jiang, C., Sun, L., & Fan, W. (2012). A prospective, randomized, single-
blinded trial on the effect of early rehabilitation on daily activities and motor function of patients 
with hemorrhagic stroke. J Clin Neurosci, 19(10), 1376-1379.  

Bai, Y., Hu, Y., Wu, Y., Zhu, Y., Zhang, B., Jiang, C., Sun, L., & Fan, W. (2014). Long-term three-stage 
rehabilitation intervention alleviates spasticity of the elbows, fingers, and plantar flexors and 
improves activities of daily living in ischemic stroke patients: A randomized, controlled trial. 
Neuroreport, 25(13), 998-1005.  

Barrett, K. M., Ding, Y. H., Wagner, D. P., Kallmes, D. F., & Johnston, K. C. (2009). Change in diffusion-
weighted imaging infarct volume predicts neurologic outcome at 90 days: results of the Acute 
Stroke Accurate Prediction (ASAP) trial serial imaging substudy. Stroke, 40(7), 2422-2427.  

Bennett, E. L., Diamond, M. C., Krech, D., & Rosenzweig, M. R. (1964). Chemical and anatomical plasticity 
brain. Science, 146(3644), 610-619.  

Bentsen, L., Christensen, L., Christensen, A., & Christensen, H. (2014). Outcome and risk factors presented 
in old patients above 80 years of age versus younger patients after ischemic stroke. J Stroke 
Cerebrovasc Dis, 23(7), 1944-1948.  

Bernhardt, J., Churilov, L., Ellery, F., Collier, J., Chamberlain, J., Langhorne, P., Lindley, R. I., Moodie, M., 
Dewey, H., Thrift, A. G., & Donnan, G. (2016). Prespecified dose-response analysis for a very early 
rehabilitation trial (AVERT). Neurology, 86(23), 2138-2145.  

Bernhardt, J., Dewey, H., Thrift, A., Collier, J., & Donnan, G. (2008). A very early rehabilitation trial for 
stroke (AVERT): Phase II safety and feasibility. Stroke, 39(2), 390-396.  

Biernaskie, J., Chernenko, G., & Corbett, D. (2004). Efficacy of rehabilitative experience declines with time 
after focal ischemic brain injury. J Neurosci, 24(5), 1245-1254.  

Black-Schaffer, R. M., & Winston, C. (2004). Age and functional outcome after stroke. Top Stroke Rehabil, 
11(2), 23-32.  

Bonita, R., & Beaglehole, R. (1988). Recovery of motor function after stroke. Stroke, 19(12), 1497-1500.  
Brodal, A. (1973). Self-observations and neuro-anatomical considerations after a stroke. Brain, 96(4), 675-

694.  
Buckner, R. L., Corbetta, M., Schatz, J., Raichle, M. E., & Petersen, S. E. (1996). Preserved speech abilities 

and compensation following prefrontal damage. Proc Natl Acad Sci U S A, 93(3), 1249-1253.  
Byblow, W. D., Stinear, C. M., Barber, P. A., Petoe, M. A., & Ackerley, S. J. (2015). Proportional recovery 

after stroke depends on corticomotor integrity. Ann Neurol, 78(6), 848-859.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 25 of 34 
www.ebrsr.com 

 

Calverley, R. K., & Jones, D. G. (1990). Contributions of dendritic spines and perforated synapses to 
synaptic plasticity. Brain Res Rev, 15(3), 215-249.  

Cao, Y., D'Olhaberriague, L., Vikingstad, E. M., Levine, S. R., & Welch, K. M. (1998). Pilot study of functional 
MRI to assess cerebral activation of motor function after poststroke hemiparesis. Stroke, 29(1), 
112-122.  

Cao, Y., Vikingstad, E. M., George, K. P., Johnson, A. F., & Welch, K. M. (1999). Cortical language activation 
in stroke patients recovering from aphasia with functional MRI. Stroke, 30(11), 2331-2340.  

Caramia, M. D., Iani, C., & Bernardi, G. (1996). Cerebral plasticity after stroke as revealed by ipsilateral 
responses to magnetic stimulation. Neuroreport, 7(11), 1756-1760.  

Carey, R. G., Seibert, J. H., & Posavac, E. J. (1988). Who makes the most progress in inpatient 
rehabilitation? An analysis of functional gain. Arch Phys Med Rehabil, 69(5), 337-343.  

Castro-Alamancos, M. A., & Borrel, J. (1995). Functional recovery of forelimb response capacity after 
forelimb primary motor cortex damage in the rat is due to the reorganization of adjacent areas of 
cortex. Neuroscience, 68(3), 793-805.  

Chippala, P., & Sharma, R. (2016). Effect of very early mobilisation on functional status in patients with 
acute stroke: A single-blind, randomized controlled trail. Clin Rehabil, 30(7), 669-675.  

Chollet, F., DiPiero, V., Wise, R. J., Brooks, D. J., Dolan, R. J., & Frackowiak, R. S. (1991). The functional 
anatomy of motor recovery after stroke in humans: A study with positron emission tomography. 
Ann Neurol, 29(1), 63-71.  

Cifu, D. X., & Stewart, D. G. (1999). Factors affecting functional outcome after stroke: A critical review of 
rehabilitation interventions. Arch Phys Med Rehabil, 80(5 Suppl 1), S35-39.  

Cohen, L. G., Gerloff, C., Faiz, L., Venishi, N., & Hallet, M. (1996). Directional modulation of motor cortex 
plasticity induced by synchronicity of motor outputs in humans. Soc Neurosci Abstr, 22, 1452.  

Cohen, L. G., Gerloff, C., Ikoma, K., & Hallet, M. (1995). Plasticity of motor cortex elicited by training of 
synchronous movements of hand and shoulder. Soc Neurosci Abstr, 21, 517.  

Cooke, E. V., Mares, K., Clark, A., Tallis, R. C., & Pomeroy, V. M. (2010). The effects of increased dose of 
exercise-based therapies to enhance motor recovery after stroke: A systematic review and meta-
analysis. BMC Med, 8, 60.  

Coq, J. O., & Xerri, C. (1999). Tactile impoverishment and sensorimotor restriction deteriorate the forepaw 
cutaneous map in the primary somatosensory cortex of adult rats. Exp Brain Res, 129(4), 518-531.  

Cotman, C. W., & Anderson, K. J. (1988). Synaptic plasticity and functional stabilization in the hippocampal 
formation: Possible role in Alzheimer's disease. Adv Neurol, 47, 313-335.  

Cramer, S. C. (2003). Functional magnetic resonance imaging in stroke recovery. Phys Med Rehabil Clin N 
Am, 14(1 Suppl), S47-55.  

Cramer, S. C., & Bastings, E. P. (2000). Mapping clinically relevant plasticity after stroke. 
Neuropharmacology, 39(5), 842-851.  

Cramer, S. C., Mark, A., Barquist, K., Nhan, H., Stegbauer, K. C., Price, R., Bell, K., Odderson, I. R., Esselman, 
P., & Maravilla, K. R. (2002). Motor cortex activation is preserved in patients with chronic 
hemiplegic stroke. Ann Neurol, 52(5), 607-616.  

Cramer, S. C., Nelles, G., Benson, R. R., Kaplan, J. D., Parker, R. A., Kwong, K. K., Kennedy, D. N., Finklestein, 
S. P., & Rosen, B. R. (1997). A functional MRI study of subjects recovered from hemiparetic stroke. 
Stroke, 28(12), 2518-2527.  

Crisostomo, E. A., Duncan, P. W., Propst, M., Dawson, D. V., & Davis, J. N. (1988). Evidence that 
amphetamine with physical therapy promotes recovery of motor function in stroke patients. Ann 
Neurol, 23(1), 94-97.  

Cuadrado, M. L., Egido, J. A., Gonzalez-Gutierrez, J. L., & Varela-De-Seijas, E. (1999). Bihemispheric 
contribution to motor recovery after stroke: A longitudinal study with transcranial doppler 
ultrasonography. Cerebrovasc Dis, 9(6), 337-344.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 26 of 34 
www.ebrsr.com 

 

Cumming, T. B., Thrift, A. G., Collier, J. M., Churilov, L., Dewey, H. M., Donnan, G. A., & Bernhardt, J. (2011). 
Very early mobilization after stroke fast-tracks return to walking: Further results from the Phase 
II AVERT randomized controlled trial. Stroke, 42(1), 153-158.  

Denti, L., Scoditti, U., Tonelli, C., Saccavini, M., Caminiti, C., Valcavi, R., Benatti, M., & Ceda, G. P. (2010). 
The poor outcome of ischemic stroke in very old people: A cohort study of its determinants. J Am 
Geriatr Soc, 58(1), 12-17.  

Diamond, M. C., Krech, D., & Rosenzweig, M. R. (1964). The effects of an enriched environment on the 
histology of the rat cerebral cortex. J Comp Neurol, 123, 111-120.  

Diamond, M. C., Lindner, B., & Raymond, A. (1967). Extensive cortical depth measurements and neuron 
size increases in the cortex of environmentally enriched rats. J Comp Neurol, 131, 357-364.  

Dobkin, B. H. (1997). Impairments, disabilities, and bases for neurological rehabilitation after stroke. J 
Stroke Cerebrovasc Dis, 6(4), 221-226.  

Doetsch, G. S., Johnston, K. W., & Hannan, C. J., Jr. (1990). Physiological changes in the somatosensory 
forepaw cerebral cortex of adult raccoons following lesions of a single cortical digit 
representation. Exp Neurol, 108(2), 162-175.  

Dombovy, M. L. (1991). Stroke: Clinical course and neurophysiologic mechanisms of recovery. Critical 
Reviews in Physical and Rehabilitation Medicine, 2(17), 171-188.  

Dombovy, M. L., Sandok, B. A., & Basford, J. R. (1986). Rehabilitation for stroke: A review. Stroke, 17(3), 
363-369.  

Dromerick, A., Lang, C., Birkenmeier, R., Wagner, J., Miller, J., Videen, T., Powers, W., Wolf, S., & Edwards, 
D. (2009). Very early constraint-induced movement during stroke rehabilitation (VECTORS) A 
single-center RCT. Neurology, 73(3), 195-201.  

Duncan, P. W., Goldstein, L. B., Matchar, D., Divine, G. W., & Feussner, J. (1992). Measurement of motor 
recovery after stroke: Outcome assessment and sample size requirements. Stroke, 23(8), 1084-
1089.  

Duncan, P. W., & Sue Min, L. (1997). Stroke recovery. Top Stroke Rehabil, 4(3), 51-58.  
Elbert, T., Heim, S., & Rockstroh, B. (2001). Neural plasticity and development. In C. A. Nelson & M. Luciana 

(Eds.), Handbook of Developmental Cognitive Neuroscience (pp. 191-204). Cambridge, MA: MIT 
Press. 

English, C., Bernhardt, J., Crotty, M., Esterman, A., Segal, L., & Hillier, S. (2015). Circuit class therapy or 
seven-day week therapy for increasing rehabilitation intensity of therapy after stroke (CIRCIT): A 
randomized controlled trial. Int J Stroke, 10(4), 594-602.  

Ergeletzis, D., Kevorkian, C. G., & Rintala, D. (2002). Rehabilitation of the older stroke patient: Functional 
outcome and comparison with younger patients. Am J Phys Med Rehabil, 81(12), 881-889.  

Falconer, J. A., Naughton, B. J., Strasser, D. C., & Sinacore, J. M. (1994). Stroke inpatient rehabilitation: A 
comparison across age groups. J Am Geriatr Soc, 42(1), 39-44.  

Ferrucci, L., Bandinelli, S., Guralnik, J. M., Lamponi, M., Bertini, C., Falchini, M., & Baroni, A. (1993). 
Recovery of functional status after stroke. A postrehabilitation follow-up study. Stroke, 24(2), 200-
205.  

Feydy, A., Carlier, R., Roby-Brami, A., Bussel, B., Cazalis, F., Pierot, L., Burnod, Y., & Maier, M. A. (2002). 
Longitudinal study of motor recovery after stroke: Recruitment and focusing of brain activation. 
Stroke, 33(6), 1610-1617.  

Frost, S. B., Barbay, S., Friel, K. M., Plautz, E. J., & Nudo, R. J. (2003). Reorganization of remote cortical 
regions after ischemic brain injury: A potential substrate for stroke recovery. J Neurophysiol, 89(6), 
3205-3214.  

Galvin, R., Murphy, B., Cusack, T., & Stokes, E. (2008). The impact of increased duration of exercise therapy 
on functional recovery following stroke – what is the evidence? Top Stroke Rehabil, 15(4), 365-
377.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 27 of 34 
www.ebrsr.com 

 

Giaquinto, S., Buzzelli, S., Di Francesco, L., Lottarini, A., Montenero, P., Tonin, P., & Nolfe, G. (1999). On 
the prognosis of outcome after stroke. Acta Neurol Scand, 100(3), 202-208.  

Gladstone, D. J., Black, S. E., & Hakim, A. M. (2002). Toward wisdom from failure: Lessons from 
neuroprotective stroke trials and new therapeutic directions. Stroke, 33(8), 2123-2136.  

Globus, A., Rosenzweig, M. R., Bennett, E. L., & Diamond, M. C. (1973). Effects of differential experience 
on dendritic spine counts in rat cerebral cortex. J Comp Physiol Psychol, 82(2), 175-181.  

Godwin, K. M., Ostwald, S. K., Cron, S. G., & Wasserman, J. (2013). Long-term health-related quality of life 
of stroke survivors and their spousal caregivers. J Neurosci Nurs, 45(3), 147-154.  

Grafton, S. T., Mazziotta, J. C., Presty, S., Friston, K. J., Frackowiak, R. S., & Phelps, M. E. (1992). Functional 
anatomy of human procedural learning determined with regional cerebral blood flow and PET. J 
Neurosci, 12(7), 2542-2548.  

Granger, C. V., Hamilton, B. B., & Fiedler, R. C. (1992). Discharge outcome after stroke rehabilitation. 
Stroke, 23(7), 978.  

Green, J. B. (2003). Brain reorganization after stroke. Top Stroke Rehabil, 10(3), 1-20.  
Hallett, M. (2001). Plasticity of the human motor cortex and recovery from stroke. Brain Res Brain Res 

Rev, 36(2-3), 169-174.  
Hallett, M. (2002). Recent advances in stroke rehabilitation. Neurorehabil Neural Repair, 16(2), 211-217.  
Hand, P. J., Wardlaw, J. M., Rivers, C. S., Armitage, P. A., Bastin, M. E., Lindley, R. I., & Dennis, M. S. (2006). 

MR diffusion-weighted imaging and outcome prediction after ischemic stroke. Neurology, 66(8), 
1159-1163.  

He, S. Q., Dum, R. P., & Strick, P. L. (1993). Topographic organization of corticospinal projections from the 
frontal lobe: Motor areas on the lateral surface of the hemisphere. J Neurosci, 13(3), 952-980.  

Heinemann, A. W., Roth, E. J., Cichowski, K., & Betts, H. B. (1987). Multivariate analysis of improvement 
and outcome following stroke rehabilitation. Arch Neurol, 44(11), 1167-1172.  

Heiss, W. D., & Graf, R. (1994). The ischemic penumbra. Curr Opin Neurol, 7(1), 11-19.  
Heiss, W. D., Kessler, J., Thiel, A., Ghaemi, M., & Karbe, H. (1999). Differential capacity of left and right 

hemispheric areas for compensation of poststroke aphasia. Ann Neurol, 45(4), 430-438.  
Hier, D. B., Mondlock, J., & Caplan, L. R. (1983). Recovery of behavioral abnormalities after right 

hemisphere stroke. Neurology, 33(3), 345-350.  
Honda, M., Nagamine, T., Fukuyama, H., Yonekura, Y., Kimura, J., & Shibasaki, H. (1997). Movement-

related cortical potentials and regional cerebral blood flow change in patients with stroke after 
motor recovery. J Neurol Sci, 146(2), 117-126.  

Humphrey, D. R. (1986). Representation of movements and muscles within the primate precentral motor 
cortex: Historical and current perspectives. Fed Proc, 45(12), 2687-2699.  

Humprey, S. M., Gardner, G. A., & Raiszadeh, R. (1994). Loss of sensory, but not motor responsiveness in 
intact cortex surrounding a focal ischemic infarct in area 4. Society for Neuroscience Abstracts(20), 
179.  

Inoue, Y., Takemoto, K., Miyamoto, T., Yoshikawa, N., Taniguchi, S., Saiwai, S., Nishimura, Y., & Komatsu, 
T. (1980). Sequential computed tomography scans in acute cerebral infarction. Radiology, 135(3), 
655-662.  

Janssen, H., Ada, L., Bernhardt, J., McElduff, P., Pollack, M., Nilsson, M., & Spratt, N. J. (2013). An enriched 
environment increases activity in stroke patients undergoing rehabilitation in a mixed 
rehabilitation unit: A pilot non-randomized controlled trial. Disabil Rehabil.  

Jenkins, W. M., & Merzenich, M. M. (1987). Reorganization of neocortical representations after brain 
injury: A neurophysiological model of the bases of recovery from stroke. Prog Brain Res, 71, 249-
266.  

Johansen-Berg, H., Dawes, H., Guy, C., Smith, S. M., Wade, D. T., & Matthews, P. M. (2002). Correlation 
between motor improvements and altered fMRI activity after rehabilitative therapy. Brain, 125(Pt 
12), 2731-2742.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 28 of 34 
www.ebrsr.com 

 

Jones, T. A., Klintsova, A. Y., Kilman, V. L., Sirevaag, A. M., & Greenough, W. T. (1997). Induction of multiple 
synapses by experience in the visual cortex of adult rats. Neurobiol Learn Mem, 68(1), 13-20.  

Jongbloed, L. (1986). Prediction of function after stroke: A critical review. Stroke, 17(4), 765.  
Jorgensen, H. S., Nakayama, H., Raaschou, H. O., & Olsen, T. S. (1995). Recovery of walking function in 

stroke patients: The Copenhagen Stroke Study. Arch Phys Med Rehabil, 76(1), 27-32.  
Jorgensen, H. S., Nakayama, H., Raaschou, H. O., Vive-Larsen, J., Stoier, M., & Olsen, T. S. (1995). Outcome 

and time course of recovery in stroke - Part I: Outcome, The Copenhagen Stroke Study. Arch Phys 
Med Rehabil, 76(5), 399-405.  

Kalra, L. (1994). Does age affect benefits of stroke unit rehabilitation? Stroke, 25(2), 346-351.  
Karni, A., Meyer, G., Rey-Hipolito, C., Jezzard, P., Adams, M. M., Turner, R., & Ungerleider, L. G. (1998). 

The acquisition of skilled motor performance: Fast and slow experience-driven changes in primary 
motor cortex. Proc Natl Acad Sci U S A, 95(3), 861-868.  

Kelly-Hayes, M., Wold, P. A., Kase, C. S., Gresham, G. E., Kannell, W. B., & D'Agostino, R. B. (1989). Time 
course of functional recovery after stroke: The Framingham Study. J Neurol Rehabil, 3, 65-70.  

Kim, S. G., Ashe, J., Hendrich, K., Ellermann, J. M., Merkle, H., Ugurbil, K., & Georgopoulos, A. P. (1993). 
Functional magnetic resonance imaging of motor cortex: Hemispheric asymmetry and 
handedness. Science, 261(5121), 615-617.  

Kim, S. M., Kwon, S. U., Kim, J. S., & Kang, D. W. (2014). Early infarct growth predicts long-term clinical 
outcome in ischemic stroke. J Neurol Sci, 347(1-2), 205-209.  

Kleim, J. A., Barbay, S., & Nudo, R. J. (1998). Functional reorganization of the rat motor cortex following 
motor skill learning. J Neurophysiol, 80(6), 3321-3325.  

Kleim, J. A., Lussnig, E., Schwarz, E. R., Comery, T. A., & Greenough, W. T. (1996). Synaptogenesis and fos 
expression in the motor cortex of the adult rat after motor skill learning. J Neurosci, 16(14), 4529-
4535.  

Knoflach, M., Matosevic, B., Rucker, M., Furtner, M., Mair, A., Wille, G., Zangerle, A., Werner, P., Ferrari, 
J., Schmidauer, C., Seyfang, L., Kiechl, S., & Willeit, J. (2012). Functional recovery after ischemic 
stroke – a matter of age: data from the Austrian Stroke Unit Registry. Neurology, 78(4), 279-285.  

Kokmen, E., Whisnant, J. P., O'Fallon, W. M., Chu, C. P., & Beard, C. M. (1996). Dementia after ischemic 
stroke: A population-based study in Rochester, Minnesota (1960-1984). Neurology, 46(1), 154-
159.  

Kolb, B. (1995). Brain plasticity and behavior. Erlbaum Mahwah NJ.  
Kolb, B. (2003). Overview of cortical plasticity and recovery from brain injury. Phys Med Rehabil Clin N Am, 

14(1 Suppl), S7-25, viii.  
Kopp, B., Kunkel, A., Muhlnickel, W., Villringer, K., Taub, E., & Flor, H. (1999). Plasticity in the motor system 

related to therapy-induced improvement of movement after stroke. Neuroreport, 10(4), 807-810.  
Krakauer, J. W., Carmichael, S. T., Corbett, D., & Wittenberg, G. F. (2012). Getting neurorehabilitation 

right: What can be learned from animal models? Neurorehabil Neural Repair, 26(8), 923-931.  
Kuest, J., & Karbe, H. (2002). Cortical activation studies in aphasia. Curr Neurol Neurosci Rep, 2(6), 511-

515.  
Kugler, C., Altenhoner, T., Lochner, P., & Ferbert, A. (2003). Does age influence early recovery from 

ischemic stroke? A study from the Hessian Stroke Data Bank. J Neurol, 250(6), 676-681.  
Kwakkel, G. (2006). Impact of intensity of practice after stroke: Issues for consideration. Disabil Rehabil, 

28(13-14), 823-830.  
Kwakkel, G., van Peppen, R., Wagenaar, R. C., Wood Dauphinee, S., Richards, C., Ashburn, A., Miller, K., 

Lincoln, N., Partridge, C., Wellwood, I., & Langhorne, P. (2004). Effects of augmented exercise 
therapy time after stroke: A meta-analysis. Stroke, 35(11), 2529-2539.  

Lammers, T., Netz, J., & Homberg, V. (1995). Disinhibition of ipsilateral MEP-responses in stroke patients. 
Electroencephalogr Clin Neurophysiol, 97, s193-s194.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 29 of 34 
www.ebrsr.com 

 

Lang, C. E., Macdonald, J. R., Reisman, D. S., Boyd, L., Jacobson Kimberley, T., Schindler-Ivens, S. M., 
Hornby, T. G., Ross, S. A., & Scheets, P. L. (2009). Observation of amounts of movement practice 
provided during stroke rehabilitation. Arch Phys Med Rehabil, 90(10), 1692-1698.  

Lang, C. E., Strube, M. J., Bland, M. D., Waddell, K. J., Cherry-Allen, K. M., Nudo, R. J., Dromerick, A. W., & 
Birkenmeier, R. L. (2016). Dose response of task-specific upper limb training in people at least 6 
months poststroke: A phase II, single-blind, randomized, controlled trial. Ann Neurol, 80(3), 342-
354.  

Langhorne, P., Stott, D., Knight, A., Bernhardt, J., Barer, D., & Watkins, C. (2010). Very early rehabilitation 
or intensive telemetry after stroke: A pilot randomised trial. Cerebrovasc Dis, 29(4), 352-360.  

Langhorne, P., Wagenaar, R., & Partridge, C. (1996). Physiotherapy after stroke: More is better? Physiother 
Res Int, 1(2), 75-88.  

Lehmann, J. F., DeLateur, B. J., Fowler, R. S., Jr., Warren, C. G., Arnhold, R., Schertzer, G., Hurka, R., 
Whitmore, J. J., Masock, A. J., & Chambers, K. H. (1975). Stroke: Does rehabilitation affect 
outcome? Arch Phys Med Rehabil, 56(9), 375-382.  

Liepert, J., Bauder, H., Wolfgang, H. R., Miltner, W. H., Taub, E., & Weiller, C. (2000). Treatment-induced 
cortical reorganization after stroke in humans. Stroke, 31(6), 1210-1216.  

Liepert, J., Tegenthoff, M., & Malin, J. P. (1995). Changes of cortical motor area size during immobilization. 
Electroencephalogr Clin Neurophysiol, 97(6), 382-386.  

Liu, N., Cadilhac, D. A., Andrew, N. E., Zeng, L., Li, Z., Li, J., Li, Y., Yu, X., Mi, B., Li, Z., Xu, H., Chen, Y., Wang, 
J., Yao, W., Li, K., Yan, F., & Wang, J. (2014). Randomized controlled trial of early rehabilitation 
after intracerebral hemorrhage stroke: Difference in outcomes within 6 months of stroke. Stroke, 
45(12), 3502-3507.  

Lo, R. C. (1986). Recovery and rehabilitation after stroke. Can Fam Physician, 32, 1851-1853.  
Lohse, K. R., Lang, C. E., & Boyd, L. A. (2014). Is more better? Using metadata to explore dose-response 

relationships in stroke rehabilitation. Stroke, 45(7), 2053-2058.  
Luk, J. K., Cheung, R. T., Ho, S. L., & Li, L. (2006). Does age predict outcome in stroke rehabilitation? A study 

of 878 Chinese subjects. Cerebrovasc Dis, 21(4), 229-234.  
Luker, J. A., Wall, K., Bernhardt, J., Edwards, I., & Grimmer-Somers, K. A. (2011). Patients' age as a 

determinant of care received following acute stroke: A systematic review. BMC Health Serv Res, 
11, 161.  

Lyden, P. D., & Zivin, J. A. (2000). Cytoprotective therapies in ischemic stroke. In S. N. Cohen (Ed.), 
Management of Ischemic Stroke (pp. 225-240). New York: McGraw-Hill, Health Professions 
Division. 

Macciocchi, S. N., Diamond, P. T., Alves, W. M., & Mertz, T. (1998). Ischemic stroke: Relation of age, lesion 
location, and initial neurologic deficit to functional outcome. Arch Phys Med Rehabil, 79(10), 
1255-1257.  

MacLellan, C. L., Keough, M. B., Granter-Button, S., Chernenko, G. A., Butt, S., & Corbett, D. (2011). A 
critical threshold of rehabilitation involving brain-derived neurotrophic factor is required for 
poststroke recovery. Neurorehabil Neural Repair, 25(8), 740-748.  

Maulden, S. A., Gassaway, J., Horn, S. D., Smout, R. J., & DeJong, G. (2005). Timing of initiation of 
rehabilitation after stroke. Arch Phys Med Rehabil, 86(12 Suppl 2), S34-s40.  

Morreale, M., Marchione, P., Pili, A., Lauta, A., Castiglia, S. F., Spallone, A., Pierelli, F., & Giacomini, P. 
(2016). Early versus delayed rehabilitation treatment in hemiplegic patients with ischemic stroke: 
Proprioceptive or cognitive approach? Eur J Phys Rehabil Med, 52(1), 81-89.  

Nakayama, H., Jorgensen, H. S., Raaschou, H. O., & Olsen, T. S. (1994). Compensation in recovery of upper 
extremity function after stroke: The Copenhagen Stroke Study. Arch Phys Med Rehabil, 75(8), 852-
857.  

Nudo, R. J. (2003a). Adaptive plasticity in motor cortex: Implications for rehabilitation after brain injury. J 
Rehabil Med(41 Suppl), 7-10.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 30 of 34 
www.ebrsr.com 

 

Nudo, R. J. (2003b). Functional and structural plasticity in motor cortex: Implications for stroke recovery. 
Phys Med Rehabil Clin N Am, 14(1 Suppl), S57-76.  

Nudo, R. J., Milliken, G. W., Jenkins, W. M., & Merzenich, M. M. (1996). Use-dependent alterations of 
movement representations in primary motor cortex of adult squirrel monkeys. J Neurosci, 16(2), 
785-807.  

Nudo, R. J., Plautz, E. J., & Frost, S. B. (2001). Role of adaptive plasticity in recovery of function after 
damage to motor cortex. Muscle Nerve, 24(8), 1000-1019.  

Nudo, R. J., Wise, B. M., SiFuentes, F., & Milliken, G. W. (1996). Neural substrates for the effects of 
rehabilitative training on motor recovery after ischemic infarct. Science, 272(5269), 1791-1794.  

Nugent, J. A., Schurr, K. A., & Adams, R. D. (1994). A dose-response relationship between amount of 
weight-bearing exercise and walking outcome following cerebrovascular accident. Arch Phys Med 
Rehabil, 75(4), 399-402.  

O'Brien, S. R., & Xue, Y. (2016). Inpatient rehabilitation outcomes in patients with stroke aged 85 years or 
older. Phys Ther, 96(9), 1381-1388.  

Ottenbacher, K. J., & Jannell, S. (1993). The results of clinical trials in stroke rehabilitation research. Arch 
Neurol, 50(1), 37-44.  

Page, S. J., Gauthier, L. V., & White, S. (2013). Size doesn't matter: Cortical stroke lesion volume is not 
associated with upper extremity motor impairment and function in mild, chronic hemiparesis. 
Arch Phys Med Rehabil, 94(5), 817-821.  

Pan, S. L., Wu, S. C., Wu, T. H., Lee, T. K., & Chen, T. H. (2006). Location and size of infarct on functional 
outcome of noncardioembolic ischemic stroke. Disabil Rehabil, 28(16), 977-983.  

Paolucci, S., Antonucci, G., Grasso, M. G., Morelli, D., Troisi, E., Coiro, P., & Bragoni, M. (2000). Early versus 
delayed inpatient stroke rehabilitation: A matched comparison conducted in Italy. Arch Phys Med 
Rehabil, 81(6), 695-700.  

Paolucci, S., Antonucci, G., Troisi, E., Bragoni, M., Coiro, P., De Angelis, D., Pratesi, L., Venturiero, V., & 
Grasso, M. G. (2003). Aging and stroke rehabilitation: A case-comparison study. Cerebrovasc Dis, 
15(1-2), 98-105.  

Pascual-Leone, A., Grafman, J., & Hallett, M. (1994). Modulation of cortical motor output maps during 
development of implicit and explicit knowledge. Science, 263(5151), 1287-1289.  

Pascual-Leone, A., Nguyet, D., Cohen, L. G., Brasil-Neto, J. P., Cammarota, A., & Hallett, M. (1995). 
Modulation of muscle responses evoked by transcranial magnetic stimulation during the 
acquisition of new fine motor skills. J Neurophysiol, 74(3), 1037-1045.  

Pedersen, P. M., Jorgensen, H. S., Nakayama, H., Raaschou, H. O., & Olsen, T. S. (1995). Aphasia in acute 
stroke: Incidence, determinants, and recovery. Ann Neurol, 38(4), 659-666.  

Penfield, W., & Boldrey, E. (1937). Somatic motor and sensory representation in the cerebral cortex of 
man as studied by electrical stimulation. Brain, 60(4), 389-443.  

Pineiro, R., Pendlebury, S., Johansen-Berg, H., & Matthews, P. M. (2001). Functional MRI detects posterior 
shifts in primary sensorimotor cortex activation after stroke: Evidence of local adaptive 
reorganization? Stroke, 32(5), 1134-1139.  

Plautz, E. J., Milliken, G. W., & Nudo, R. J. (2000). Effects of repetitive motor training on movement 
representations in adult squirrel monkeys: Role of use versus learning. Neurobiol Learn Mem, 
74(1), 27-55.  

Pohjasvaara, T., Erkinjuntti, T., Vataja, R., & Kaste, M. (1997). Comparison of stroke features and disability 
in daily life in patients with ischemic stroke aged 55 to 70 and 71 to 85 years. Stroke, 28(4), 729-
735.  

Poletto, S. R., Rebello, L. C., Valenca, M. J., Rossato, D., Almeida, A. G., Brondani, R., Chaves, M. L., Nasi, L. 
A., & Martins, S. C. (2015). Early mobilization in ischemic stroke: A pilot randomized trial of safety 
and feasibility in a public hospital in Brazil. Cerebrovasc Dis Extra, 5(1), 31-40.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 31 of 34 
www.ebrsr.com 

 

Pons, T. P., Garraghty, P. E., & Mishkin, M. (1988). Lesion-induced plasticity in the second somatosensory 
cortex of adult macaques. Proc Natl Acad Sci U S A, 85(14), 5279-5281.  

Popa-Wagner, A., Schroder, E., Schmoll, H., Walker, L. C., & Kessler, C. (1999). Upregulation of MAP1B and 
MAP2 in the rat brain after middle cerebral artery occlusion: Effect of age. J Cereb Blood Flow 
Metab, 19(4), 425-434.  

Prabhakaran, S., Zarahn, E., Riley, C., Speizer, A., Chong, J. Y., Lazar, R. M., Marshall, R. S., & Krakauer, J. 
W. (2008). Inter-individual variability in the capacity for motor recovery after ischemic stroke. 
Neurorehabil Neural Repair, 22(1), 64-71.  

Radholm, K., Arima, H., Lindley, R. I., Wang, J., Tzourio, C., Robinson, T., Heeley, E., Anderson, C. S., & 
Chalmers, J. (2015). Older age is a strong predictor for poor outcome in intracerebral 
haemorrhage: The INTERACT2 study. Age Ageing, 44(3), 422-427.  

Rapp, B., Hendel, S. K., & Medina, J. (2002). Remodeling of somotasensory hand representations following 
cerebral lesions in humans. Neuroreport, 13(2), 207-211.  

Read, S. J., Hirano, T., Abbott, D. F., Sachinidis, J. I., Tochon-Danguy, H. J., Chan, J. G., Egan, G. F., Scott, A. 
M., Bladin, C. F., McKay, W. J., & Donnan, G. A. (1998). Identifying hypoxic tissue after acute 
ischemic stroke using PET and 18F-fluoromisonidazole. Neurology, 51(6), 1617-1621.  

Ridding, M. C., Brouwer, B., Miles, T. S., Pitcher, J. B., & Thompson, P. D. (2000). Changes in muscle 
responses to stimulation of the motor cortex induced by peripheral nerve stimulation in human 
subjects. Exp Brain Res, 131(1), 135-143.  

Rioult, M. G., Kohen, R., & Barrett, T. (2000). Learning induces widespread changes in gene expression in 
neocortex. Society for Neuroscience Abstracts, 26, 652-658.  

Rockel, A. J., Hiorns, R. W., & Powell, T. P. (1980). The basic uniformity in structure of the neocortex. Brain, 
103(2), 221-244.  

Rosenzweig, M. R., Krech, D., Bennett, E. L., & Diamond, M. C. (1962). Effects of environmental complexity 
and training on brain chemistry and anatomy: A replication and extension. J Comp Physiol Psychol, 
55, 429-437.  

Rossini, P. M., Caltagirone, C., Castriota-Scanderbeg, A., Cicinelli, P., Del Gratta, C., Demartin, M., Pizzella, 
V., Traversa, R., & Romani, G. L. (1998). Hand motor cortical area reorganization in stroke: A study 
with fMRI, MEG and TCS maps. Neuroreport, 9(9), 2141-2146.  

Salter, K., Jutai, J., Hartley, M., Foley, N., Bhogal, S., Bayona, N., & Teasell, R. (2006). Impact of early vs 
delayed admission to rehabilitation on functional outcomes in persons with stroke. J Rehabil Med, 
38(2), 113-117.  

Saposnik, G., Cote, R., Phillips, S., Gubitz, G., Bayer, N., Minuk, J., & Black, S. (2008). Stroke outcome in 
those over 80: A multicenter cohort study across Canada. Stroke, 39(8), 2310-2317.  

Schallert, T., Fleming, S. M., & Woodlee, M. T. (2003). Should the injured and intact hemispheres be 
treated differently during the early phases of physical restorative therapy in experimental stroke 
or Parkinsonism? Phys Med Rehabil Clin N Am, 14(1 Suppl), S27-46.  

Schauwecker, P. E., Cheng, H. W., Serquinia, R. M., Mori, N., & McNeill, T. H. (1995). Lesion-induced 
sprouting of commissural/associational axons and induction of GAP-43 mRNA in hilar and CA3 
pyramidal neurons in the hippocampus are diminished in aged rats. J Neurosci, 15(3 Pt 2), 2462-
2470.  

Scheff, S. W., Bernardo, L. S., & Cotman, C. W. (1978). Decrease in adrenergic axon sprouting in the 
senescent rat. Science, 202(4369), 775-778.  

Schiemanck, S. K., Kwakkel, G., Post, M. W., & Prevo, A. J. (2006). Predictive value of ischemic lesion 
volume assessed with magnetic resonance imaging for neurological deficits and functional 
outcome poststroke: A critical review of the literature. Neurorehabil Neural Repair, 20(4), 492-
502.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 32 of 34 
www.ebrsr.com 

 

Schiemanck, S. K., Post, M. W., Kwakkel, G., Witkamp, T. D., Kappelle, L. J., & Prevo, A. J. (2005). Ischemic 
lesion volume correlates with long-term functional outcome and quality of life of middle cerebral 
artery stroke survivors. Restor Neurol Neurosci, 23(3-4), 257-263.  

Schiemanck, S. K., Post, M. W., Witkamp, T. D., Kappelle, L. J., & Prevo, A. J. (2005). Relationship between 
ischemic lesion volume and functional status in the 2nd week after middle cerebral artery stroke. 
Neurorehabil Neural Repair, 19(2), 133-138.  

Simon, C., Kumar, S., & Kendrick, T. (2009). Cohort study of informal carers of first-time stroke survivors: 
Profile of health and social changes in the first year of caregiving. Social science & medicine, 69(3), 
404-410.  

Sit, J. W., Wong, T. K., Clinton, M., Li, L. S., & Fong, Y. m. (2004). Stroke care in the home: The impact of 
social support on the general health of family caregivers. Journal of clinical nursing, 13(7), 816-
824.  

Skilbeck, C. E., Wade, D. T., Hewer, R. L., & Wood, V. A. (1983). Recovery after stroke. Journal of Neurology 
Neurosurgery and Psychiatry, 46(1), 5-8.  

Smith, D. S., Goldenberg, E., Ashburn, A., Kinsella, G., Sheikh, K., Brennan, P. J., Meade, T. W., Zutshi, D. 
W., Perry, J. D., & Reeback, J. S. (1981). Remedial therapy after stroke: A randomised controlled 
trial. Br Med J (Clin Res Ed), 282(6263), 517-520.  

Stepniewska, I., Preuss, T. M., & Kaas, J. H. (1993). Architectonics, somatotopic organization, and 
ipsilateral cortical connections of the primary motor area (M1) of owl monkeys. J Comp Neurol, 
330(2), 238-271.  

Stinear, C. M. (2010). Prediction of recovery of motor function after stroke. Lancet Neurol, 9(12), 1228-
1232.  

Stinear, C. M., Barber, P. A., Petoe, M., Anwar, S., & Byblow, W. D. (2012). The PREP algorithm predicts 
potential for upper limb recovery after stroke. Brain, 135(Pt 8), 2527-2535.  

Stinear, C. M., Barber, P. A., Smale, P. R., Coxon, J. P., Fleming, M. K., & Byblow, W. D. (2007). Functional 
potential in chronic stroke patients depends on corticospinal tract integrity. Brain, 130(Pt 1), 170-
180.  

Stineman, M. G., & Granger, C. V. (1991). Epidemiology of stroke-related disability. In G. Goldberg (Ed.), 
Stroke Rehabilitation, Physical Medicine and Rehabilitation Clinics of North America (Vol. 2, pp. 
457-471). 

Sundseth, A., Thommessen, B., & Ronning, O. M. (2012). Outcome after mobilization within 24 hours of 
acute stroke: A randomized controlled trial. Stroke, 43(9), 2389-2394.  

Sundseth, A., Thommessen, B., & Ronning, O. M. (2014). Early mobilization after acute stroke. J Stroke 
Cerebrovasc Dis, 23(3), 496-499.  

Sze, K. H., Wong, E., Or, K. H., Lum, C. M., & Woo, J. (2000). Factors predicting stroke disability at discharge: 
A study of 793 Chinese. Arch Phys Med Rehabil, 81(7), 876-880.  

Tangeman, P. T., Banaitis, D. A., & Williams, A. K. (1990). Rehabilitation of chronic stroke patients: Changes 
in functional performance. Arch Phys Med Rehabil, 71(11), 876-880.  

Tatemichi, T. K., Desmond, D. W., Stern, Y., Paik, M., Sano, M., & Bagiella, E. (1994). Cognitive impairment 
after stroke: Frequency, patterns, and relationship to functional abilities. J Neurol Neurosurg 
Psychiatry, 57(2), 202-207.  

Taub, E., Miller, N. E., Novack, T. A., Cook, E. W., 3rd, Fleming, W. C., Nepomuceno, C. S., Connell, J. S., & 
Crago, J. E. (1993). Technique to improve chronic motor deficit after stroke. Arch Phys Med 
Rehabil, 74(4), 347-354.  

Thirumala, P., Hier, D. B., & Patel, P. (2002). Motor recovery after stroke: Lessons from functional brain 
imaging. Neurol Res, 24(5), 453-458.  

Turkstra, L. S., Holland, A. L., & Bays, G. A. (2003). The neuroscience of recovery and rehabilitation: What 
have we learned from animal research? Arch Phys Med Rehabil, 84(4), 604-612.  

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 33 of 34 
www.ebrsr.com 

 

Turner, A. M., & Greenough, W. T. (1985). Differential rearing effects on rat visual cortex synapses: I. 
Synaptic and neuronal density and synapses per neuron. Brain Res, 329(1-2), 195-203.  

Turton, A., Wroe, S., Trepte, N., Fraser, C., & Lemon, R. N. (1995). Ipsilateral EMG responses to transcranial 
magnetic stimulation during recovery of arm and hand function after stroke. Electroencephalogr 
Clin Neurophysiol, 97(4), s192.  

Vagal, A. S., Sucharew, H., Prabhakaran, S., Khatri, P., Jovin, T., Michel, P., & Wintermark, M. (2015). Final 
infarct volume discriminates outcome in mild strokes. Neuroradiol J, 28(4), 404-408.  

van Wijk, R., Cumming, T., Churilov, L., Donnan, G., & Bernhardt, J. (2012). An early mobilization protocol 
successfully delivers more and earlier therapy to acute stroke patients: Further results from Phase 
II of AVERT. Neurorehabil Neural Repair, 26(1), 20-26.  

Veerbeek, J. M., Koolstra, M., Ket, J. C., van Wegen, E. E., & Kwakkel, G. (2011). Effects of augmented 
exercise therapy on outcome of gait and gait-related activities in the first 6 months after stroke: 
A meta-analysis. Stroke, 42(11), 3311-3315.  

Veerbeek, J. M., van Wegen, E., van Peppen, R., van der Wees, P. J., Hendriks, E., Rietberg, M., & Kwakkel, 
G. (2014). What is the evidence for physical therapy poststroke? A systematic review and meta-
analysis. PLoS One, 9(2), e87987.  

Vogt, G., Laage, R., Shuaib, A., & Schneider, A. (2012). Initial lesion volume is an independent predictor of 
clinical stroke outcome at day 90: an analysis of the Virtual International Stroke Trials Archive 
(VISTA) database. Stroke, 43(5), 1266-1272.  

Volkmar, F. R., & Greenough, W. T. (1972). Rearing complexity affects branching of dendrites in the visual 
cortex of the rat. Science, 176(4042), 1445-1447.  

Wade, D. T., Langton-Hewer, R., Wood, V. A., Skilbeck, C. E., & Ismail, H. M. (1983). The hemiplegic arm 
after stroke: Measurement and recovery. J Neurol Neurosurg Psychiatry, 46(6), 521-524.  

Wade, D. T., Langton Hewer, R., Skilbeck, C. E., & David, R. M. (1986). Stroke: A critical approach to 
diagnosis, treatment, and management. London, England: Chapman & Hall. 

Wade, D. T., Wood, V. A., Heller, A., Maggs, J., & Langton Hewer, R. (1987). Walking after stroke: 
Measurement and recovery over the first 3 months. Scand J Rehabil Med, 19(1), 25-30.  

Wang, H., Camicia, M., DiVita, M., Mix, J., & Niewczyk, P. (2015). Early inpatient rehabilitation admission 
and stroke patient outcomes. Am J Phys Med Rehabil, 94(2), 85-96; quiz 97-100.  

Wang, H., Camicia, M., Terdiman, J., Hung, Y. Y., & Sandel, M. E. (2011). Time to inpatient rehabilitation 
hospital admission and functional outcomes of stroke patients. PMR, 3(4), 296-304; quiz 304.  

Weiller, C., Isensee, C., Rijntjes, M., Huber, W., Muller, S., Bier, D., Dutschka, K., Woods, R. P., Noth, J., & 
Diener, H. C. (1995). Recovery from Wernicke's aphasia: A positron emission tomographic study. 
Ann Neurol, 37(6), 723-732.  

Weiller, C., Ramsay, S. C., Wise, R. J., Friston, K. J., & Frackowiak, R. S. (1993). Individual patterns of 
functional reorganization in the human cerebral cortex after capsular infarction. Ann Neurol, 
33(2), 181-189.  

Weimar, C., Ziegler, A., Konig, I. R., & Diener, H. C. (2002). Predicting functional outcome and survival after 
acute ischemic stroke. J Neurol, 249(7), 888-895.  

Werner, R. A., & Kessler, S. (1996). Effectiveness of an intensive outpatient rehabilitation program for 
postacute stroke patients. American Journal of Physical Medicine and Rehabilitation, 75(2), 114-
120.  

West, R. W., & Greenough, W. T. (1972). Effect of environmental complexity on cortical synapses of rats: 
Preliminary results. Behav Biol, 7(2), 279-284.  

Whittemore, S. R., Nieto-Sampedro, M., Needels, D. L., & Cotman, C. W. (1985). Neuronotrophic factors 
for mammalian brain neurons: Injury induction in neonatal, adult and aged rat brain. Brain Res, 
352(2), 169-178.  

WHO. (2001). The international classification of functioning, disability and health (ICF).    

http://www.ebrsr.com/


3. Background Concepts in Stroke Rehabilitation  pg. 34 of 34 
www.ebrsr.com 

 

Wikstrom, H., Roine, R. O., Aronen, H. J., Salonen, O., Sinkkonen, J., Ilmoniemi, R. J., & Huttunen, J. (2000). 
Specific changes in somatosensory evoked magnetic fields during recovery from sensorimotor 
stroke. Ann Neurol, 47(3), 353-360.  

Winstein, C. J., Wolf, S. L., Dromerick, A. W., Lane, C. J., Nelsen, M. A., Lewthwaite, R., Cen, S. Y., & Azen, 
S. P. (2016). Effect of a task-oriented rehabilitation program on upper extremity recovery 
following motor stroke: The ICARE randomized clinical trial. JAMA, 315(6), 571-581.  

Withers, G. S., & Greenough, W. T. (1989). Reach training selectively alters dendritic branching in 
subpopulations of layer II-III pyramids in rat motor-somatosensory forelimb cortex. 
Neuropsychologia, 27(1), 61-69.  

Wolf, S. L., Lecraw, D. E., Barton, L. A., & Jann, B. B. (1989). Forced use of hemiplegic upper extremities to 
reverse the effect of learned nonuse among chronic stroke and head-injured patients. Exp Neurol, 
104(2), 125-132.  

Yagi, M., Yasunaga, H., Matsui, H., Morita, K., Fushimi, K., Fujimoto, M., Koyama, T., & Fujitani, J. (2017). 
Impact of rehabilitation on outcomes in patients with ischemic stroke: A nationwide retrospective 
cohort study in Japan. Stroke, 48(3), 740-746.  

Yagura, H., Miyai, I., Seike, Y., Suzuki, T., & Yanagihara, T. (2003). Benefit of inpatient multidisciplinary 
rehabilitation up to 1 year after stroke. Arch Phys Med Rehabil, 84(11), 1687-1691.  

Yoo, A. J., Barak, E. R., Copen, W. A., Kamalian, S., Gharai, L. R., Pervez, M. A., Schwamm, L. H., Gonzalez, 
R. G., & Schaefer, P. W. (2010). Combining acute diffusion-weighted imaging and mean transmit 
time lesion volumes with National Institutes of Health Stroke Scale Score improves the prediction 
of acute stroke outcome. Stroke, 41(8), 1728-1735.  

 

 

http://www.ebrsr.com/

