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Preface

This volume, Oxford Textbook of Clinical Neurorehabilitation,
mainly reflects insights from knowledge gained over the last
25 years. It covers the most relevant aspects of neurorehabilitation
approaches as currently applied, most of which are dependent, to
alarge degree, upon advances made through basic, clinical, thera-
peutic, social, and technological research during recent decades.
We asked the authors-all of whom are acknowledged experts in a
specific field of neurorehabilitation-to present their chapters with
the current state of the art in their area and, as far as possible,
the scientific basis on which contemporary treatment approaches
are based. The authors were also asked to make their chapters
attractive and accessible for both specialists and non-specialists
involved in the neurorehabilitation of patients by including vid-
eos, illustrations, and tables to provide a summary of particular
aspects of their subject. Where appropriate, different perspectives
on a given field are also provided. This volume should serve as a
current overview covering all aspects of neurorehabilitation for
medical doctors, scientists and therapists working in this diverse
and advancing field.

Impressive progress has been made in the field of neuroreha-
bilitation over recent decades. This period of change dawned
with an almost exclusively experience-based neurorehabilitation
approach, inaugurated by a number of schools and usually prac-
ticed in separation from other medical disciplines. Over time,
in most subspecialities, evidence-based neurorehabilitation has
been gradually established. This move towards a more scientific
and integrated paradigm is illustrated by smoother transitions
from acute care: for instance, stroke patients into early rehabilita-
tion requiring close multidisciplinary interactions characterized
by close cooperation between clinical staff and researchers. This
early phase of rehabilitation is followed by longer-term functional
training approaches and social integration programmes, which
are today being successfully applied for patients with stroke, brain
injury, and spinal cord injury (SCI). Such modern rehabilitation
approaches have strong theoretical underpinnings, for instance
on evidence gained from animal experiments investigating the
exploitation potential of neuroplasticity or from well-conducted
patient studies concerning the effect of longer training times
on the recovery of sensorimotor function during rehabilitation
in patient with various forms of central (CNS) and peripheral
nervous system damage. However, despite all this recent pro-
gress, we must acknowledge the evident limitations of our treat-
ment approaches. After severe CNS damage neurological deficits

remain, and our ongoing aim can only be to achieve more optimal
outcomes for individual patients.

Repetitive training of lost functional movements has become
established for the recovery of sensorimotor function. This has
been associated with an increase in the use and impact of tech-
nology in contemporary neurorehabilitation programmes, using
assistive devices, feedback information, and virtual reality train-
ing conditions. This technology allows standardized training ses-
sions and objective measurement of the trajectory of movement
recovery and can motivate the patient through feedback over the
course of rehabilitation. Today, the significance of this technol-
ogy is occasionally considered to be overestimated and its further
development is critically discussed. Further progress with tech-
nology must be driven by recognition of the physiological require-
ments for its beneficial application. Nevertheless, there are few
doubts that technology will continue to have an increasing impact
in neurorehabilitation.

Despite all these promising developments, in several respects
there are still hurdles to overcome if we are to achieve optimal
neurorehabilitation strategies. Although concepts such as neuro-
plasticity are well attested in animal experiments, a major prob-
lem still concerns the successful translation of basic research into
clinical applications. Several causes may perpetuate this problem.
Despite promising techniques for inducing neural regeneration
in animal models, applying therapies based on these concepts in
human patients with SCI has not yet shown convincing results.
This failure may be due to the lack of an adequate animal model
and a solution will require close cooperation between researchers
and clinicians involved in the care of patients with CNS damage.

We are also still at the beginning of building a true understand-
ing of the factors which underlie and influence training effects.
For example, which proprioceptive input is required to achieve
meaningful limb muscle activation, in turn leading to training
effects resulting in improved sensorimotor functional outcomes?
How can a treatment programme be optimally adapted to indi-
vidual abilities and requirements, for example, with respect to
movement velocity and complexity? To what extent must training
of particular factors, such as equilibrium control during stepping,
be challenging?

We must also be aware of the increasing population of elderly
people requiring neurorehabilitation. This is having and will
continue to have profound medical, therapeutic and social con-
sequences. This situation is frequently neglected and solutions



vi

PREFACE

must be identified and developed in the near future. One such
solution might be improved transition from an initial, short,
focused neurorehabilitation period in specialized centres, prior
to early integration into community- or home-based rehabilita-
tion with community-based nursing care and an environment
adapted to the individual's needs and access to neurorehabilita-
tion specialists.

Observations indicate that neuroplasticity can still be success-
fully exploited in elderly patients and lead to a degree of neurolog-
ical recovery similar to that possible in young patients, although
translation in functional gains is usually poor. Elderly people thus
require special training approaches focused on a few important
daily life activities, something often more successfully achieved in
a familiar setting (i.e. at home or in the community) rather than
in a specialized centre where elderly people may have difficulty
adapting to an unfamiliar setting.

In the future, prediction of outcome will be further improved
and will determine the focus of training approaches to be applied.

It might not only allow the optimization of sensorimotor func-
tional rehabilitation but also prevent complications of autonomic
dysfunction and the development of pain syndromes. Such early
outcome predictions, particularly for sensorimotor functions,
are available today, usually using a combination of electrophysi-
ological and imaging assessments in conjunction with clinical
examination.

If rehabilitation medicine is to continue its recent progression,
close cooperation between basic and clinical research, therapists,
and engineers is required to develop and promote useful assess-
ments for an early refined prediction of outcome (sensorimotor
and autonomic function and pain syndromes) with the aim of
establishing standardized, but individually adapted, treatment
programmes.

Volker Dietz
Nick Ward
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CHAPTER 1

The International
Classification of Functioning,
Disability, and Health

Diane Playford

The International Classification of Functioning, Disability, and
Health (ICF) provides a framework for the description of health
and health-related states and offers a biopsychosocial model of
disability. It lists body functions and structure, and activity and
participation. The relationship between impairment, activity,
and participation is not linear, and can be further moderated by
contextual factors, including personal and environmental fac-
tors. Each of these components is denoted by a prefix, followed
by a numeric code, and then a qualifier, which also has a numeric
value. This approach allows clear description of each domain,
the extent of any impairment, and the level of performance and
capacity at the activity and participation level. There are a wide
range of potential applications of the ICF. It has been adopted
most widely within rehabilitation services to describe individual
functioning, but can also be used at a service and national policy
level to describe, monitor, and evaluate different activities. This
chapter aims to outline the use of the ICF, consider its strengths,
and highlight its function in a range of settings.

The ICF was introduced by the World Health Organization
(WHO) in 1999 as a response to the conceptual and practical dif-
ficulties posed by its predecessor, the International Classification
of Impairment, Disability and Handicap (ICIDH) [1]. For many
years there was a tension between medical and social models of
disability. In the medical model disability was seen as a problem
of the individual’s body, whereas the social model identified dis-
ability as a consequence of the external environment and soci-
etal attitudes [2]. These two views polarize the debate. While it is
clearly not acceptable for an individual to be denied their role in
society through barriers created by the social, political and physi-
cal environment, it is also appropriate for clinicians, if requested,
to treat pain, spasticity, weakness and other symptoms.

It is clear that such polarized views were never the only views
on this debate. Gzil and colleagues [3] chart clearly the evolu-
tion of thinking around disability. However, over the past ten
years thinking has shifted as is exemplified by the adoption of
the biopsychosocial model of disability described in the WHO
ICF. When this was first published adoption was slow, but it is
now accepted as a practical model of disability. This chapter will
outline the ICF, consider how widely it has been adopted, and

identify some of the remaining issues in its widespread adoption
and use.

The ICF provides a framework for the description of health
and health-related states. It lists body functions and structure,
and activity and participation [1]. Functioning refers to all
body functions, activities, and participation, while disability
is used for impairments, activity limitations, and participation
restrictions. The relationship between impairment, activity, and
participation is not linear, and can be further moderated by con-
textual factors, including personal and environmental factors.
Body structures and functions, activities, participations, and
environmental factors are coded, whereas personal factors are
not. For example, the loss of a little finger is an impairment of
body structure; in most people this will result in little change
in activity or participation, but for an international concert vio-
linist the participation restriction will be considerable and will
impact on their ability to maintain paid work. However, whether
they are able to accept this participation restriction and go on to
find other paid work, say as a cab driver, will depend on personal
factors including values and beliefs about paid work, and envi-
ronmental factors such as their families willingness to support
them financially.

The ICF can be drawn out schematically as shown in Figure 1.1.

+ Body functions are physiological functions of body systems
(including psychological functions). Examples of body func-
tions include cognitive and emotional functioning; vision;
hearing; and cardiovascular, respiratory, digestive, reproduc-
tive, and musculoskeletal functions.

+ Body structures are anatomical parts of the body such as
organs, limbs, and their components. Examples include the
oesophagus, stomach, intestine, pancreas, and liver or the
brain, spinal cord, and meninges.

+ Impairments are problems in body function or structure,
such as a significant deviation or loss. Examples would include
respiratory failure or limb loss.

* Activity is the execution of a task or action by an individual,
for example, lifting and carrying objects.
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Health condition
(disorder or disease)

and structure

| Environmental factors | Personal factors

Contextual factors

Fig. 1.1 The International Classification of Functioning, Disability and Health
(ICF) drawn out schematically.

* Activity limitations are difficulties an individual may have in
executing activities.

+ Participation is involvement in a life situation, such as paid
employment.

+ Participation restrictions are problems an individual may
experience in involvement in life situations.

Together, activity and participation describes the person’s func-
tional status and these are coded together using the following
headings: learning and applying knowledge, general tasks and
demands, communication, mobility, self care, domestic life, inter-
personal interactions and relationships, major life areas and com-
munity, and social and civic life.

+ Environmental factors make up the physical, social, and attitu-
dinal environment in which people live and conduct their lives.
They include factors that are not within the person’s control,
such as work, health, and social care agencies, legislation, and
societal norms.

+ Personal factors include race, gender, age, educational level,
coping styles, values, and beliefs. Personal factors are not spe-
cifically coded in the ICF because of the wide variability among
cultures. They are included in the framework, however, because
although they are independent of the health condition they may
have an influence on how a person functions.

Each of these components is denoted by a prefix, and is divided
into chapters covering different domains:

b for body function
s for body structures
d for activities and participation

e for environmental factors.

When assigning a code, each prefix is followed by a numeric code
that starts with the chapter number (one digit) and followed by
second level item (two digits). For example, if we have to code
body function for back pain then these are the codes:

b2 Sensory functions and pain (first-level item)
b280
b2801

b28013

Sensation of pain (second-level item)

Pain in a body part (third-level item)

Pain in back (fourth-level item).

The third and fourth level items are pertinent to some codes and
not others.
For example, when coding dysarthria, the code will be as follows:

b3 Voice and speech (first-level item)
functions
b320 Articulation functions (second-level item).

The domains of ICF become more meaningful when ‘qualifiers’
are used. Qualifiers are a numerical value and are suffixed after
a point (separator) with the ICF code. They record the presence
and severity of a problem at the functions, structure and activi-
ties, and participation level. The ICF guidelines state that any code
should be accompanied by a qualifier, without which the code has
no inherent meaning.

For the body structure and function, the qualifiers indicate
presence of a problem and, on a five-point scale, the degree of
impairment of function and/or structure, that is:

xxx.0 no problem

xxx.1 mild problem
xxx.2 moderate problem
xxx.3 severe problem
xxx.4 complete problem.

For example, b320.3: severe impairment in articulation functions
of speech. In this example the (.3) after the main code b320 is the
qualifier, and it describes severe impairment.

For activities and participation, there are two qualifiers that
are used:

The first is the ‘performance qualifier’, which describes what
individuals do in their current environment. This takes into
account the environmental factors, so provides a ‘lived experience’.

The second is the ‘capacity qualifier’, which describes the highest
probable level of functioning of an individual in a given domain
in a given time. This provides information related to a ‘standard’
environment.

For example:

d4500.21  Inthis example, the 2’ after the point is the performance

qualifier, and the 3’ is the capacity qualifier. This will be

read as:

d450 walking

d4500 walking short distances

d4500.2- moderate difficulty in walking short

distances in current setting (may include
environmental support such as rails, or use
of a frame

d4500.-3severe difficulty in walking in a standard
environment.

A further two qualifiers can then be added, including capacity
qualifier with assistance and performance qualifier without assist-
ance. This allows one to identify what patients do in their current
environment using assistance (first qualifier), what they would



do in a standard environment (second qualifier), what they could
do in an optimized environment (third qualifier), and what they
can do in their current environment without assistance (fourth
qualifier).

The qualifier coding for environmental factors helps in indicat-
ing whether the environmental factors are facilitating or imped-
ing the person’s performance. Thus, they are represented with a
plus sign for facilitation, and a minus sign or just a *’ for impedi-
ment. For example,

e150.2 design, construction, and building products, and
technology of buildings for public use confer a moderate
obstacle

e150+2 design, construction, and building products, and

technology of buildings for public use provide a moderate
facilitating effect.

This highlights the fact that environment should be assessed
according to individual needs, and thus, it cannot be taken as
standard. The pavement ramps and slopes can be a facilitator for a
wheelchair user, whereas they may provide barrier to a blind per-
son who uses a stick.

The WHO highlights a wide range of potential applications of
the ICF. Initially adoption was slow [4]. Reasons highlighted were
that activities and participation were categorized together in
comparison with the very distinct conceptual differences of dis-
ability and handicap found in the earlier ICIDH. It was reported
that, as they were conceptually distinct, they should have been
categorized separately. However, it was recognized that users
could differentiate activity and participation domains in a num-
ber of different ways, and this was left up to the user. Many users
used to describing disability in terms of loss found the more
positive language of the ICF unwieldy. It was felt that the ICF
could only be used effectively following training. However, by
2012, Wiegand and colleagues [5] felt that although the adop-
tion of the ICF was widespread in the field of rehabilitation, its
implementation in practice was idiosyncratic and had rarely been
evaluated properly. A study in 2013 of the implementation of the
ICF in Israeli rehabilitation centres among physiotherapists sug-
gested that the majority were familiar with the ICF, and nearly
two thirds reported partial implementation in their units [6].
Implementation focused mostly on adopting the biopsychosocial
concepts and using ICF terms. The ICF was not used either for
evaluating patients or for reporting or encoding patient informa-
tion, supporting Wiegand’s view that evidence that the ICF has
lead to real changes is lacking [5].

As suggested by Jacob [6], the place where the ICF has probably
been most useful has been in rehabilitation of an individual patient
where it provides a shared language within the multidisciplinary
teams supporting a comprehensive assessment of an individual
with a disability and facilitating treatment planning, which may
aim to improve physiological function, maximize activity, alter
the environment or support patient adjustment, all with a view to
reaching a goal focussed on participation. As the whole data set
can be unwieldy a considerable body of work using Delphi meth-
odology has been undertaken, producing comprehensive and brief
‘core sets’ for different conditions and settings [7, 8]. Examples of
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such core sets exist for multiple scelerosis (MS) [9, 10], stroke [11],
traumatic brain injury [12], and rheumatoid arthritis [13], and
also for acute rehabilitation settings [14].

In other domains the ICF has been used less frequently. For
example, it is rarely used for the evaluation of treatment and other
interventions, or for self-evaluation by patients, although the
capacity and performance qualifiers should allow this.

At the institutional level the ICF has potential to be used in plan-
ning, developing and evaluating services. Madden and colleagues
[15] recently investigated the relationship between the ICF and
information in reports published to monitor and evaluate com-
munity rehabilitation services. Thirty-six articles were selected
for analysis containing 2495 information items. Approximately
one third of the 2,495 information items identified in these arti-
cles (788 or 32%) related to concepts of functioning, disability and
environment, and could be coded to the ICF. These information
items were spread across the entire ICF classification with a con-
centration on activities and participation (49% of the 788 infor-
mation items) and environmental factors (42%). Based on these
findings Madden and colleagues [15] suggest the ICF can be used
as a potentially useful framework and classification, providing
building blocks for the systematic recording of information related
to functioning and disability to inform health professionals and
other staff, and to enable national and international comparisons.

The ICF could also be used to guide social policy development,
including legislative reviews, model legislation, regulations and
guidelines, and definitions for anti-discrimination legislation.
For example, at the social level the ICF has potential to be used
for eligibility criteria for state entitlements such as social security
benefits, disability pensions, workers’ compensation, and insur-
ance. A recent study by Anner and colleagues [16] examined the
official requirements on medical reporting about disability in
social insurance across Europe. They found that four features
were demanded: an assessment of work capacity, a socio-medical
history, a determination of the feasibility and effectiveness of
intervention and the prognosis. Within the reports on working
capacity there was an increasing trend for authors to make for-
mal or informal reference to the ICF. However, the formats of
reporting on work capacity varied between countries, from free
text to semi-structured report forms to fully structured and scaled
report forms of working capacity. They suggest the ICF could
serve as a reference for describing work capacity, provided the ICF
contains all necessary categories. It is of interest that as well as
recording the ICF categories the authors recognize the need for a
socio-medical history, and a determination of the feasibility and
effectiveness of intervention and the prognosis. These features are
absent from the ICF and highlight some its potential weaknesses.
The Italian Ministry of Health and Ministry of Labor and Social
Policies supported a 3-year project for the definition of a common
framework and a standardized protocol for disability evaluation
based on ICF.

The MHADIE project (Measuring Health and Disability in
Europe: Supporting policy development) aimed to develop real-
istic, evidence-based, and effective national policies for persons
with disabilities [17]. A preliminary step towards this goal was
the demonstration of the feasibility of employing the ICF in clin-
ical, educational and statistical fields, which corresponds to the
recognized need to enhance the European Union’s capacity to
describe the levels and extent of disability across populations, as
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highlighted in its Disability Action Plan 2006-2007. The ultim-
ate outcome of the project was the production of 13 policy rec-
ommendations, dealing with statistics, clinical, and educational
areas, and 4 general policy recommendations focusing on the need
to: (a) co-ordinate and integrate disability conceptualization at all
policy levels and across sectors; (b) conduct longitudinal cohort
studies which include children aged 0-6; (c) review transport
policies in light of the requirements of persons with disabilities;
(d) review all disability policies to emphasize and support the role
of the family, which is a consistent and substantial environmental
facilitator in the lives of persons with disabilities.

Similarly the ICF has potential to be used in planning, developing
and evaluating education and training for both professionals and
patients. Little has been written on the use of the ICF for structuring
professional curricula, although Sabariego [18, 19] demonstrated its
utility in structuring an educational programme for stroke patients.

In research, the ICF has been used to provide a framework for
patient-reported outcomes. Baker et al. described a scale selec-
tion strategy for choosing relevant outcomes for a study of robot-
ics to treat the upper limb after stroke [20]. They used the ideas
contained in the Food and Drug Administration (FDA) Patient
Reported Outcome Measures document and mapped them on
to the ICF to select a comprehensive set of measures. A study by
Fayed and colleagues [21] used the ICF as a framework to demon-
strate how many clinical trials do not capture measures important
to children with chronic conditions. In a study of nearly 500 clin-
ical trials less than 8% included an outcome focussed on activity
and participation as part of the trial evaluation process.

It seems that, while the ICF has had a profound influence on
the thinking of clinicians, it has not been adopted as widely as
it could have been at a patient, service, policy, or research level
for assessment and evaluation. Some of this may be due to lack of
familiarity and it is clear that familiarity is growing. Escorpizo
and Stucki [22] argue that disability can be described and meas-
ured using the ICF and ICF-related tools such as the Generic Set,
ICF Core Sets specific to health conditions or settings, and meas-
urement instruments that have been linked to the ICF. He states
that education of those in occupational medicine, work rehabilita-
tion, disability adjudication, policy and legislation, and govern-
ment agencies about the ICF will lead to greater implementation
of the ICF, including determining functional and work capacity
and as a reference framework and a language of disability to help
facilitate a common ground of understanding.

Some of this may be due to the fact that the full ICF is large and
can be seen as unwieldy but the development of core sets mitigates
this difficulty. A number of areas where the framework could be
strengthened have been identified, many of which were apparent
to the authors at first publication

First, the fact that there is lack of clarity in the distinction between
activity and participation. Many authors have highlighted the diffi-
culties, including Whiteneck [23]. Typical activities include activities
of daily living (ADL) such as bathing, dressing, eating, walking, and
talking, various combinations of which maybe required to fulfil social
roles. Typically, participation includes social roles (such as earning a
living, parenting, and leisure activities), fulfilling civic and religious
roles (spouse, parent, and citizen),all of which can be fulfilled inawide
variety of ways.

Second, it has been suggested by Wade and Halligan [24] that it
needs to be integrated with a model of illnesses. At present, to code

disease the International Classification of Diseases 10th edition
(ICD 10) has to be used, but there are areas where the ICD 10 and
the ICF overlap. Work is currently being undertaken to address
these difficulties [25]. However, our understanding of impairment
of structure and function continues to develop and can now be
considered at molecular, subcellular, cellular, and tissue level. Any
categorization of pathology is likely to run the risk of being either
simplistic or complex, incomplete and unwieldy. However, within
the rehabilitation framework identifying pathology and its treat-
ment is essential to allow rehabilitation physicians and teams to
use all the means at their disposal to minimize disability. As rec-
ognized by the original authorsof the ICF, in addition to failing to
recognize pathology, it fails to acknowledge as part of the patho-
logical diagnosis the importance of disease course in managing
the treatment of disability; the needs of a person with relapsing
remitting MS are quite different than the needs of a patient with a
progressive neuropathy, which differ again from someone with a
single-incident disorder. The only way to capture this is by record-
ing changes in qualifiers over time.

Third, it does not describe personal factors [24]. Personal factors
are not specifically coded in the ICF because of the wide variabil-
ity among cultures. They are included in the framework, however,
because although they are independent of the health condition
they may have an influence on how a person functions. However,
personal factors are critical to understanding performance; this
explains why one patient, ventilated and quadriplegic, might
apply to the courts requesting physician-assisted suicide and
another similar patient manages with an appropriate care pack-
age and technological support to go to work every day for an IT
company. It is also personal factors that explain the apparent mis-
match between objective and experienced disability.

Closely related to personal factors are values and beliefs [24]. If
rehabilitation is concerned with changing behaviour in an adap-
tive manner, then working with patients to determine their goals
demands more than an understanding of the activity limitations
and participation restrictions, but also needs an understanding of
values and beliefs that lead to the prioritization of one goal over
another.

In summary, the ICF represents a significant step forward and
has embedded a biospsychosocial approach into rehabilitation
thinking. It is used as a framework for considering the disabil-
ity experienced by individual patients. However, it has not been
adopted as widely as envisaged. It has rarely used for evaluat-
ing patients, or for reporting or encoding patient information,
or for the evaluation of treatment and other interventions. It has
potential to be used far more widely, including in education of
both professionals and patients, to be used within occupational
medicine, vocational rehabilitation, and government policy,
allowing a shared language and precise coding of information
both within and between services and countries. Some of the
reasons for its slow adoption may be that it can feel unwieldy.
It is likely that with the increasing use of core sets that the ICF
will be used more widely in the future. Other limitations, many
of which were highlighted by the authors at outset, include the
fact that it does not incorporate any model of illness, or provide
descriptors of personal factors, and individual values and beliefs.
There is, however, a growing consensus about the use of the ICF
and how it should further develop. With time, it is likely to be
adopted more widely.
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CHAPTER 2

An interdisciplinary approach
to neurological rehabilitation

Derick Wade

Introduction

People who have continuing disability often benefit from help to
improve their abilities and/or to adapt. Rehabilitation services
provide this help. Rehabilitation is a process focused on disabil-
ity, the functional activities that are limited. It aims to optimize
participation in social activities and to minimize distress and
discomfort. Neurological and neuromuscular diseases are a com-
mon and potent cause of persistent, often progressive disability.
Therefore the process of neurological rehabilitation is important
to all healthcare.

This chapter discusses the process of rehabilitation, what it is,
and how services should be organized. It argues that having access
to a specialist team using an interdisciplinary approach is essen-
tial for all patients, even people with relatively straightforward
problems. It focuses on the benefits that should follow on from
using an interdisciplinary approach.

There are many definitions of rehabilitation, but the important
core features [1-4] are that:

+ Itis primarily a process, not a single or limited set of treatments.
+ It has as its focus disability, not disease.

# It necessarily has to take a holistic view, actively considering
and taking into account all influences on a patient’s situation,
rather than considering such influences as of interest but to be
put to one side as not relevant.

+ Therefore it necessarily often involves a wide range of different:
o people
o professions, and also non-professional people

o agencies and organizations including many outside the
healthcare system.

Neurological and neuromuscular disorders pose a particular dif-
ficulty for two reasons. The central patient-related processes in
rehabilitation are learning and adaptation, and it is the nervous
system that is required for these recovery processes. Therefore the
process must be adapted to the patient’s cognitive ability, which
will often be limited by the disease.

At the same time, because the nervous system is central to
almost all human skills and activities, the range of losses is great
and in particular usually includes a perceived or actual change in
a person’s identity. Consequently, the knowledge and skills needed
cover a very wide range.

Although rehabilitation may appear very different from normal
neurological practice, in reality it shares many common features.
In particular, success depends upon a full, accurate analysis of the
presenting problems (diagnosis) and then undertaking targeted
interventions aimed at reversing or ameliorating identified prob-
lems (treatment). The primary difference is that the focus of atten-
tion in rehabilitation is on disability, the functional activities that
are limited, rather than on the underlying damage to or disease of
the nervous system, which is the focus of neurological and neuro-
surgical services.

The main consequence of this different focus—disability, not
disease—is that a much wider range of factors is of importance.
Even in neurology success requires access to a team covering a
wide range of different areas of expertise such as neurophysiology,
psychology and neurosurgery. In rehabilitation this is even more
important, and the range of expertise needed is much larger.

This chapter outlines, for the non-expert, some more detail on
the need for, and benefits of, a multidisciplinary approach, illus-
trating the very large range of expertise needed. It does so by start-
ing with a short discussion of the analytic framework used within
rehabilitation practice. This demonstrates the need for a team
approach. It then discusses the rehabilitation process, before con-
sidering the membership of the team and how teams should work.
One definition of a team is a group of people working towards a
common goal, and this emphasizes the central importance of goal
setting when faced with complex problems.

The biopsychosocial model of illness

In 1977 Engel wrote a seminal paper that is as relevant and fresh
now as it was then [5]. In the paper he drew upon sociological and
other research to formalise a much broader approach to analys-
ing and understanding illness. Together with the ideas of Talcott
Parsons published in 1952 [6], the biopsychosocial model of ill-
ness enabled a fuller understanding of illness. The biopsychosocial
model was soon used by the World Health Organization as the basis
for the International Classification of Impairments, Disabilities
and Handicaps (WHO ICIDH, 1980) [7] and then the improved
International Classification of Functioning (WHO ICF, 2001) [8].
The original biopsychosocial model has been developed to make
it complete [2-4, 8]. Despite its relevance to all healthcare, it is only
now becoming incorporated into wider healthcare systems [9-11].
It will be described briefly here. Many other references in this
chapter expand upon it and its use. It is illustrated in Figure 2.1.
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Fig. 2.1 Biopsychosocial model of illness: components of importance.

The basic insight is that the complexity of any illness must first
be divided into contextual factors and patient-related factors. The
patient-related factors come from one of four hierarchical lev-
els: the organ, the body, the person interacting with their phys-
ical, observable environment, and the person’s interactions with
other people. The contextual factors encompass four concepts: the
physical environment, the social environment, the person’s own
pre-existing characteristics and time, which is subdivided to cover
both the person’s stage in their life and their stage in their illness.

The descriptive framework is also a systems analytic model, and
only major interactions are shown in Figure 2.1. As would be pre-
dicted from a systems approach, there are multiple and complex

interactions between different factors including some that apply
in a direction contrary to expectation. One strength of this model,
of particular relevance to neurologists is that it predicts the exist-
ence of functional illness [3].

Loss, change, and recovery

Recovery following an episode of tissue dysfunction occurs, ini-
tially, through restitution of the tissue and thus the functions asso-
ciated with that tissue. However, when there is residual dysfunction
the body and person adapts, a process of learning to achieve goals
in a different way. For most internal, physiological functions this
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is ‘automatic’ and beyond conscious control. There are exceptions,
such as the use of hormone replacement therapy after failure of an
organ when the person has to learn to take the replacement appro-
priately, which is not trivial for insulin (for example).

In conditions where there is a gradual and usually progressive
loss of tissue function, such as occurs with muscular dystrophies,
multiple sclerosis, Huntington’s disease or motor neuron disease,
then there is an inevitable process of adaptation than can, in slowly
progressive disorders such as Parkinson’s disease, be so successful
that the patient (to be) may lose significant amounts of tissue with-
out noticing it. In other words, subclinical disease simply reflects
very successful adaptation. In some disorders it is other people
and not the patient who notice change, so successful is the adapta-
tion. However, eventually most people will notice problems, espe-
cially in fluctuating conditions such as multiple sclerosis.

Finally, there are conditions that arise before, at or shortly after
birth, when the person is naturally totally dependent anyway. If
the damage is fixed, then the person will learn and develop and
will incorporate the consequences of their losses (if any) into their
normal development which may thus be different from usual. If
the person has an additional progressive loss, they will also adapt
to their changing abilities.

Rehabilitation

Rehabilitation is no more or less than helping the person to adapt
and learn in response to their limited, altered, or changing abili-
ties. Conceptually, it is exactly similar to education, except that it
is set in the context of loss or absence of existing or expected abili-
ties arising from a disease or health disorder.

Diagnosis/assessment

Problem / Patient enters

onset to allow a sufficient understanding of

the situation to plan the next steps

More goals
possible

The collection and interpretation of data

Evaluate
Compare against goals, and
decide if further goals

appropriate
No more pprop

goals
possible

Sometimes, for example when muscles have simply wasted
through disuse or after an acute but reversible injury but are still
intact, the process is primarily one of encouraging ‘natural’ recov-
ery and doing so in a safe environment so that, for example, the
person does not fall or develop skin pressure ulcers while recover-
ing. More commonly, the process involves identifying and teaching
alternative strategies and allowing practice in a safe environment.
Also quite commonly, the process involves helping the person rec-
ognize that some previous goals or activities are no longer achiev-
able, and helping them and their family adjust to this.

This approach emphasizes that rehabilitation is not only applic-
able to people with recently acquired losses set in the context of
premorbid ‘normality’. It is also appropriate for people who have
limitations imposed by some congenital or other problem present
from birth and for people who have a progressive disorder. In these
circumstances the goals may be different and the underlying ill-
ness processes may be different, but rehabilitation services can still
help the person adapt, set appropriate goals, which may be greater
than those expected by the patient, and learn new skills to meet
goals.

The process of rehabilitation is shown in Figure 2.2 and Figure 2.3.

The rehabilitation process depends crucially upon an accurate
initial analysis of the situation, identifying:

+ Underlying pathology (disease, disorder) if any, because it may:
o Determine prognostic field and prognostic markers

« Suggest impairments that should be looked for, or do not need
testing for

+ Impairments present, nature and severity

Goal setting
The identification of possible goals (short-
and long-term), identification of patient
preferences, and negotiation of goals and
necessary actions

A

Patient/family actions
Actions etc. to be
undertaken by patient
and/or family

REHABILITATION TEAM ACTIONS

Discharge
- Ensure sufficient support
and ongoing care
- Check that patient can
self-manage

Data and process
Collect information,
liaise and work with

other agencies/services

Treatment
Actions that are
expected to alter the
outcome

Support
Actions that are
needed to maintain
life and safety

- Specify when and how

to return to service

Fig. 2.2 The rehabilitation process—a reiterative cycle.
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Fig. 2.3 The rehabilitation process and its components.

¢ Levels of activity and social participation

o Currently

o Previously, or in case of life-long illness, anticipated or desired

+ Personal contextual factors
 Expectations of rehabilitation and change
o Attitudes, strengths, weaknesses, etc.
o Goals/domains of interest

+ Physical contextual factors such as:

o Accommodation

o Availability of practical support from people (caring, not social)

o Equipment and adaptations

# Social contextual factors, such as

o Attitudes and expectations of family and important others

« Benefits and other resources available

+ Prognosis: likely change and interventions needed and available.

Rehabilitation team

The list given of important components needed to achieve suc-
cessful (efficient and effective) rehabilitation illustrates why a

multidisciplinary team is needed.
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For most patients with more complex problems, this detailed
and in depth analysis can only be achieved by a group of profes-
sionals who have between them appropriate expertise. Without a
clear, accurate initial analysis it is probable that the process may
be misdirected, attempting to achieve inappropriate goals or not
attempting to achieve appropriate goals. Unfortunately, failures in
determining and setting expectations early on are still a common
cause of both unnecessary disability (people not realizing that
they could do more) and of distress, when given unduly optimistic
expectations.

Patients with neurological conditions are particularly likely to
have complex problems. Complexity is, in fact, difficult to define
and in this context it refers to problems that:

¢ are multifactorial (i.e. are influenced by many different factors
such as cognition, mood change, altered sensation)

+ have interactions between the different factors that themselves
influence the outcome of interest (e.g. combination of blind-
ness and amnesia after posterior cerebral circulation ischae-
mia makes rehabilitation of both impairments much more

difficult)
+ have non-linear relationships between the different factors

+ usually include also clinical uncertainty about the disease and
its prognosis.

This complexity arises particularly in neurological rehabilitation
because the nervous system is the central system to being a person,
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defined in rehabilitation as a social being who learns and adapts to
changing circumstances. The brain, in particular, controls almost
all conscious and much unconscious behaviour. It analyses situa-
tions, plans actions, responds to changes, etc. It also is the basis for
personality, emotion and goals. Indeed most people now equate
brain damage with a change in their personhood—who they are.

There are few if any conditions that affect the central nervous
system that do not cause complex problems. Consequently, most
patients with continuing problems associated with any neuro-
logical disorder may benefit from expert rehabilitation.

Given the wide range of problems that may arise from neuro-
logical dysfunction, it should be obvious that no single person or
profession is likely to have the very large range of expertise needed
to lead to an accurate analysis of a patient’s situation. However,
without a full understanding both of the deficits and of the areas
of preserved or good function, it is likely that each individual pro-
fessional person involved will not set appropriate goals or under-
take appropriate interventions. For example, knowing how much
apparent memory loss is actually secondary to depression, or how
much apparent motor loss is secondary to a functional disorder
may have a major impact on treatments offered.

Teams and teamwork

A team is or should be more than a group of people who simply
share factual, analytic information. The word is derived from a
team of horses pulling a plough, which illustrates its cardinal fea-
ture; a team works towards a common goal, each member contrib-
uting according to their expertise and ability.

Teams are themselves complex systems (in a systems analytic
sense), and this is or should be manifest in several ways. Team
members should:

+ have shared knowledge and skills
+ share clinical information about patients continuously

+ be able to undertake tasks usually undertaken by others within
the team; the work is shared and therefore if someone is not
available the team can continue to function.

This is not to say that the missing person’s skills and knowledge are
not important, but it does mean that a proper team can continue to
function without a member without too much difficulty for a period.

In network terms, teams are resilient and resist degradation,
which means that once they are set up, they can continue to func-
tion albeit at a reduced level despite loss of a significant proportion
of their members. It is worth contrasting how two teams might
function in the absence of a particular therapist. One team is a
true team, but the other is a ‘virtual team’, a group of people who
just happen to be involved with a particular patient. If a therapist
is missing from a true team, it will function quite well for several
weeks but in the case of a virtual, single patient ‘team’ the work
will simply not be done.

This feature of teamwork is obvious in many other contexts. For
example, a hospital’s chief executive will go on holiday, sleep, be
away at meetings, etc., but the hospital and the hospital manage-
ment team continue to function. However, no-one would dispute
that organizations need a chief executive and that the absence, or
the presence of a poor chief executive leads to organizational fail-
ure in the long term.

In rehabilitation there is the potential for endless discussion
about:

+ the membership of the team

+ the type of teamwork used, usually distinguishing between
multidisciplinary and interdisciplinary teams and, more
recently transdisciplinary practice

+ whether or not the patient (and family) are a part of the team (if,
like me, you think that this is a meaningless question, then see
National Institute of Health and Care Excellence (NICE) guide-
line on stroke [12])

+ who should lead the team.

Some of these issues are best left to one side, but others will be
discussed.

It is worth starting by considering what exactly constitutes ‘the
rehabilitation team’, primarily to show that there is no simple sin-
gle answer.

It is self-evident that no team can include every single expert
who might ever be needed by the patients seen by a service. In
other words, teams will always need to seek additional knowl-
edge or skills from others in some situations. For example, a small
number of patients may need an intrathecal baclofen pump to
manage spasticity, but one cannot expect a neurosurgeon to be
closely involved with the team.

Moreover, in a team of any significant size the actual group
of people involved with a particular patient will be a subset of
the whole team in the service. Some patients will have no need
for some professions; that patient’s team is not the same as the
whole team. Even with a highly focused service, every therapist
cannot be involved with every patient, and often a person or
people or team from elsewhere will be involved to a greater or
lesser extent.

Figure 2.4 illustrates the complexity of ‘the team’ and the dif-
ficulty in defining ‘the team” the overall group of people who are
actively and appropriately involved directly or indirectly can be
very large and can come from a wide variety of different organiza-
tions or no organization and can come from a wide variety of pro-
fessions or no profession. Each individual will have his or her own
interests, skills, knowledge, experience and expectations. Success
depends upon each person acting in concert with all the others,
and not against them (usually accidentally).

Figure 2.4 also shows that the potential for miscommunication
and misunderstanding is great, and highlights the overwhelming
importance of liaison and communication, which is discussed
later.

Considering the ‘core team’—the group of people who constitute
the general ‘rehabilitation team’—they may espouse a particular style
of teamwork. These are often characterized as one of three types [14]:

+ multidisciplinary; work undertaken with other disciplines in
parallel or sequentially

¢ interdisciplinary; work undertaken jointly with other
disciplines

+ transdisciplinary; work integrated across many disciplines,
and undertaken collaboratively.

These are really degrees of integration and sharing, ranging from
the incidental group of people who happen to be involved with
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Fig. 2.4 The complex nature of team-work with an individual patient.

one patient but otherwise rarely work together, to a group of peo-
ple who work together all the time, sharing much knowledge and
skills, and working collaboratively.

The ideal is to have a fully integrated team who all work collab-
oratively, because this is likely to lead to a more efficient and effect-
ive team. Evidence in support of this assertion will be reviewed in
the next section.

Is teamwork effective?

There is some evidence from healthcare research to support this
assertion [13, 14], including some related to rehabilitation [15].

A large observational study [15] on 1688 stroke patients seen by
530 team members from six disciplines in 46 Veteran’s Association
hospitals showed that three team features were associated with
better outcomes in terms of patient functional independence. The
team features were:

+ task orientation
¢ order and organization
+ utility of quality information.

Teams that scored more highly on effectiveness had shorter
lengths of stay.

There is some randomized, controlled trial evidence from
neurological rehabilitation. The most convincing comes from
stroke rehabilitation where studies show that stroke unit care is
more effective that care in general settings [16]. The major differ-
ences between stroke unit care and the control intervention have
been investigated and many concern teamwork—meeting together

to discuss patients, sharing common processes, team education,
and so on. Although the studies were not specified as a contrast
between integrated teamwork and either no teamwork, or at best
ad hoc multidisciplinary teamwork, they did in fact study that.
There is reasonable evidence for other diseases that integrated
teams produce better results than ‘usual practice’, which will gen-
erally include therapists working together on a particular patient,
but not as a team [17, 18].

Effective team structure and function

Some suggested general principles will be given here, many based
on experience, not research. The discussion assumes that:

¢ it concerns people with an actual or apparent neurological or
neuromuscular disorder which includes people with neuromi-
metic functional disorders

+ the service is based with a healthcare system rather than social
services (the principles would be the same, but organization
names would differ).

The core membership of the team should include sufficient staff
with a sufficiently broad range of knowledge and skills to the
competent and able to manage at least 80% of the problems posed
by the patients seen without needing to seek external help [19].
Teamwork requires individuals to know and trust each other and
to have a shared understanding, and this only arises from regu-
lar contact and working together. Individuals who have a primary
responsibility elsewhere simply cannot be full team members.
Therefore most people seeing most patients should work together
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within the same group, with external people being called in for
particular, relatively rare, problems only.

The members of the team should agree and use a single model
of illness when analysing or discussing a patient’s situation. This
will lead to a shared, consistent vocabulary and set of explana-
tions given to others (patient, family, other external teams, etc.). It
is manifest by using documentation that has a similar structure.

The management approach to common problems such as
patients with amnesia, transferring patients who have poor mobil-
ity, and irritability and aggression, should be agreed both in gen-
eral and for individual patients. To achieve this there should be
shared educational activities and training, and agreed protocols
(evidence from stroke).

The team must share a single office or group of offices. This
facilitates easy communication both about individual patients
and about team working practices. It engenders a team spirit and
allows meetings to be convened easily and quickly, both when
an acute patient problem arises and when team practice needs
discussion.

The team must work within a single management and budgetary
arrangement. This is essential for several reasons. Different organ-
izations have different priorities, and have organizational meeting
and activities that are all likely to differ from other organizations
leading to disintegration of the team. Separate budgetary arrange-
ments will also lead to conflicts.

The suggested team membership is listed here. It must be
stressed that all members of the team are expected to have spe-
cific, documented knowledge and skills covering rehabilitation
and an appropriate level of experience of neuromuscular disor-
ders. It should also be stressed that every team member needs to
be familiar with recognizing and managing emotional problems
and behaviour that might pose risk or distress to the patient or
others.

The core professional membership must include:

* doctors

+ nurses; this is the key group for all in-patient services but is also
important for outpatient and domiciliary services

+ physiotherapists

# occupational therapists

+ speech and language therapists
¢ clinical neuropsychologists

+ social workers; this is a second key group, without which service
efficiency and effectiveness is markedly reduced because liaison
with social services is so important.

There is a second group of professions where local factors and the
patient group seen may need to be considered, but who should
often be part of the core team:

+ dieticians
+ orthotists
+ orthoptists.

The team will need ready access to a wide range of other profes-
sionals regularly or on an intermittent basis. Generally, it is best to
form a particular relationship with one person, so that the specific

person becomes familiar with the rehabilitation team. Professions
to consider include:

# clinical engineers and the whole team specializing in equip-
ment, if they are not an integral part of the service

+ orthopaedic surgeons

+ liaison psychiatrist.

Goal setting

If a team is defined as a group of people working towards a com-
mon goal, then the process of identifying, agreeing and setting
those goals must be the central, defining process that distin-
guishes effective teams from less effective teams. If there is no a
shared agreed and regularly used process of setting goals used by
the members of a team, it cannot be called a team.

Therefore, because goal setting is so central to ‘transdiscipli-
nary’, integrated team working, this section will expand upon the
process especially in the context of neurological rehabilitation,
although the evidence comes from a much broader field.

Goal setting increases motivation and engagement [20, 21]. The
evidence is very strong that setting goals for individuals and for
teams alters behaviour; individuals and teams achieve more when
they set appropriate goals. The evidence also suggests that effec-
tive goals are:

¢ considered relevant and important by the individual concerned
(the patient)

+ considered achievable by the person concerned (whether or not
it is actually achievable)

+ considered challenging by the person concerned

+ supported by intermediate goals if the overall goal is set some
way in the future

+ specified rather than general; it needs to be easily known when
the goal is reached.

However, it must be recognized that goal setting also carries dis-
advantages: risks to the patient and the resources used. For exam-
ple, goal setting can also be demotivating if the goals are too easily
achieved or are perceived as impossible or irrelevant. Moreover,
achieving goals should not be used to determine any other deci-
sion [20], because it decreases engagement. They do not need to be
SMART [22] (there is debate about what SMART stands for [22],
and one set of terms is Specific, Measureable, Achievable (though
originally it was Attributable), Relevant and Time-limited.).

Consequently, when developing rehabilitation goals it is vital
to discover what the patient’s wishes and expectations are.
Furthermore, because the goals set will also be influenced by and
have an impact upon others, it is important always to consider
the wishes and expectations of others. This applies obviously to
family, but less obviously it also applies (for example) to team
members and organizations. For example, if a team member dis-
agrees fundamentally with a goal such as returning to live with
an abusive partner, or if an organization does not agree with a
plan to discharge home with a care package (because they do not
want to pay) then they will not work wholeheartedly towards the
goals.
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At the same time, it is also important to know what change can
be expected, both in the absence of any intervention and if there
are interventions, and whether theoretically beneficial interven-
tions are actually available to the patient.

All of this information then needs to be used to draw up a plan
with long-term and shorter-term goals and a list of specific actions
to be undertaken by members of the team. This plan must be com-
patible with the patient’s own wishes and interests.

The plan should always recognize that exact prediction is impos-
sible, and that progress should be reviewed and goals adjusted
according to changes that occur in the situation and according to
the success or otherwise of interventions tried.

Several specific facts need to be stressed. Although the patient’s
wishes must be taken into account, it is neither possible nor desir-
able for team goals simply to repeat a patient’s stated wishes.
The patient’s wishes may be impossible, given the losses or the
resources available, the actions needed may not be within the
power of the team to execute, or they may be appropriate but only
at a later stage.

Second, it is important to explain to the patient how sub-goals
are related to their wishes. For example, most patients who lose
the ability to walk have regaining that ability has an important
goal, but few will express any interest in regaining trunk control
(for example). Regaining control over balance may be an essential
first stage towards walking but if the patient does not understand
and accept this they are unlikely to work towards it as a goal.

Lastly, it is important to accept that changing a patient’s beliefs
or expectations is a reasonable part of rehabilitation, so that they
can expend their effort on achievable goals that are consistent
with their overall wishes. For example, after complete spinal cord
injury it may be necessary to help the patient accept that they will
never walk so that they can learn to use a wheelchair and thereby
achieve a greater goal of living independently and working.

Team working

If the goal setting process discussed is followed, the output should
be a series of actions that lead towards a set of goals that are rel-
evant to the patient. The goals should all start from the patient’s
overall wishes, rather than being dominated by what the team
members feel that they can do. In other words, the question is
‘what do you want us to help you achieve?” rather than “We can
help you achieve these goals; are they useful to you?’.

Within any team there must be an element of shared work,
which takes two forms.

First, and by definition, two or more team members will be
working together towards a common goal with the patient. This
will lead to team members using techniques that are advised by
another team member, which reinforces the ‘treatment’; for exam-
ple a speech and language therapist may use specified, agreed
techniques for transfer and to manage emotional distress as part
of a session aimed at improving speech clarity. This duplication
and continuation of a treatment approach within other activities
greatly increases the patient’s learning.

Second, and more controversially, a team member may at least
on occasions, undertake work on behalf of others. The easiest
example is when a patient is first assessed. The first team member
to see a patient, perhaps in a different setting, can and should col-
lect information that is not important to his or her own profession,

but is relevant to another profession. For example, a therapist
might collect information on diagnoses, investigations, and drugs
for a doctor, and a speech and language therapist might collect
information on transfers (for a physiotherapist) or memory (for a
psychologist).

This sharing of roles is of great importance, and although it is
sometimes seen as offering a cheap, second-class service it should
be something that increases the expertise of team members and
also the quality of the service. There are now several examples
available in guidelines, the most obvious being the assessment of
swallowing in the acute phase after stroke by nursing staff [11].
This has not lead to any diminution in the role of a speech and
language therapist.

The risk is that managers may see it as an opportunity to reduce
staffing, which then actually greatly reduces team quality. The
overall level of team expertise is reduced—it has less depth—and
individual professions will avoid or stop supporting each other,
and therefore collaborative team-work is destroyed.

An effective collaborative rehabilitation team is likely to have
the following characteristics:

* An agreed, shared framework for understanding and analysing
and describing a patient’s situation. This will now usually be the
biopsychosocial model of illness. This is manifest through:

o A shared terminology and vocabulary
o A similar lay-out of clinical notes.

+ The use of an agreed set of measures for frequently measured
domains, such as independence in personal activities of daily
living (ADL).

o The Barthel ADL index is likely to be the measure of
personal ADL

» Measures should be chosen for mobility, dexterity, communi-
cation, memory, etc.

+ A shared primary clinical record where all professions record
all major observations, etc. This is becoming more common.
It does not preclude separate professional notes for day-to-day
recording and recording specific detailed information.

 One challenge is that some professions are reluctant to share
some data

« Another challenge is to achieve a comprehensive complete
record that can nonetheless be easily searched to find relevant
information quickly.

+ A single geographic area (office or set of offices) used by all team
members.

« A good team will also have a shared ‘social’ area for coffee,
meals, relaxation.
+ Shared treatment spaces, not ‘belonging’ to any particular pro-
fession or department.
¢ Evidence of actual sharing of roles and responsibilities such as:

o Chairing or leading multi-disciplinary patient-centred
meeting

o Chairing or leading team and service projects

 Undertaking clinical work on behalf of other team members.
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+ Multidisciplinary goal-setting meetings on a regular basis for
all patients.

« Reviewing all patients under the team on a regular basis, usu-
ally weekly

» Reviewing individual patients at a goal-setting meeting or
similar, at an appropriate interval.

+ Shared, agreed protocols for managing common problems (e.g.
swallowing problems, aggression).

# Shared educational activities.

+ Be managed as a single unit, including having a single budget
shared by the whole team.

Key-workers

One of the recurring areas of discussion within rehabilitation con-
cerns key-workers, with many questions being debated: are they
needed or even essential, what are the limits of their responsibility
and power, who should be a key-worker?

The idea of a key-worker has arisen in response to quite a wide
variety of perceived (not necessarily actual) problems:

+ Patients and families not knowing who to approach about a par-
ticular problem.

+ Failures in communication within the team, for example about
clinical changes and/or changes in the management plan.

+ Difficulties faced by people from outside the central team (e.g. exter-
nal social workers) in contacting the team and getting information.

+ Lack of continuity in care, with an associated lack in consist-
ency in information and advice given.

+ Failures in goal setting:
o not setting a comprehensive set of goals
« not monitoring progress towards or achievement of goals.

# Failures in organizing external management, especially trans-
fers of care.

From this list one can appreciate that a key-worker could easily
be overwhelmed! With this list in mind, it is worth considering
whether having a key-worker would actually help any of the prob-
lems, let alone all.

In all discussions it is assumed that the key-worker is a single,
named individual who carries that responsibility for a named
patient over a prolonged time (e.g. whole admission, whole epi-
sode of out-patient care, one year). It must then also be accepted
that key-workers:

+ may be part-time only
+ will have periods of leave
+ will not be on-call every day or all hours

+ will have other work commitments (i.e. they are not employed
primarily as a key-worker)

+ will have his or her own areas of expertise and therefore other
areas where they have limited skills and knowledge.

Consequently, it is quite unrealistic to expect a keyworker to fulfil
any of the expectations very well, if at all.

Further reflection shows that the problems identified are really
related to team organization, because the team as a whole could
easily resolve all of these problems.

Many of the problems concern interaction with other agencies,
especially Social Services (as the organization which is, in many
countries, responsible for social and domiciliary support, hous-
ing, etc.). The primary solution, in the UK at least, would be to
insist upon having a social worker as an integral member of the
team; this is sadly not the case in many areas within the UK.

Most of the other problems simply require all members of a team
to take responsibility for a problem when they are approached.
For example, if a patient wants to know about wheelchairs, the
key-worker is likely to suggest contacting the appropriate team
member, but this could be done by any team member. Indeed,
the team member should actually contact the appropriate person
directly, rather than delaying the process by asking the key worker
to do it.

Thus it is probably better to identify and analyse the problem
faced, and to develop a protocol or way for the team to respond
to the need, rather than to suggest a key-worker which simply
transfers the problem and probably complicates the process still
further.

Conclusion

Patients with long-term neurologically based problems present
a great challenge to healthcare. The problems for one patient
requires the attention of a few to many people delivered over a
variable length of time often in a variety of settings. These people
constitute that person’s team. Other patients will have other prob-
lems, some in common and some not. Some of the people involved
will help many patients, some only a proportion. Nonetheless, the
areas of expertise are similar.

The simplest solution is for there to be a group of people who
between them can resolve the majority of problems faced by the
majority of people with neurological disease. The evidence sug-
gests, quite strongly, that this leads to a better outcome for the
patient at no more cost to the healthcare system. The evidence also
suggests that a system focused on the patient’s needs and wishes
whereby the group of people involved discuss and agree a set of
goals which they work towards collaboratively is more effective.

This is a description of an interdisciplinary team. Unfortunately,
for practical, political and organizational reasons, the teams are
rarely comprehensive and there are still weaknesses. Nonetheless,
using a patient-centred goal-setting process based within a
biopsychosocial model of illness and an interdisciplinary health-
care rehabilitation team is probably the best achievable method
for managing the problems of this group of patients.
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CHAPTER 3

The economic benefits
of rehabilitation for
neurological conditions

Rory O'Connor

Introduction

Rehabilitation produces outcomes that are most apparent at the
level of participation [1] or health-related quality of life rather
than body function or structure. Measuring outcomes, therefore,
requires a greater level of sophistication than simply collecting
biochemical or radiological findings and attributing any change
to the effect of the treatment [2]. Deriving econometric data from
the outcome of rehabilitation interventions relies on using the
outcomes generated by rehabilitation programmes combined with
the costs of the input.

As rehabilitation is reliant on extensive direct patient contact
with healthcare professionals, the apparent cost of interventions
can seem high in the early phase. People severely disabled by
long-term neurological conditions require considerable medical,
nursing and therapy input to maintain and improve their func-
tioning and wellbeing [3]. The initial management of an acute
spinal cord injury requires full clinical and radiological exami-
nation of the central nervous system, turns to prevent pressure
sores by nurses every 2 or 4 hours, active bladder and bowel man-
agement, and passive movements of the patient’s joints by physi-
otherapists. The behavioural management of an acquired brain
injury often requires 24-hour individual nursing, with intensive
neuropsychology and occupational therapy input. The clinicians
delivering these therapies are often senior, further increasing the
apparent cost.

Rehabilitation environments tend to be enriched and more
sophisticated than general hospital wards and departments.
Hyperacute rehabilitation following the onset of severe neuro-
logical illness or trauma requires considerable space to accommo-
date the extra staff and equipment to manage the patient’s needs.
Postacute rehabilitation environments will include adapted bath-
rooms, kitchens, therapeutic gymnasia, and hydrotherapy pools.
These facilities tend to be provided in standalone locations, which
tend to have higher overheads per patient than larger institutions.
After discharge, community rehabilitation teams will need thera-
peutic milieu to treat their patients, particularly if patients’ home
environments are less than suitable [4].

These factors combine to explain the apparent initial high cost
of rehabilitation: interventions are extensive, labour intensive, and
require expensive facilities. If we accept that rehabilitation is effec-
tive [5], can we justify the cost?

Disability is expensive, both for the individuals concerned and
for society in general. Costs of equipment and medication, care
provision at home or in institutions, welfare payments, lost earn-
ings and consequently reduced tax receipts [6] combine to make
disability a major draw on a society’s exchequer. If rehabilitation
interventions could reduce people’s requirements for support in
the community, make them more independent and more likely to
return to work after illness, then rehabilitation would pay for itself
over time. Linking the changes measured by rehabilitation out-
come assessments to economic evaluations can demonstrate the
financial benefits as well as the functional improvements.

As most of the costs associated with living with a disability in
the community are related to the cost of providing personal care
(e.g. assistance with washing, dressing, toileting, and meal provi-
sion), economic evaluations have focused on recording individu-
al’s daily and weekly care requirements and using this information
to develop a cost model. Additional expenditure associated with
expensive equipment or housing adaptations can be included in
this model. Once costs are established for a healthcare economy,
then the model can be applied to other patients coming through
the system. Once such model is based on the suite of measures
developed in Northwick Park Hospital in London, UK [7], which
capture the weekly care requirements of people with long-term
neurological conditions and translate this into a weekly cost of
care. Other models have been developed around the costs asso-
ciated with a year-of-care, for example, motor neurone disease.
But, for many people with a sudden onset neurological condition,
improvement can be expected with rehabilitation and costs are
loaded towards the initial year after onset [8].

Using this methodology, rehabilitation can be demonstrated to
reduce care costs and return the investment of an inpatient multi-
disciplinary rehabilitation programme within a number of months
[9]. However, the upfront costs of rehabilitation can be substantial,
particularly if a rehabilitation pathway is not already in existence
in a health economy and investment is required for development.
Furthermore, most of the potential savings are recouped through
reduced social care costs and welfare payments, although health
systems benefit through reduced length of stay and fewer second-
ary complications for patients [10], and improved outcomes for
family carers [11]. Therefore, healthcare facilities need to work
within integrated health and social care environments to derive
full benefit from the cost savings.
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History of economic evaluations

Financial assessments of healthcare interventions have always
been a topic of interest to communities with medical practition-
ers. The Code of Hammurabi in ancient Egypt prescribed fidu-
ciary rewards for physicians who successfully treated patients.
Unfortunately, adverse outcomes were punished by physical
and financial penalties depending on the severity of the mishap
[12]. In the 1800s mortality statistics were the primary outcomes
reported by healthcare institutions, with no regard for the results
of the operations and interventions that were performed within
their institutions [13]. These institutions were largely charitable
and, apart from ensuring overall financial regularity, no other
scrutiny was placed on how their money was spent.

Apart from small experiments in collecting outcome data and
relating it to healthcare interventions (14], very few advances were
made in the first half of the last Century. A step-change in evalu-
ating health outcomes occurred in the 1960s [15]. Donabedian’s
work was the first to assess healthcare interventions using the
concepts of structure, process and outcomes, with which we are
familiar today. In North America in the 1980s and Australia in
the 1990s, structure and process were used to develop healthcare
resource groups (HRGs)—treatment episodes which are similar in
resource use and in clinical response. Only in the last decade are
these healthcare economies systematically examining outcomes
to justify expenditure.

However, inappropriate outcomes can still be applied to these
interventions—this can make it difficult to determine the cor-
rect underlying costs if the necessary data are not collected. For
instance, survival data are presented for conditions where sur-
vival is not at risk. Survival is also often presented in a composite
outcome, included with other events, such as recurrence of the
index event or additional morbidity, which is inappropriate too,
as these outcomes have different impacts on individuals. In some
instances prolonging survival may not actually be in a patient’s
best interests [16]. Therefore, it is essential to choose an outcome
that can provide robust patient-level data and adequately register
the economic impact of the intervention.

A further consideration formerly under-recognized is that many
health status measures ultimately used in economic analyses do
not collect information that will completely describe the impact
of the rehabilitation input. Many measures used in economic
analyses contain impairment or activity level items, such as level
of pain or walking, and these may not actually be the relevant out-
come for many people—reducing pain or improving walking may
only be an antecedent to returning to work or education. There
are not many healthcare providers who regularly measure wider,
participation outcomes, and yet they are increasingly relevant to
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Fig. 3.1 The International Classification of Functioning, Disability and Health.

society, particularly in reducing the cost of welfare payments such
as incapacity benefits. Therefore, rehabilitation services planning
to judge the economic effectiveness of their interventions need to
have a measure that is correctly targeted to the population they
serve and that population’s needs. For example, a rehabilitation
unit working with people with severe neurological impairments
needing substantial care input would look to reducing the hours
and complexity of a package of care on discharge. Similarly, a
vocational rehabilitation programme working with clients with
traumatic brain injury living in the community would collect data
on job return and retention and level of salary achieved in those
taking up their first employment.

An illustration of these issues can be seen in the development
of the International Classification of Functioning, Disability and
Health (ICF) [1]. It was initially proposed that impairments lead in
a linear fashion to ‘handicap’ [17]. However, the limitations of this
model were quickly identified as the impact of impairments are
modulated by a wide range of factors both internal and external
to the individual. So, for example, a heavy goods vehicle driver
who developed post-stroke epilepsy would be unable to return to
driving as an occupation for up to 10 years, even if he had no other
physical manifestations of the his stroke. This is a function of a
country’s legislation in relation to driver licensing, which would
be considered an issue relating to the person’s environment in the
widest sense. The latest model (Figure 3.1) outlines the complex,
bi-directional relationships between each of the factors. The ICF is
the currently accepted way to fully describe the impact of a health
condition on an individual and complements the International
Classification of Diseases.

Methods of economic evaluation

Many of the functional outcome measures that are routinely
collected by rehabilitation services will encompass a range of
activities of daily living and record the activity limitations that
the patients encounter. Whilst this is an important first step in
an economic analysis, it is not sufficient to record the full ben-
efit derived by the intervention. Measures such as the Barthel
Index [18] and Functional Independence Measure [19] cannot
be directly translated into care costs. Only measures which
record hours of nursing or care input such as the Northwick
Park suite of measures [7] or an health status measure that has
been extensively assessed in relation to quality adjusted life
years (QALY), such as the EuroQol [20], can be used for eco-
nomic evaluations.

There is an important difference between these two economet-
ric methods. The first, recording actual care hours, gives a finan-
cial cost if the individual is currently in the community receiving
care. Whilst care is the most expensive part of community sup-
port, due to substantial input from care staff, it is not the only
cost and consideration must be given to additional costs such as
housing adaptations, welfare and loss of income. It is also a theo-
retical cost and it assumes that all care will be provided by paid
carers. Very many family members take on a carer’s role and this
is not likely to be recompensed. Indeed, carers may remain out-of-
pocket if they choose to give up work to care for their relatives.
But for most post-acute rehabilitation services in developed coun-
tries it provides a useful overview of the effectiveness, in financial
terms, of the rehabilitation programme.
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Translating health-related quality of life into a QALY deter-
mines the annual cost that would be required to transform the
current quality of life for given individual into full quality of life.
This method has been used extensively by statutory bodies, such
as the National Institute for Health and Care Excellence, to deter-
mine whether to support new health technologies. Whilst many
rehabilitation interventions have been judged to be cost-effective
[21], others have been judged to be too expensive relative to the
change in function produced to be considered for funding.

Trying to convert activity-level data to an economic quantum
is fraught with complications. For example, attempts have been
made to link the Barthel Index with the EuroQol as there is a
commonality in some of the items (mobility, personal care, usual
activities). However, the items of the two measures are worded and
scored differently, which would result in different responses to the
items. More importantly, the Barthel Index is clinician-scored and
the EuroQol is self-report, therefore two different and not nec-
essarily equivalent perspectives are recorded [22]. Furthermore,
40% of the items (pain and psychological functioning) in the
EuroQol have no correspondence with items on the Barthel Index.
This leaves a large, clinically important, component of the QALY
unscored, which may result in a floor effect where a potentially
important clinical difference is not recorded by the measure [23].

This illustrates a use of the ICF in choosing a suitable measure.
Each component of the ICF can be measured (the Barthel Index
measures body functions and activity) but this does not directly
relate to other components of the ICF. Therefore, to measure
participation, one needs to choose a scale that relates directly to
the construct that it is intended to measure. This avoids the con-
ceptual discrepancy between collecting data that are expected to
change with the proposed rehabilitation intervention and a meas-
ure that does not identify that a change has occurred. Examples
of measures and how they relate to the ICF constructs are given
in Figure 3.2.

Even when using self-report health status measures to gather
primary data directly, there are substantial methodological issues
with the process that derives the scores. It was initially assumed
that health related quality of life was a linear construct from full
health through to death. However, most analyses will reveal that
many people regard certain health conditions—e.g. the persistent
vegetative state—to be much worse than death and these states fall
below the floor of the scale and any change through rehabilitation
is thus lost. Data also need to be compared to normative groups
and as many health status measures are completed by people in
full, or near full, health, it can be difficult to benchmark the qual-
ity of life of people with long-term conditions. Most people with
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Fig. 3.2 Mapping outcome measures onto the ICF.

long-term conditions regard their quality of life as comparable
to people without long-term conditions one year after the onset
of the condition—the disability paradox [24]. This also reduces
the apparent effect of an intervention and consequently it cost
effectiveness.

A further limitation of these measures is that they do not pro-
duce interval level data, which are critical to allow arithmetic
procedures [25]. Money and time are interval-level data and are
crucial to calculating the full economic cost of an intervention.
However, many health status measures produce, at best, ordinal-
level data, which cannot be manipulated arithmetically or corre-
lated to interval-level data, rendering most economic analyses of
this type invalid. As an example, one might examine the stairs
item of the Barthel index, which records patients’ stair climbing
abilities into one of three categories: unable (0), needs help (aid,
verbal, physical; 1), and independent (2). Independence in stair
climbing can make a huge difference to a person’s independence
when they return home and a great deal of time and rehabilita-
tion staff effort (money) goes into achieving this. Yet, the record-
ing of change by the Barthel Index item (output) will not correlate
directly with the input: the effort of generating stair climbing
ability at all is very substantial compared to gaining independent
stair climbing once this has been achieved [26]. Therefore gaining
a Barthel point from 0 to 1 takes far greater resource (and cost)
than from 1 to 2, yet would appear to generate the same improve-
ment in the overall Barthel score (a change of 1 point). A better
measure for this purpose would be the Assessment of Motor and
Process Skills (AMPS), which is based on analyses that produce an
interval-level score [27].

An alternative, robust approach will use a functional measure,
such as the Northwick Park dependency measures that directly
records the care and nursing input that an individual requires.
The temporal data generated by these measures can then be costed
based on the quantity of input and the pay of those employed to
provide this care. Rehabilitation interventions that reduce indi-
vidual’s, dependency will reduce their care needs and therefore
the overall cost of their care will be less. As a starting place for an
economic evaluation, this provides very robust data, which can
be manipulated arithmetically, used in comparisons, and tracked
longitudinally.

This approach is straightforward for patients in post-acute inpa-
tient rehabilitation programmes, where the data can be routinely
collected as part of the rehabilitation process. Additional data col-
lection must be performed to determine the expenditure associ-
ated with hospitalizations and other healthcare-associated costs,
social care and welfare, and loss of potential earning and hence
exchequer returns. Some of these potential costs are less easy to
calculate as future expenditure and earnings can be more difficult
to predict. More complicated economic modelling is required to
determine these costs.

Case studies of rehabilitation
economic evaluations

+ Liaison rehabilitation in acute and critical care settings

Acute medical and surgical beds in any health economy are
a precious and expensive resource and length of stay could
be judged to be a reasonable approximation for cost in this
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setting. Any intervention that reduces length of stay will
result in economies. Rehabilitation provided in these set-
tings will not only reduce length of stay, but will also result in
avoidable complications such as pressure sores and contrac-
tures, which in themselves, will increase length of stay, delay
transfer to a definitive rehabilitation facility, and increase the
amount of time that the rehabilitation team spends dealing
with the complications rather than rehabilitating the under-
lying condition [10].

At present, there are no economic evaluations of this type of
rehabilitation input [28]. Head-to-head studies of different
methods of delivering early rehabilitation would be required
in order to fully evaluate the economic benefits of these
interventions.

+ Post-acute acquired brain injury rehabilitation

Similarly, there are no published economic assessments
on the impact of inpatient rehabilitation for adults in the
post-acute phase of their recovery from acquired brain
injury. Early work in our own unit (a 19-bed inpatient facil-
ity providing goal-orientated rehabilitation to adults with
neurological conditions) demonstrates the effectiveness in
discharging severely impaired patients to their own homes.
From September 2008 to September 2010, 261 patients (174
males; median age 53 years, range 16 to 84) were discharged
from inpatient rehabilitation, 85.5% of these patients to their
own homes. Discharge destination was not determined by the
dependency level, but environmental factors: 93% of patients
were discharged home if they lived with a carer and had their
own accommodation. Median length of stay was 29 days
(interquartile range 32 days). However, only 22% of patients
who did not have their own accommodation or live with a
carer returned home (length of stay 62 days; IQR 51), illus-
trating the importance of these factors in promoting a safe
and timely discharge relative to the underlying diagnosis or
the resultant impairments.

We looked at a subset of these patients using the Northwick
Park dependency suite of measures. We included 79 patients
(42 males; median age 54 years, range 17-85) who had com-
plete admission and discharge data. All costs were based
on direct treatment costs and overheads and are presented
in UK pounds sterling at 2010 costs. The median cost of
inpatient rehabilitation per patient was £14,026 (interquartile
range £8,617 to £23,811). The median weekly cost of care for
a patient reduced by £939 from £1,232 to £300. The median
time to offset the investment in post-acute rehabilitation was
17 weeks.

+ Stroke rehabilitation

More data are available for patients in post-acute stroke reha-
bilitation, much of it originating from the work of the Stroke
Trialists in the 1990s who identified that organized stroke
rehabilitation does not increase length of stay and produces
better outcomes for patients at all levels of disability [29].
Further work illustrated that length of stay could be reduced
through the use of community based stroke rehabilitation
once patients were initially stabilized and had received early
rehabilitation in the stroke unit [30]. Overall costs were not
reduced due to the costs of the community service, but inpa-
tient hospital costs were significantly less.

Looking more closely at the reduction in care costs associ-
ated with inpatient stroke rehabilitation it has been possible
to identify what savings can be achieved [9]. At 2006 costs,
median weekly care costs were reduced from £1,900 to £1,100
for 35 inpatients in post-acute stroke rehabilitation.

+ Spinal cord injury rehabilitation

Prior to the establishment of spinal cord injury rehabilita-
tion units, the life expectancy of a person with tetraplegia
was approximately one month. Avoidance of the main com-
plications of spinal cord injury (pressure sores, urinary and
respiratory tract infections) and comprehensive rehabilita-
tion has resulted in near normal life expectancy for people
living with spinal injury. Returning people to economic activ-
ity was one of the main objectives of rehabilitation [31].

Spinal cord injuries tend to occur in a bimodal age distri-
bution with a peak in early adulthood and later life [32]. For
the younger cohort, life expectancy approaches that of peo-
ple with no neurological injury [33], hence comprehensive
rehabilitation that facilitates return to, or entry into, work
will have an important impact [34]. The initial rehabilitation
of people with spinal cord injury is expensive (US $282,000 in
2003) [35], with high annual costs relating to ongoing medical
and rehabilitation interventions. Unfortunately, no groups
have looked at the comparative effect of rehabilitation inter-
ventions in reducing these costs.

+ Community-based rehabilitation

For many neurological conditions, community-based rehabili-
tation interventions will be required to maintain individ-
ual’s functioning in their own environments. This is equally
important for people who are discharged from post-acute
rehabilitation facilities as well as people with long-term condi-
tions living in the community [4]. Two studies have looked at
the costs of supporting individuals in the community. A study
of interventions to support people with challenging behaviour
after traumatic brain injury identified that while the first year
of organized intervention was more costly than usual care,
costs decreased substantially in subsequent years [8].

A second study looked at community rehabilitation for peo-
ple following stroke [36]. With a median input of nine weeks
of daily rehabilitation input in 71 people’s own homes (45
males; median age 71 years), costs of care reduced from £234
per week (2009 costs) to £102 per week.

Developing an economic evaluation

As a first step in designing an economic evaluation, it is essen-
tial to record the costs of the input provided by the rehabilita-
tion programme. For most healthcare economies, approximately
three-quarters of costs will be associated with direct staff costs.
Premises, medication, equipment and overheads will vary depend-
ing on the nature of the programme. Second, an outcome meas-
ure is chosen that has good psychometric properties, is linked to
a robust economic evaluation, and is targeted to the population
participating in the rehabilitation programme (Table 3.1). Then a
decision must be made about collecting additional data regarding
wider aspects of the population’s needs such as welfare benefits,
earnings and other costs that need to be offset such as additional
childcare for family members who are carers (Box 3.1).
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SECTION 1 GENERAL ASPECTS OF NEUROREHABILITATION

Table 3.1 Requirements for measures suitable for economic analyses

Targeting The measure has been used in a sample similar to the
proposed population. The measure covers the expected

range of the construct in the population

Only one construct is measured by the scale (or one
construct per element of the scale if there are multiple
sub-scales)

Unidimensionality

Scale responses Each item will be categorical (nominal or ordinal)
or continuous (interval or ratio). Only continuous

responses can be subjected to arithmetic processes

Reliability Error is minimized between repeated administrations of
the measure (test—retest reliability) and between different
clinicians collecting the data (inter-rater reliability)

Validity The extent to which the scale measures what it

purports to measure in relation to an established
instrument (concurrent criterion validity) or in terms
of predicting an outcome (predictive criterion validity).
Content validity is a qualitative assessment of the

scale by an expert panel in relation to the items that
comprise the scale. Construct validity refers to the
relationship between the scale and other scales that
purport to measure the same construct

Responsiveness The ability of the measure to accurately detect change

when it has occurred

Box 3.1 Concepts in economic evaluation

Economic evaluations of health status require a transformation
from the outcome measure to a utility score. This is a score from
1 to 0 where 1 is full health and 0 is death. This is multiplied by
life expectancy and the number of quality adjusted life years
(QALY) is obtained.

Another health economic term is the disability adjusted life
year (DALY). This is the converse of the QALY and is a con-
struct to be reduced by a health intervention.

To find the value of the utility for an individual, a number of
techniques are employed. The most commonly used ones are
the standard gamble, time trade-off, magnitude estimation and
person trade-off.

The standard gamble is a method of establishing the util-
ity for a health state. A person is asked to state the certainty
between being in a certain health state and the probability of
being restored to full health (p) or untimely death (1 - p). This
can be difficult to explain to patients and the time trade-off
was developed to overcome this. The person is asked to make a
choice between the number of years in their current health state
(or other state of disability) and the (fewer) number of years of
perfect health. Most reports use either the standard gamble or
the time trade-off as the other methods are used much less fre-
quently hence their validity is less well established.

One of the limitations of these techniques in neurologi-
cal conditions, is that people regularly rate certain outcomes,
such as the vegetative state, as a worse than death resulting in
a negative health utility. In calculations, this is considered as 0,
which underestimates the impact of the condition, reducing the

apparent effect of a rehabilitation intervention.

Converting categorical data, such as patient’s level of ability,
into interval level data, preferably monetary, through the use of
measures of recording care, nursing, therapy, and medical input
will increase the range of statistical procedures that can be per-
formed on the data. Most data collected through rehabilitation
interventions are non-parametric and will require appropriate
statistical analyses. If categorical level data cannot be converted,
then specialist, less powerful techniques can be applied [37].

Finally, data must be presented in a form that is comprehensible
to the commissioners of the rehabilitation service, whether locally
or nationally, as many of these will not have a clinical background.
The information should also be available to lay people including
service users and their families. It is incumbent on us to demon-
strate that we are spending money on these services responsibly.

Economic evaluation of rehabilitation and
the future

Of course, health and social care provision are not isolated
from the wider socio-political environment. Rehabilitation ser-
vices have always had to respond to wider social and political
demands. The two greatest changes to the delivery of rehabilita-
tion in developed countries was the impact of the First and Second
World Wars. These catastrophes resulted in the development and
expansion of amputee rehabilitation services and neurologi-
cal rehabilitation services, respectively [38, 39]. Other changes
have been more evolutionary rather than revolutionary and have
responded to changes in epidemiology [40], technology [41], and
service delivery [3]. Cultural changes have also determined that
rehabilitation and disability management services are delivered
more in the community rather than in institutions [42]. Most
of these developments and changes have been positive, resulting
in enhanced services and better outcomes for those affected by
disabling conditions. More recently, however, global economic
pressures have resulted in a contraction of health and social care
services, or at least a halt to further investment in new services.
Straitened healthcare budgets over the last decade have resulted in
a failure to appreciate the benefits of investment-to-save with its
upfront budgetary requirements.

It is expected that economic pressures will continue to affect the
ability of rehabilitation services to provide the input required to
realise the potential savings that can be brought about by appro-
priate treatments. The longer-term benefits of rehabilitation may
be disregarded in favour of the apparent short-term cost-saving
measures of disinvestment in rehabilitation services. Therefore,
it is important that each rehabilitation service is aware of exter-
nal socio-political pressures and is proactive in collecting robust
information on the full, long-term benefits of rehabilitation input.
These efforts will enable rehabilitation services to continue to pro-
vide for disabled people into the future.

References

1. World Health Organization. International Classification of
Functioning, Disability and Health, 1st edn. WHO, Geneva, 2001.

2. O’Connor R], Neumann VC. Payment by results or payment by
outcome? The history of measuring medicine. ] Roy Soc Med.
2006;99(5):226-231.

3. Department of Health Long-term Conditions NSF Team. The
national service framework for long-term conditions. Leeds, UK,
2005.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

CHAPTER 3 THE ECONOMIC BENEFITS OF REHABILITATION FOR NEUROLOGICAL CONDITIONS

O’Connor RJ, Best M, Chamberlain MA. The Community
Rehabilitation Unit in Leeds: a resource for people with long-term
conditions. Int ] Therapy Rehabil. 2006;13(3):118-125.

Anderson C, Ni Mhurchu C, Brown PM, Carter K. Stroke rehabilita-
tion services to accelerate hospital discharge and provide home-based
care: an overview and cost analysis. Pharmacoeconomics.
2002;20(8):537-552.

Chamberlain MA, Fialka Moser V, Schuldt Ekholm K, O’Connor

RJ, Herceg M, Ekholm J. Vocational rehabilitation: an educational
review. ] Rehabil Med. 2009;41(11):856—-869.

Turner-Stokes L, Tonge P, Nyein K, Hunter M, Nielson S, Robinson I.
The Northwick Park Dependency Score (NPDS): a measure of nurs-
ing dependency in rehabilitation. Clin Rehabi. 1998;12(4):304-318.
Feeney TJ, Ylvisaker M, Rosen BH, Greene P. Community supports
for individuals with challenging behavior after brain injury: an
analysis of the New York state behavioral resource project. ] Head
Trauma Rehabil. 2001;16(1):61-75.

O’Connor RJ, Beden R, Pilling A, Chamberlain MA. What reduc-
tions in dependency costs result from treatment in an inpatient
neurological rehabilitation unit for people with stroke? Clin Med.
2011;11(1):40-43.

Ross D, Heward K, Salawu Y, Chamberlain MA, Bhakta B. Upfront
and enabling: delivering specialist multidisciplinary neurological
rehabilitation. Int ] Therapy Rehabil. 2009;16(2):107-113.

Jackson D, McCrone P, Turner-Stokes L. Costs of caring for

adults with long-term neurological conditions. ] Rehabil Med.
20129;45(7):653-661.

Schwartz JS, Lurie N. Assessment of medical outcomes. New oppor-
tunities for achieving a long sought-after objective. Int ] Technol
Assess Health Care. 1990;6(2):333-339.

Cook GC, Webb AJ. Reactions from the medical and nursing profes-
sions to Nightingale’s ‘reform(s)’ of nurse training in the late 19th
century. Postgrad Med. 2002;78(916):118-123.

Neuhauser D. Ernest Amory Codman, M.D., and end results of medi-
cal care. Int ] Technol Assess Health Care. 1990;6(2):307-325.
Donabedian A. Evaluating the quality of medical care. Milbank
Memorial Fund Quarterly. 1966;44(3):Suppl:166-206.

Voltz R. Palliative therapy in the terminal stage of neurological dis-
ease. ] Neurol. 1997;244(0):52-S10.

World Health Organization. International Classification of
Impairments, Disabilities and Handicaps. WHO, Geneva, 1980.
Mahoney FI, Barthel DW. Functional evaluation: the Barthel index.
Maryland State Med J. 1965;16:61-65.

Granger CV, Hamilton BB, Keith RA, Zielezny M, Sherwin FS.
Advances in functional assessment for medical rehabilitation. Topics
Geriatr Rehabil. 1986;1(3):59-74.

de Haan R, Aaronson N, Limburg M, Hewer RL, van Crevel H.
Measuring quality of life in stroke. Stroke. 1993;24(2):320-327.
National Institute for Health and Care Excellence. Stroke rehabilita-
tion: long-term rehabilitation after stroke. Clinical guidelines, CG162.
National Institute for Health and Care Excellence, London, 2013.
Andresen EM, Vahle V], Lollar D. Proxy reliability: health-related
quality of life (HRQoL) measures for people with disability. Qual Life
Res. 2001;10(7):609-619.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

O’Connor RJ, Cano SJ, Thompson AJ, Hobart JC. Exploring rating
scale responsiveness: does the total score reflect the sum of its parts?
Neurology. 2004;62(10):1842-1844.

Albrecht GL, Devlieger PJ. The disability paradox: high quality of life
against all odds. Social Sci Med. 1999;48(8):977-988.

Cook KF, Ashton CM, Byrne MM, et al. A psychometric analysis of
the measurement level of the rating scale, time trade-off, and stand-
ard gamble. Social Sci Med. 2001;53(10):1275-1285.
Teixeira-Salmela LF, Olney SJ, Nadeau S, Brouwer B. Muscle
strengthening and physical conditioning to reduce impairment

and disability in chronic stroke survivors. Arch Phys Med Rehabil.
1999;80(10):1211-1218.

Fisher AG. The assessment of IADL motor skills: an application of
many-faceted Rasch analysis. Am ] Occup Ther. 1993;47(4):319-329.
Ward AB, Gutenbrunner C, Damjan H, Giustini A, Delarque

A. European Union of Medical Specialists (UEMS) section of
Physical & Rehabilitation Medicine: a position paper on physi-

cal and rehabilitation medicine in acute settings. ] Rehabil Med.
2010;42(5):417-424.

Stroke Unit Trialists’ Collaboration. Collaborative systematic
review of the randomised trials of organised inpatient (stroke unit)
care after stroke. Stroke Unit Trialists’ Collaboration. Br Med J.
1997;314(7088):1151-1159.

Beech R, Rudd AG, Tilling K, Wolfe CD. Economic consequences
of early inpatient discharge to community-based rehabilita-

tion for stroke in an inner-London teaching hospital. Stroke.
1999;30(4):729-735.

Schultke E. Ludwig Guttmann: emerging concept of rehabilitation
after spinal cord injury. ] Hist Neurosci. 2001;10(3):300-307.
O’Connor R], Murray PC. Review of spinal cord injuries in Ireland.
Spinal Cord. 2006;44(7):445-448.

Ditunno JF, Jr., Formal CS. Chronic spinal cord injury. N Engl ] Med.
1994;330(8):550-556.

Inman C. Effectiveness of spinal cord injury rehabilitation. Clin
Rehabi. 1999;13 Suppl 1:25-31.

Priebe MM, Chiodo AE, Scelza WM, Kirshblum SC, Wuermser LA,
Ho CH. Economic and societal issues in spinal cord injury. Arch Phys
Med Rehabil. 2007;88(3 Suppl 1):584-88.

O’Connor RJ, Martyn-Hemphill C, McNicol C, Morrison R.
Reduction in care costs with community rehabilitation. Clin Med.
2011;11(3):299-300.

Svensson E. Guidelines to statistical evaluation of data from rating
scales and questionnaires. ] Rehabil Med. 2001 Jan;33(1):47-48.
O’Connor E. ‘Fractions of Men: engendering amputation in
Victorian culture. Comparative Studies in Society and History.
1997;39(4):742-777.

Silver JR. The British contribution to the treatment of spinal injuries.
] Hist Neurosci. 1993;2(2):151-157.

Anonymous. Rehabilitation services. Br Med J. 1972;2(816):727-728.
McColl I, Bunch A, Fanshawe E, et al. Review of artificial limb and
appliance centre services. DHSS, London, 1986.

Miller EJ, Gwynne GV. A life apart: pilot study of residential
institutions for the physically handicapped and young chronic sick.
Tavistock Press, London, 1972.

23



CHAPTER 4

Predicting activities after stroke

Gert Kwakkel and Boudewijn Kollen

Why should we predict activities
after stroke?

Stroke recovery is heterogeneous in terms of outcome, and it is
estimated that 25 into 25% of the 50 million stroke survivors
worldwide require some assistance or are fully dependent on car-
egivers for activities of daily living (ADL) after their stroke [1].
In addition to medical management after acute stroke to prevent
further cerebral damage, early stroke rehabilitation is initiated
with the ultimate goal of achieving better recovery in terms of
body functions and activities in the first months after stroke, and
to reduce disability and handicap during the years that follow
[2]. Knowledge about factors that determine the final outcome in
terms of activities after stroke is important for early stroke man-
agement, in order to set suitable rehabilitation goals, enable early
discharge planning, and correctly inform patients and relatives.
The current trend to shorten the length of stay in hospital stroke
units, as well as the increasing demand for efficiency in the conti-
nuity of stroke care, imply that knowledge about the prognosis for
the outcome in terms of basic activities such as dressing, mobility,
and bathing is crucial to optimize stroke management in the first
months post stroke. Knowledge about the prognosis in terms of
activities (i.e. functional prognosis) is also important for the effec-
tive design of future trials in stroke rehabilitation. In particular,
identifying subgroups of patients who may benefit most from a
particular intervention [3-5] and stratifying patients into prog-
nostically comparable groups will prevent underpowered stud-
ies (i.e. type II errors), keeping in mind that the contribution of
stroke rehabilitation services is relatively small (i.e. 5 to 10% of
the variance in the outcome) compared to the variability across
patients included in trials [6-8]. A number of observational stud-
ies suggest that the degree of recovery in terms of impairments
and activities after stroke is already largely defined within the first
days after stroke onset [9-16]. This finding also suggests that the
effectiveness of therapy is not only determined by selecting the
most effective therapy but also depends on selecting appropri-
ate patients, who show some potential for recovery of activities
after stroke. Moreover, many evidence-based therapies such as
constraint-induced movement therapy (CIMT) or modified ver-
sions of it, body weight-supported treadmill training (BWSTT),
neuromuscular stimulation, and early supported discharge poli-
cies by a stroke team are heavily dependent on an appropriate
selection of stroke patients [17]. Hence, the establishment of an
adequate prognosis by a stroke rehabilitation team will increase
the efficiency of stroke services and reduce costs. From a patient’s
perspective, effective prognostics enable health care professionals

to respond to changes that occur over time, to estimate the feasi-
bility of the short- and long-term treatment goals, and to provide
correct information to patients and their partners [18].

Despite the above advantages, prognostic research has received
little attention in neurology and rehabilitation medicine com-
pared to intervention research, and has not gained much accept-
ance in clinical practice as a result of: (1) doubts about predictive
accuracy due to issues such as bias in observations, (2) problems
with the generalization of the results, and (3) the complexity of
algorithms, which hampers practical implementation [18-20].
Furthermore, a number of previous systematic reviews of prog-
nostic research have shown that a high proportion of prognostic
studies in stroke are of poor methodological quality [18-21]. On
the other hand, a favourable trend can be discerned, since the bet-
ter quality studies were published in the most recent years [18, 20].
This illustrates the growing awareness among investigators of the
importance of meeting the methodological criteria for prediction
model development.

The present chapter will focus on prediction of activities after
stroke. First, we will discuss some methodological shortcomings
of prognostic research. Subsequently, based on the most common
flaws in prospective cohort studies, we will elucidate the main
characteristics about the pattern and hierarchical sequence of
recovery of impairments and disability post stroke. Finally, the
most important clinical bedside factors will be discussed that
independently predict outcome of activities of daily living, dex-
terity and walking ability post stroke.

What constitutes good quality
prognostic research?

In contrast to the CONSORT statements [22], there are no strict
methodological criteria for assessing the quality of prognostic
research. A number of key factors have been identified in clini-
cal epidemiology that may confound the relationship between the
independent variable of interest (i.e. the determinant) and the out-
come or dependent variable in the regression model. The method-
ology of prognostic studies continues to evolve [3, 19, 21, 23-25]
and guidelines for reporting observational studies in accordance
with the ‘strengthening of reporting of observational studies in
epidemiology’ (STROBE) statement have only recently been estab-
lished [26].

Table 4.1 summarizes the main factors that affect inter-
nal, statistical, and external validity of high-quality prognos-
tic research. This 27-item checklist addresses six major risks of
bias: (1) study participation, (2) study attrition, (3) prognostic



factor measurement, (4) outcome measurement, (5) statistical
analysis, and (6) clinical performance [3, 19, 18, 20, 23, 25, 27, 28].
As shown in Table 4.1, each item can be rated as positive (sufficient
information: low risk of bias, 1 point assigned), negative (insuf-
ficient information: potential risk of bias, 0 points assigned), or
partial/unknown. A total score can be obtained by summing all
items that were given a positive rating.

What do we know about the pattern of stroke recovery
in terms of body functions and activities?

The development over time of body functions (i.e. impairments)
and activities (i.e. disabilities) after stroke is characterized by a
large diversity. Some patients show hardly any improvement even
in the long term, whereas other patients recover fully within hours
or days after their stroke. Even though the outcome of stroke
patients is heterogeneous and individual recovery patterns differ,
clear mathematical regularities (i.e. logistic and sigmoidal) have
been found in these non-linear patterns of recovery, making the
outcome in terms of body functions and activities highly predict-
able (7, 14, 15, 16, 17, 21, 27-31]. Figure 4.1 shows an average com-
mon, hypothetical pattern of stroke recovery of patients with a
first-ever ischaemic middle cerebral artery (MCA) stroke [32].

As shown in Figure 4.1, the time course after stroke is charac-
terized by larger improvements during the first weeks post stroke
than in the post-acute phases beyond 3 months after stroke,
reflecting common underlying mechanisms known as ‘spontane-
ous neurological recovery’ [17, 30, 33, 34-36]. A number of cohort
studies have shown that the initial severity of disability as well as
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the extent of improvement observed within the first days or weeks
post stroke are important indicators of the outcome at 6 months
after stroke [20, 33, 34, 37-40]. Another striking feature support-
ing the existence of a predefined biological pattern in time is the
observation that the sequence of progress in activities, as assessed
for example with the Barthel Index (BI), is almost fixed in time.
Hierarchical scaling procedures of the BI show that in about 80%
of all patients with a first-ever MCA stroke, progress of activities
follows the same sequence of BI items [41].

As shown in Figure 4.2, skills that allow the use of compen-
sation strategies, such as grooming, recover earlier than more
complex skills such as dressing and climbing stairs. The observed
sequence in this small sample of patients was recently confirmed
by a number of studies using Rasch analysis. Rasch analysis deter-
mines the probability of achieving a particular milestone on the
basis of ‘patient’s” ability’ and ‘item difficulty’ [42, 43]. A larger
study involving 556 stroke patients [41] found the same hierarchi-
cal sequence in terms of BI items. It should be noted, however,
that not all items of the BI measure the same underlying concept.
Indeed, items that measure body functions (i.e. bladder and bowel
control) in the BI [41] and the Functional Independence Measure
(FIM) [44, 45] are not suitable for a Rasch analysis, because these
items assess different (impairment-related) constructs.

The fact that the recovery of activities after stroke follows a
fixed hierarchy is not limited to ADL outcomes measured with
instruments like the BI or the FIM [45], but have also been
found for the Stroke Impact Scale [46], the National Institutes of
Health Stroke Scale (NIHSS) [47], as well as for the recovery of
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Fig. 4.1 Hypothetical pattern of recovery after stroke with timing of intervention strategies.
Reprinted from Lancet, 14, Langhorne P, Bernhardt J, Kwakkel G, Stroke rehabilitation, 1693-702, Copyright (2011), with permission from Elsevier.
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Table 4.1 Quality assessment of reports of prognostic studies

Outcome strategies Scale Criteria

Evaluation of study design

D1 Source population and Y/IN/? Positive when sampling frame (e.g. hospital based, community based, primary care) and recruitment

recruitment procedure (place and time period, method used to identify sample) are reported.

D2 Inclusion and exclusion criteria ~ Y/? Positive if both the inclusion and exclusion criteria are explicitly described.

D3 Important baseline key Y/? Positive if the following key characteristics of the sample are described: gender, age, type, localization,

characteristics number of strokes, stroke severity.
of study sample Number of strokes is adequate when at least ‘a history of stroke’ or ‘recurrent stroke’ is reported.

D4 Prospective design YIN/? Positive when a prospective design was used, or in case of a historical cohort in which prognostic factors
were measured before the outcome was determined.

D5 Inception cohort YIN/? Positive if observation started at an uniform time point within 2 weeks after stroke onset.

D6 Information about treatment YIN/? Positive if information on treatment during observation period is reported (e.g. medical or paramedical,
usual care, randomized, etc.)

Study attrition

Al Loss to follow-up YIN/? Positive if loss to follow-up during period of observation did not exceed 20%.

A2 Reasons for loss to follow-up YIN/? Positive if reasons for loss to follow-up are specified, or there was no loss to follow-up.

A3 Methods to deal with missing ~ Y/N/? Positive if adequate method of dealing with missing values was used in case of missing values (e.g. multiple

data imputation), or there were no missing values.

A4 Comparison of completersand ~ Y/N/? Positive if article reports that there are no significant differences between participants who completed

non-completers the study and those who did not, concerning key characteristics of gender, age, type and severity and
candidate predictors and outcome, or if there was no loss to follow-up.

Predictor measurement

P1 Definition of predictors YIN/? Positive if the article clearly defines or describes all candidate predictors (concerning both clinical and
demographic features).

P2 Measurement of predictors YIN/? Positive if >1 candidate predictor was measured in a valid and reliable way, or referral is made to other

reliable and valid studies which have established reliability and validity,

P3 Coding scheme and cut-off YIN/? Positive if coding scheme for candidate predictors was defined, including cut-off points and rationale for

points cut-off points; or if there was no dichotomization or classification.

P4 Data presentation YIN/? Positive if frequencies or percentages or mean (SD/CI), or median (IQR) are reported for all candidate predictors.

Outcome measurement

o1 Outcome(s) defined Y/N/? Positive when a clear definition of the outcome(s) of interest is presented.

02 Measurement of outcome(s) Y/N/? Positive when outcome was measured in a valid and reliable way, or reference is made to other studies

reliable and valid which have established reliability and validity.

03 Coding scheme and cut-off YIN/? Positive if the coding scheme of the outcome is given, including cut-off points and rationale for cut-off

points described points; or if there was no dichotomization.

04 Appropriate end-points of YIN/? Positive if observation was obtained at a fixed time after stroke onset, negative if observation was made at

observation discharge.

05 Data presentation Y/N/? Positive if frequencies or percentages or mean (SD/Cl) or median (IQR) are reported for the outcome measure.

Statistical analysis

S1 Strategy for model building YIN/? Positive if the method of the selection process for multivariable analysis is presented (e.g. forward,

described backward selection, including p-value).

S2 Sufficient sample size Y/N/? Positive if the number of patients with a positive or negative outcome (event) per variable in the logistic
regression analysis was adequate, i.e. equal to or exceeding 10 events for each variable in the multivariable
model (Events Per Variable), or in case of linear regression analysis N > 10 for each variable.

S3 Presentation of univariate Y/N/? Positive if univariate crude estimates and confidence intervals (8/SE, OR/Cl, RR, HR) are reported. Negative

analysis when only p-values or correlation coefficients are given, or if no tests were performed at all.

S4 Presentation of multivariable Y/IN/? Positive if point estimates with confidence intervals (B/SE, OR/CI, RR, HR,) are reported for the

analysis multivariable models.
S5 Continuous predictors Y/N/? Positive if continuous predictors were not dichotomized in the multivariable model.

(continued)
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Outcome strategies Scale Criteria

Clinical performance/validity

@ Clinical performance Y/IN/? Positive if article provides information concerning at least one of the following performance
measures: discrimination (e.g. ROC), calibration (e.g. HL statistic), explained variance, clinical value (e.g.
sensitivity, specificity, PPV, NPV)

2 Internal validation YIN/? Positive if appropriate techniques were used to assess internal validity (e.g. cross-validation,
bootstrapping), negative if split-sample method was used.

c3 External validation YIN/? Positive if the prediction model was validated in a second independent group of stroke patients.

Y, Positive, 1 point; N, Negative, 0 points; ?, Partial/unknown.

Veerbeek JM, Kwakkel G, van Wegen EE, et al. Early prediction of outcome of activities of daily living after stroke: a systematic review. Stroke. 42(5):1482-8 © 2011.
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Fig. 4.2 Progress of patients’ skills (Barthel Index) in a fixed sequence, with earlier recovery for relatively less complex skills that allow compensation strategies, such as
feeding and grooming, and later recovery for more complex skills, such as dressing and climbing stairs. As illustrated in this figure, patients showed an almost consistent
sequence of recovery with bowel control restored first, followed by grooming, bladder control, feeding, transfer, toilet use, mobility, bathing, dressing, and finally
climbing stairs. The so-called Guttmann scaling procedure yielded a coefficient of scalability ranging from 0.72 for week 26 to 0.85 for week 3 post stroke, suggesting

that about 80% of the patients progressed through this fixed sequence in time.

Reprinted from Restor Neurol Neurosci, 22, Kwakkel G, Kollen B, Lindeman E., Understanding the pattern of functional recovery after stroke: facts and theories, 281-99, Copyright (2004), with

permission from 10S Press.

the upper limb function measured with the ABILHAND ques-
tionnaire [48] or the Action Research Arm Test (ARAT) [49].
These findings support the notion that defining milestones may
serve as an important part of multidisciplinary stroke manage-
ment [50-52] in order to allow the team to focus on realistically
attainable treatment goals.

Are we able to predict ADL independence after stroke?

Knowledge about robust and unbiased factors that predict out-
come in terms ADL is paramount in early stroke management.
A systematic review of 48 studies that aimed to predict ADL out-
come showed that the Bl and mRS were the two activity level out-
come measures most frequently used in prognostic stroke studies.
Despite the fact that that only a small proportion of the included
studies, i.e. 6 out of 48 (12.5%), was of high quality [20], strong
evidence was found that age and scores on scales assessing sever-
ity of neurological deficits in the early post-stroke phase, such as
the NIHSS and CNS, are strongly associated with the final basic

ADL outcome beyond 3 months post stroke [53]. In a prospec-
tive cohort study in 159 stroke victims with a mild to moder-
ate first-ever ischaemic hemispheric stroke, we found that when
measured within 72 h post stroke, the NIHSS score was strongly
associated with the final outcome in terms of ADL independency
as measured with the Barthel Index at 6 months.

The discriminative properties as well as the accuracy of pre-
diction with the NIHSS at baseline seem to be robust and hardly
influenced by the timing of assessment in the first 9 days after
stroke onset [15]. As shown in Figure 4.3 the area under the curve
(AUC) ranged from 0.789 (95%ClI, 0.715-0.864) for measurements
on day 2 to 0.804 (95%CI, 0.733-0.874) and 0.808 (95%ClI, 0.739-
0.877) for days 5 and 9, respectively [15].

The systematic review of 48 prognostic studies also showed that
gender and the presence of risk factors for stroke, such as atrial
fibrillation, did not predict the outcome in terms of basic ADL [20].
Conspicuously, imaging data for the prediction of ADL outcome
proved to be of limited value when compared to the contribution
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Fig. 4.3 Graphic presentation of ROC analyses of the moment of timing of the assessment of NIHSS scores for the outcome of Bl (>19) at 6 months after stroke.
Reprinted from ] Neurol Sci, 57— 61, Kwakkel G, Veerbeek J, van Wegen E, et al,, Predictive value of the NIHSS for ADL outcome after ischemic hemispheric stroke: does timing of early

assessment matter?, 57— 61, Copyright (2010), with permission from Elsevier.

of clinical variables alone [20]. In a previous prospective study in 75
first-ever MCA stroke survivors, we found that age and the initial
Bl score measured at day 5 post stroke predicted 84% of the AUC for
the outcome in terms of ADL independency 1 year post stroke. In
this study, patients were classified as ADL-independent if they had
a BI score of 19 or 20 points. However, adding magnetic resonance
imaging (MRI) findings at 11 days post stroke, such as the presence
of white matter lesions, hemisphere of stroke, cortical or subcorti-
cal, and lesion and stroke volume, increased the AUC from 0.84 to
0.87 in the surviving patients. [54] In line with other studies in this
field that investigated the impact of stroke lesion volumes on the
outcome in terms of ADL [55], this prospective cohort study sug-
gests that neuroimaging variables from conventional MRI scans do
not increase the accuracy of long-term prediction of ADL [54-56].
In addition to the predictive validity of neurological scales such
as NIHSS and CNS, a number of prospective cohort studies have
shown that the baseline value of the BI (or FIM) assessed within
2 weeks post stroke is highly associated with the final BI (or FIM)
measured at 6 months post stroke [7, 27, 53, 54]. However, the predic-
tive accuracy of the initial BI score seems to be time dependent [53].
For example, a prospective cohort study investigating the diagnostic
accuracy of the BI in 206 hemispheric stroke patients [53] showed
a significantly higher accuracy in predicting the outcome in terms
of the BI at 6 months when assessed at 5 or 9 days post stroke than
when assessed at 2 days post stroke. The AUC ranged from 0.785 on
day 2 to 0.837 and 0.848 on days 5 and 9, respectively, suggesting
that the assessment on day 5 proved to be the earliest post-stroke
moment for an optimal prediction of final outcome in terms of ADL
(Figure 4.4). This finding suggests that the BI should preferably be
measured at the end of the first week in hospital-based stroke units
to ensure effective stroke rehabilitation management. This time-
dependence of the predictability can be explained by several puta-
tive mechanisms. The first is that 2 days post stroke is too early for
patients to begin to develop the compensatory strategies that they

will use to carry out ADL. At one week, in contrast, the core com-
pensatory abilities may already be present. The second possibility
is that subjects may have a greater tendency to perform below their
true maximal capacity early after stroke. The third option is that
oedema and metabolic factors, which have their maximal influence
in the first 72 hours, could mask the capacity for recovery.

The less than optimal prediction of BI at 6 months for patients
assessed within 72 hours in our study may have been caused by the
instability of neurological deficits, which is manifested by the neu-
rological worsening observed in approximately 25% of all patients
during the first 24 to 48 hours after stroke [53]. However, a paral-
lel study focusing on the timing of an assessment of neurological
deficits by the NTHSS in the same population resulted in no signif-
icant differences between days 2, 5, and 9 [15], which makes neu-
rological worsening within this period unlikely. A more plausible
explanation could be that observers find it difficult to determine
the patient’s actual performance in terms of basic ADL when the
patient is still bedridden. As a consequence, an assessment within
72 h post stroke will underestimate their actual performance. In
line with the recommendation by Kasner [57], our findings sug-
gest that even in individuals with a minor stroke who are bedrid-
den during the first few days after stroke, the BI will underestimate
outcome scores, making the BI an unsuitable instrument to meas-
ure disability within the first 3 days post stroke.

Other determinants reported in valid prospective cohort studies
suggest that not only baseline ADL factors such as sitting balance
but also urinary incontinence, severity of hemiplegia, cozmorbid-
ity, consciousness at admission, cognitive status, and depression
are independent factors that contribute to the outcome in terms of
ADL beyond 6 months [18, 19, 20, 27, 58].

Who regains walking ability?
Regaining independent gait is considered a primary goal in stroke
rehabilitation. A number of prospective cohort studies have shown



that approximately 60% [10, 59] to 80% [21] of stroke patients are
able to walk independently at 6 months post stroke. Various prog-
nostic studies suggest that age [60, 61], severity of sensory and
motor dysfunction of the paretic leg [62], homonymous hemiano-
pia [61. 62], urinary incontinence [11, 60], sitting balance [11, 13,
21, 63-66], initial disability in ADL and ambulation [10, 11, 13],
level of consciousness on admission [60], and the number of days
between stroke onset and first assessment [16] are independently
associated with gait outcomes 6 months after stroke [21]. For
example, the EPOS study, involving 154 first-ever ischaemic stroke
patients who were unable to walk independently, used multivariate
(or multivariable) logistic modelling to show that accurate predic-
tion within 72 hours is achievable at hospital stroke units by means
of two simple bedside tests: namely sitting balance and muscle
strength of the paretic leg. Independent gait was defined as 4 points
or more on the Functional Ambulation Categories (FAC), suggest-
ing that patients could be classified as safe walkers able to walk
independently on flat surfaces [21]. Those non-ambulatory patients
who regained their sitting balance as assessed by the trunk control
test (TCT) and who developed some voluntary movement of the
hip, knee and/or ankle as assessed by the MI-leg score (=25 points)
within the first 72 hours post stroke had about a 98% chance of
regaining independent gait within 6 months. In contrast, those
patients who were unable to sit independently for 30 seconds and
were hardly able to contract the muscles of the paretic lower limb
within 72 hours had a probability of about 27% of achieving inde-
pendent gait [21]. Early reassessment of sitting balance and lower
limb strength on days 5 and 9 showed that if sitting ability and
lower limb strength failed to recover, the probability of regaining
independent gait declined to 23% when assessed on day 5, and 10%
when assessed on day 9 post stroke [21].

The increasing accuracy of prediction over time may reflect
underlying intrinsic neurological mechanisms of recovery such
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as elevation of diaschisis after stroke [7, 30]. Comparing these
findings with those of other studies is difficult due to the lack of
prognostic studies investigating the accuracy of prediction within
72 hours. However, a number of prospective studies have shown
that muscle strength of the hemiplegic leg [21, 61, 62] and sitting
balance [11, 21, 64], when measured between the second to fourth
week after stroke, are significantly associated with improvement
of walking ability [13] and achieving independent gait [13, 65, 66]
at 6 months. Obviously, the early control of sitting balance as a
prerequisite for regaining standing balance and gait is an impor-
tant factor for the final outcome at 6 months [65]. The importance
of balance control for gait is also supported by the study of Kollen
and colleagues [13], who showed that improvement in standing
balance was the most important variable associated with improve-
ment of gait performance as measured with the FAC [13].

Since the proportion of false positives (=7%) was clearly smaller
than the proportion of false negatives (=27%) within 2 days post
stroke, our study suggests this model is generally somewhat pes-
simistic, and illustrates that some patients with an initially poor
sitting balance and a severe paresis of the hemiplegic limb will
nevertheless regain independent gait [13]. This finding is sup-
ported by a number of recent longitudinal studies showing that
gait recovery is closely related to learning to use compensatory
movement strategies [67-69]. For instance, patients learn to keep
their balance by shifting their centre of gravity to the non-paretic
side [68, 70], despite significant change in motor control on the
paretic side is almost lacking [67, 69]. In the same vein, longitudi-
nal studies with repeated measurements over time show that the
contribution of the non-paretic side to the increase in comforta-
ble and maximal walking speed is larger than the contribution of
the paretic side [71]. To date, all longitudinal studies suggest that
patients learn to cope with existing neurological deficits when
regaining standing balance [68, 70, 72] and independent gait
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Fig. 4.4 Craphic presentation of ROC analyses of the timing of the assessment of Bl on days 2, 5, and 9 for the outcome in terms of dichotomized Bl scores (>19) after

6 months (N = 206).

Kwakkel G, Veerbeek JM, Harmeling-van der Wel BC, van Wegen E, Kollen BJ; Early Prediction of functional Outcome after Stroke (EPOS) Investigators. Diagnostic accuracy of the Barthel Index

for measuring activities of daily living outcome after ischemic hemispheric stroke: does early poststroke timing of assessment matter? Stroke. 2011 Feb;42(2):342—6 with permission.
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after stroke [67, 69, 73, 74]. Obviously, these adaptation strategies
already start as soon as patients learn to accomplish tasks within
the first weeks post stroke.

Who regains dexterity after stroke?

Although prospective epidemiological studies are lacking, find-
ings of a number of prospective cohort studies suggest that 33%
to 66% of stroke patients with a paretic upper limb do not show
any recovery in upper limb function at 6 months after stroke [75,
76]. Depending on the outcome measures used, 5% to 20% achieve
full recovery of the upper paretic limb in terms of activities at 6
months [9, 12, 75, 76].

A recent systematic review of 58 studies on prognostic vari-
ables relating to upper limb recovery showed that the initial
severity of upper limb impairment and function were the most
significant predictors of upper limb recovery (i.e. odds ratio 14.84
(95%CI: 9.08-24.25) and 38.62 (95%CI: 8.40-177.53), respectively
[28]. With that the most important predictive factor for upper
limb recovery following stroke was the initial severity of motor
impairment post stroke [28]. However, the interpretation of these
results were complicated by methodological factors such as using
different upper limb motor outcome scales, timing of baseline and
outcome assessments and with that, predictors selected [28].

In order to better understand the functional prognosis of the
upper limb, we tested the probability of impairment being reduced
and dexterity being regained at 6 months using logistic regression
analysis in patients who had an almost flaccid upper limb in the
first week post stroke and no dexterity as assessed the FM arm
score, as shown in Figure 4.1 [12]. We found that only by those
patients with some early reduction of impairment in the upper
paretic limb had greater gains later; patients showing some (syn-
ergistic) movement in the upper limb within 4 weeks post stroke
had a 94% chance of improving their ARAT score, whereas this

probability remained below 10% in those who failed to show any
return of motor control (Figure 4.5).

This study, with repeated measurements over time, suggests
that there is a critical time window in which the final outcome
in terms of dexterity is largely determined. In fact, it is the same
limited time window that has been found in animal studies for an
upregulation of growth-promoting factors, resulting in synapse
strengthening and activity-dependent rewiring of neuronal net-
works to compensate for tissue lost to injury [77].

These findings built on the results of previous prospective stud-
ies starting after the first week post stroke [78-81]. For example,
Smania et al. [79] showed in a sample of 48 stroke patients that
active finger extension at day 7 post stroke is a valid early indicator
of a favourable outcome in terms of upper limb function as meas-
ured with the nine-hole peg test, the Fugl-Meyer for the arm, and
the Motricity Index for the arm. Katrak et al. [80] reported that
initial shoulder abduction, measured about 11 days after stroke, is
an early predictor of good hand function at 1 and 2 months after
stroke. These findings also suggest that the selection of patients
in terms of poor or favourable prognosis for upper limb recovery
at the impairment level is an important prerequisite for effective
stroke rehabilitation. To date, all evidence-based therapies that
have proved to be effective for the upper limb, including CIMT,
have been based on studies with selected patients with a low level
of impairment that allows for superposition of compensatory
strategies. In contrast, studies on evidence-based therapies for
patients with an unfavourable prognosis at the impairment and
function levels are lacking in the literature.

In a more recent prospective study [14] involving 159 stroke vic-
tims, we investigated if outcome in terms of upper limb function
at 6 months can be predicted within 72 hours after stroke onset. In
addition, we reinvestigated the effect of the timing of assessment
on the accuracy of prediction by reassessing observed clinical

Probability (%) of achieving dexterity (ARAT>9) at 6 months post stroke (N = 102).
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Fig. 4.5 Probability of achieving some dexterity at 6 months post stroke. Within the first 3 to 4 months, a critical time window was present in which the outcome in
terms of dexterity (dichotomized into ARAT < 10 points or ARAT >10) was determined. Optimal prediction was based on the Fugl-Meyer scores of the paretic arm and

the motricity index score of the leg (MI-leg).

Kwakkel G, Kollen BJ, van der Grond J, et al. Probability of regaining dexterity in the flaccid upper limb: impact of severity of paresis and time since onset in acute stroke. Stroke. 34:2181-2186
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determinants on days 5 and 9 after stroke. The results showed that
those patients with some finger extension and some visible shoul-
der abduction on day 2 after stroke onset had a 98% probability
of achieving some upper limb function at 6 months. In contrast,
patients who did not show this voluntary motor control had a
probability of only 25%. It was also remarkable that 60% of the
patients with some finger extension within 72 hours had regained
full upper limb function according to the ARAT at 6 months. [14]

This finding confirms the substantial predictive value of finger
extension as a positive sign for a favourable outcome for the upper
paretic limb in the acute phase after stroke. Retesting the model
on days 5 and 9 showed that the probability of regaining function
remained 98% for those with some finger extension and shoulder
abduction, whereas the probability decreased from 25% to 14% for
those without this voluntary control. Obviously, the reservation
of some voluntary finger extension reflects the importance of the
presence of some intact corticospinal tract fibres of the corticospi-
nal tract system (CST) in the affected hemisphere that can activate
distal arm and hand muscles [82], assuming that the forearm and
hand lack direct bilateral innervation from both hemispheres [84].
Studies using transcranial magnetic stimulation (TMS) [83-85]
and diffusion tensor imaging [86, 87] have further confirmed
this hypothesis. For example, Van Kuijk et al. [88] showed that in
patients with an initial paralysis of the upper limb, the presence or
absence of a motor-evoked potential in the abductor digiti minimi,
measured with transcranial magnetic stimulation at the end of the
first week after stroke, is highly predictive of the final outcome in
terms of dexterity at 6 months. However, the predictive value of
the presence or absence of motor-evoked potentials in the abduc-
tor digiti minimi is similar to that of clinical assessments alone,
suggesting that transcranial magnetic stimulation measurements
should focus on the predictive value of motor-evoked potentials of
the finger extensors in particular, rather than the finger flexors or
the abductor digiti minimi alone [89].

In the same vein, similar to findings from TMS studies, but in
contrast to the predictive value of lesion volume of MRI for the
outcome in terms of ADL, we found in 75 MCA victims that
lesions of the internal capsule detected on MRI were associated
with a significantly lower probability of the return of isolated hand
motor function than superficial lesions of the cortex, subcortex,
and corona radiata [90]. This difference in the relevance of lesion
volume in predicting impairment versus ADL was to be expected
as the latter largely depends on compensation. The probability of
regaining hand function declined from 54% when the corticofu-
gal tract was only partly affected to 13% when both motor cortex
and internal capsule were affected. The latter study once again
shows that the return of hand function 1 year after stroke largely
depends on the preservation of neuroanatomical areas known to
represent the corticofugal tract of the upper limb. Obviously, the
involvement of structures with a greater density of dysfunctional
corticofugal tract fibres, such as the internal capsule, is associ-
ated with poor recovery of hand motor function at one year post
stroke [90].

Knowledge about the early prediction of final functional out-
come for the upper limb function is paramount for the implemen-
tation of effective stroke management. In particular, subsequent
multidisciplinary rehabilitation services may be optimized based
on the probability of regaining function, in view of the fact
that many evidence-based therapies for the upper paretic limb,
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including CIMT, require some return of voluntary wrist and finger
extension [91-93]. This finding also suggests that evidence-based
practice is not only a matter of applying the most effective therapy
for a particular patient but is also about selecting the appropriate
patients to be offered this specific therapy.

Are improvements of body functions and cognition
predictable post-stroke

Longitudinal regression analyses of change scores have shown
that most improvements in motor function, such as in synergism
[30, 33], strength of upper [30] and lower paretic limb [59], as well
as decline in cognitive impairments, such as neglect [30, 93] and
dysphasia [94, 95] are almost entirely defined within the first 10 to
12 weeks post-stroke. Recent kinematic analyses have shown that
these improvements, such as in FM-scores, within the first eight
post-stroke weeks parallel the restitution of quality of motor con-
trol in terms of: (1) the number of degrees of freedom that patients
are able to control for in a reaching task [96] and normalization of
jerk during, for example, a reaching task [97]. Beyond these first
weeks of restitution, often regarded as the period in which true
neurological repair takes place, improvements are mainly charac-
terized by substitution and learning to adapt to existing neurolog-
ical deficits [98]. Furthermore, it has been shown that more severe
impairments at stroke onset result in slower patterns of recovery
then on average to 3 months post stroke for more severe affected
subjects [33].

Interestingly, Prabhakaran and colleagues [16] suggested that
the amount of restitution of impairments driven by spontane-
ous motor recovery is relatively fixed for FM-arm scores, which
accounts for approximately 70% of patients’ maximal potential
recovery. In their study, this maximal potential motor recov-
ery was defined as the difference between initial FM upper limb
(FM-UL) measured within 72 hours post stroke and the maximal
possible score of 66 points [16: p. 68]. According to this recovery
model, patients with an initial severe upper limb impairment (i.e.
a low initial FM-UL score) have more room to improve on the
FM-UL, and thus have a larger potential for improvent when com-
pared to patients with an initial mild upper limb impairment (i.e. a
high initial FM-UL score). This fixed amount of spontaneous neu-
rological change was observed particularly in those with a mild to
moderate neurological deficit after a first ever hemispheric stroke,
which was the case in the majority (~70%) of ischaemic stroke
patients. The reason why patients with more severe initial neuro-
logical deficits show less spontaneous neurological improvement
remains unknown. One may hypothesize that the reversibility of
impaired brain function due to ischemia is influenced by the size
of the lesion, and underlying processes involving recovery of neu-
ronal networks including mechanisms of homeostatic neuroplas-
ticity in the first weeks post stroke [7, 77, 98-100] Unfortunately,
the study of Prabhakaran et al. [16] does not provide insight in
the neurobiological mechanisms responsible for the proportional
neurological recovery.

The finding of a fixed proportional recovery after stroke is not
unique for motor recovery but is also found for other modalities
like speech and inattention. Lazar and colleagues [94] showed that
the amount of improvement in aphasia scores following ischaemic
stroke was almost fixed; showing an overall relationship of 0.73
between the maximal potential change in aphasia score and the
observed change, measured at 3 months post stroke [94]. However,
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it should be noted that the study was performed in a small sample
of 21 stroke patients. Also, neglect after right hemisphere stroke
often resolves within 3 months of stroke onset and shows an
almost fixed percentage of improvement on for example on the let-
ter cancellation task [30. 93]. Also, neglect after right hemisphere
stroke often resolves within 3 months of stroke onset and shows
an almost fixed percentage of improvement, on for example a let-
ter cancellation task [93, 101].

The aforementioned preliminary findings suggest that the
amount of spontananeous neurological recovery is based on a
fixed proportion and is thus highly predictable during the first
3 or 6 months post stroke. Second, one may conclude that the
proportional fixed amount of recovery is not specific for motor
impairments but rather generic and applies to other impairments
such as inattention and dysphasia, obviously reflecting the same
underlying biological mechanisms responsible for neurological
recovery [77, 98, 99].

The theory behind the maximal proportional recovery of body
functions including cognitive impairments, such as inattention
and dysphasia, does not support the clinical observation that in
many cases patients may improve far beyond the first 3 months
of spontaneous neurological recovery post-stroke. For example,
Desmond and coauthors performed a battery of neuropsycho-
logical tests 3 months and then annually after stroke. Among
patients with baseline cognitive impairment, 36% were found to
show improved cognitive function beyond the first 3 months after
stroke [102]. These results are similar to those that Kotila and col-
leagues reported [103], and Wade and coworkers found significant
recovery in several aspects of memory between 3 and 6 months
after stroke [76]. Recovery of constructional apraxia may be seen
up to 6 months after stroke. However, it is important to distin-
guish in these tests between improvements in body function and
activities acknowledging that recovery of activities or abilities
to perform a clinical test does not per se reflect true neurologi-
cal repair but rather more optimal using compensation or coping
strategies of the patient [99, 104].

Some parts of this Chapter are also written in the Textbook
of Neural Repair and Rehabilitation. Predicting activities after
stroke. Edited by Michael E. Selzer, Stephanie Clarke, Leonardo G.
Cohen, Gert Kwakkel and Robert H. Miller. Volume II, Section 7,
Chapter 46, pages 585-601.
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CHAPTER S

Designing a clinical trial
for neurorehabilitation
Bruce Dobkin and Andrew Dorsch

Introduction

Clinical research in neurological rehabilitation has at its disposal
a wide range of potentially therapeutic techniques, including
physical, cognitive, behavioural, pharmacological, neural stimu-
lation, robotic, and perhaps cellular and biological treatments.
Determining which of these interventions results in the great-
est possible functional improvement requires an evidence base
derived from randomized controlled trials (RCT) conducted by
investigators with an understanding of the best elements of trial
design, implementation, and interpretation. Emerging consensus
standards for clinical trials serve as a useful starting point for the
investigator planning a clinical trial in neurorehabilitation. In this
chapter, we use the recent SPIRIT guidelines [1] as a framework
while progressing through the developmental stages of a clinical
trial. We emphasize what is most unique about complex interven-
tions to improve motor-related outcomes, since the great majority
of RCT, over 500, have been devoted to motor rehabilitation after
stroke [2].

Preparing a clinical trial protocol

While formal, large-scale clinical trials are a recent development
in neurological rehabilitation, numerous small-population or
pilot studies have been reported in the literature for many years.
Design and preparation for a clinical trial, regardless of study size,
should focus on who will participate, what intervention will be
delivered, and how change in function will be measured.

Choice of trial design

When discussing clinical research, the ‘gold standard’ trial is
considered to be a prospective, parallel-group superiority trial
that compares a novel intervention to the standard of care in a
selected group of participants. Other traditional trial designs
such as crossover and factorial designs tend to be used less often
in neurological rehabilitation due to concerns about carry-over
effects or interactions between interventions, respectively. While
the majority of the discussion in this chapter will focus on clas-
sical RCT design, it should be emphasized that a RCT is the final
step in an iterative preparatory process; alternate trial designs
may more efficiently answer questions earlier in an intervention’s
development.

Descriptive study designs

Different types of descriptive designs utilized in the rehabilita-
tion literature are listed in Table 5.1. These studies can be used to
better characterize the natural history of a disease process or to
identify clinical trends that bear further investigation. Though the
comparison of results from a new intervention to the experience
of historical ‘controls’ is always tempting and drives enthusiasm,
descriptive studies offer no strength in terms of causal inferences
about interventions and outcomes [3].

n-of-1 designs

This type of trial is most readily comparable to how medicine is
practised on a daily basis. In the basic n-of-1 design, measurements
are taken to establish the functional baseline of a single person (A),
after which an intervention is provided (B) and a re-evaluation
(A) is performed to determine if changes in the outcome measure
of interest have occurred. More complex permutations including
multiple baselines, several repetitions of the AB structure rand-
omized for order of presentation, and combinations of interven-
tions can also be tested. Due to statistical concerns regarding bias
in participant selection and the significance of effect size calcu-
lated from small sample sizes, the results of these studies should be
interpreted with caution; they may not generalize to the population
of interest. In contrast, this study type can provide valuable infor-
mation when attempting to personalize an RCT-evaluated inter-
vention to an individual in a clinical practice setting [4].

Adaptive trial designs

The optimal dose, timing, and intensity of an intervention can
be identified from among multiple possible treatment combina-
tions using this study design [5]. Adaptive trial designs involve
frequent reassessment of outcomes during the implementation
of an intervention and modification of subject assignment or
treatment dosage based upon Bayesian statistical methods and
computer simulation models [6]. This strategy has been used
successfully to assess medication dosing for safety and to get
a sense of possible efficacy. Adaptive trial designs can arrive at
answers faster than the standard designs in which efficacy is not
determined until data have been collected from all study par-
ticipants. In an adaptive treatment trial, the decision rules for
changing assignment or treatment are specified before the trial
begins to avoid introducing bias [7].
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Table 5.1 Common study designs in neurorehabilitation

Descriptive

case series

cohort

cross-sectional

Small population

n-of-1

adaptive

Randomized

parallel group

crossover

factorial

Participant population

In addition to defining standard detailed inclusion and exclusion
criteria, investigators conducting neurorehabilitation clinical tri-
als will have special concerns with regards to the selection and
recruitment of study participants.

Selection criteria

When considering the appropriate patient sample for an inter-
vention, investigators should consider whether certain charac-
teristics will alter responsiveness to the treatment strategy or
confound an analysis of the response: age, time since injury, lesion
location (e.g. cortical vs. subcortical, dominant vs. non-dominant
hemisphere, etc.), physical and cognitive impairments, spared
function, medical comorbidities, and natural history of the dis-
ease (i.e. changes in impairments and disabilities over time).
Structural magnetic resonance imaging (MRI) measures of lesion
volume and tractography to assess, for example, sparing of the
corticospinal tract after stroke [8], may serve as additional study
selection criteria.

Most participants recruited to clinical trials in neurological
rehabilitation are defined as being in a chronic stage of disease,
for example more than 6-12 months after stroke, spinal cord
injury, or traumatic brain injury. Though commonly accepted
as a means of parsing the recovery process into separate stages,
such a classification scheme is overly simplified and ignores the
fact that functional improvements, however modest, may occur at
varied time scales for each individual. Most important, ‘chronic’
is not synonymous with clinically stable in the context of neuro-
logic rehabilitation. Trials may one day better classify the stages
of recovery using biomarkers or measures of cortical excitability
rather than disease chronology, as is starting to be done for acute
vascular events [9].

Defining a functional baseline

As recovery of function is the primary goal of most rehabilitation
interventions, it is essential that the baseline function of study
participants be well characterized. Function is most often defined
using the criteria set forth in the International Classification of
Functioning, Disability, and Health (ICF), which classifies what
an individual can or cannot do based upon personal as well as
environmental and contextual factors [10]. Impairment is defined

as a problem with body structure or function, for example the
inability to voluntarily move the arm after a stroke. Limitations
in activity, for example buttoning a shirt, occur when a person
encounters difficulty in executing a task. Participation in life situ-
ations can be restricted due to individual limitations in activity or
to a lack of accommodation for the disabled person. The assess-
ment of function depends upon the choice of outcome measure, as
some measures are specific to one ICF domain while others span
several domains.

One must be aware that even for those subjects in the ‘chronic’
stage of recovery, functional performance can transiently decrease
due to medical or psychosocial complications (e.g. depression,
pain, urinary tract infection) or increase due to motivational fac-
tors (e.g. encouragement from physician or family, participation
in a clinical trial). Many persons with neurological disease are
relatively inactive when compared to age-matched healthy con-
trols [11] yet retain the latent capacity to rapidly improve when
participating in the regular training that forms the key compo-
nent of many neurorehabilitation interventions. A separate con-
cern regarding the functional capacity of persons participating
in rehabilitation trials is the relative frequency with which those
who demonstrate mild-to-moderate functional impairments are
recruited. Many extant interventions can lead to functional gains
in people with mild residual impairment; fewer therapeutic strate-
gies are tested in those suffering from moderate-to-severe loss of
physical or cognitive functioning.

Recruitment and consent issues

Persons recovering from neurological diseases are an especially
vulnerable population. Special efforts should be made when
recruiting and consenting these participants [12]. A standard-
ized assessment should be used to determine decision-making
capacity. Obtaining consent from a surrogate decision maker,
as is done in dementia research [13], may be appropriate under
certain circumstances, given the relative importance of family
for post-hospital care. Special care must be taken when recruit-
ing participants from less advantaged socioeconomic groups,
whose participation rate in clinical research has been histori-
cally low. The difference between standard clinical care and the
research intervention should be explicitly stated and the likeli-
hood of individual benefit from the intervention, which is best
stated as none, explained in advance. In addition, when design-
ing a clinical trial intervention for disabled persons, one must
consider the burden placed upon study participants, especially
the time and effort required to return to a study site for repeated
assessments.

Intervention

Value of intervention

Given the limited resources available for clinical research, a
study must be justified on the basis of the value of information
or potential clinical benefit of an experimental intervention [14].
In particular, the novelty of the proposed intervention should be
weighed against the ease of its implementation, the prevalence of
the condition, the personnel and equipment required, confound-
ers of recruitment, and cost. If it is to be put through a tedious and
expensive RCT an intervention ought to hold the realistic possi-
bility that it will have a robust effect that is meaningful to disabled
persons. Initial experiments ought to address this possibility.
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Intervention components

When describing a trial intervention the essential components
(site location, who delivers the intervention and for non-drug
trials how the clinicians were trained, timing/duration/intensity
of intervention, assessment methods, proposed mechanisms of
action, etc.) should be detailed [15]. A growing number of inves-
tigators are revealing the details and decision-making of their
protocols by publishing them near the beginning of the trial. Two
prominent examples in neurologic rehabilitation are the EXCITE
[16] and LEAPS [17] trials.

Choice of comparison/control intervention

Defining the intervention delivered to subjects assigned to the
comparator arm(s) is of unique importance in neurologic reha-
bilitation. In general, the concept of clinical equipoise states that
there should be genuine uncertainty whether a novel intervention
will result in improved outcomes. While pharmaceutical trials
can provide a placebo pill to account for participants’ attention
and motivation (the so-called Hawthorne effect), in neurological
rehabilitation, where the intervention of interest is often a varia-
tion of existing therapies, providing no intervention to the control
group sets up an artificial comparison that does not exist in clini-
cal care as actually practiced. Defining the control intervention
to be ‘usual care’ can also prove troublesome, especially in mul-
ticentre studies, where the definition of what constitutes stand-
ard therapy (timing, duration, intensity) may be quite different.
Indeed, for many people who have suffered a neurological injury,
usual care often means no care—that is no practice, no exercise,
no additional support.

Now that well-designed trials have shown that many motor
rehabilitation therapies improve outcomes if they include a high
enough dose of task-related practice and skills learning [18-20],
investigators conducting trials in neurologic rehabilitation should
drop the notion that no intervention or ‘usual care’ (if that means
no specific intervention) is a proper control for an experimental
therapy. Despite the added cost of an active control treatment [21],
experimental rehabilitation interventions should be compared to
a well-defined control that engages participants, offers a degree
of training, and is relevant to the primary outcome measure. The
comparison intervention need not target the same presumed neu-
ral mechanism for gains.

Randomization and blinding

Randomization aims to ensure that a trial produces unbiased
results. Attention should be devoted in the planning stages to for-
mulating a detailed randomization plan [1]. Different randomi-
zation methods can be applied to assign study participants to an
intervention. Simple randomization uses a constant ratio (1:1, 2:1,
etc.) to produce the allocation sequence, whereas ‘biased-coin’
designs alter the ratio during recruitment to correct for imbalances
in assignment. In block randomization, the number of subjects in
each intervention group is kept similar by randomly allocating an
equal number of participants within each block (i.e. for every ten
subjects, five subjects are randomly assigned to the intervention
and five to the control). Stratification allocates participants to an
intervention based upon a clinical or demographic characteris-
tic, such as age by decade or National Institutes of Health (NIH)
Stroke Scale score. Finally, minimization is a technique in which
subjects are allocated to an intervention group in such a way as to

minimize the difference between groups in prespecified criteria
(e.g. age, gender, disability).

The allocation sequence is obtained most often using a random
number generator in order to prevent the anticipation of future
group assignments based on knowledge of past assignments. Once
produced, the sequence should be kept secure until group assign-
ment, a process known as allocation concealment. Use of central
telephone or computer databases to implement allocation is rap-
idly replacing the prior standard of opaque, numbered envelopes
to be opened at the time of randomization.

Concealing group assignment to study participants may not
always be feasible, but the individuals performing outcome assess-
ments and, if feasible, those providing the intervention must be
blinded. An additional benefit of including an active control as
opposed to no defined intervention is that subjects in both groups
will receive care, which may reduce bias. In place of the use ‘single
blinded’ or ‘double blinded’ the SPIRIT guidelines suggest speci-
fying whom amongst patients, providers, and assessors is blinded
to treatment assignment [1]. As with randomization, the use of
a computerized database with separate logins for providers and
assessors can assist in maintaining blinding.

Outcome measures

Selecting the optimal outcome measure to quantify the improve-
ment of change of greatest interest requires considerable thought
and planning. It is not enough to use a scale that others have
employed for similar trials. An increasing number of measure-
ment tools are available, but only a minority has undergone a thor-
ough validation of their psychometric properties in a population
of interest. While collections of standardized tests such as those in
the NTH Toolbox can be used, if choosing from amongst the mul-
titude of other available tests, the ideal outcome measure would
be one that is clinically relevant, reliable, and valid for answering
the question at hand for the characteristics of person entered. We
would pose the following questions for consideration during the
outcome measure selection process:

1. What is being measured?

Quantitative methods such as kinematics and neurophysiologi-
cal tests (electromyography, cortical excitability) provide objec-
tive, if less than perfect measures of the integrity of the motor
system and end effector muscles. Functional ability is measured
using outcome measures associated with one of the three domains
(impairment, activity, participation) of the ICF. Patient self-report
about physical functioning can provide valuable supplemental
information regarding capabilities, but may not reflect what peo-
ple actually do. Investigators must be aware that the environment
in which testing occurs (i.e. clinic versus home), likely influences
behaviour. Indeed, the interpretation of test results obtained while
in a controlled setting many not accurately reflect performance in
real-world settings.

2. What is the structure of the outcome measure?

QOutcome measures can take several forms [22]. Interval scale meas-
urements, such as temperature, have an arbitrary zero point but a
consistent magnitude of change for every scale unit. Ratio scale
measurements, for example the time elapsed during a 15-metre
walk, have an absolute zero value in addition to an interval struc-
ture. Measurements on an ordinal scale, by contrast, are assigned
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to one of several predefined categories that are rank-ordered.
Ordinal scales either constitute a single item (e.g. the modified
Rankin and Ashworth scales) or a combination of multiple items
across categories (e.g. the Barthel Index and Fugl-Meyer (FM)
scale). Complex interventions like those employed in neurologic
rehabilitation usually require some combination of these types of
scales to assess efficacy or express outcomes in ICF or mechanistic
terms.

3. How responsive is the measure to change?

Subsumed within this question are issues related to different
aspects of the outcome measure’s validity. Test-retest validity
assesses the variability in responses over repeated test adminis-
trations while the degree to which the test measures what it sets
out to measure is appraised by its construct validity. A growing
number of outcome measures are undergoing formal psychomet-
ric evaluation [23] and the results collated in databases such as the
StrokEngine based at McGill University.

4. Is the measure appropriate for use in the population under
study?

In addition to concerns regarding the cost of study equipment and
personnel, the amount of effort, motivation, and time required of
a patient to complete tasks should be kept below what may become
a burden. Learning and practice effects may need to be accounted
for if repeated assessments will be performed in a relatively short
time, especially within two weeks of one another. The literature
should be reviewed to determine if the measure has been applied
previously to patients of similar demographic characteristics and
what magnitude of change was reported.

5. How will performance on the measure be analysed?

Ratio scale data are commonly analysed using parametric statisti-
cal tests while logistic or non-parametric statistical tests are uti-
lized to analyse ordinal data. A ratio scale outcome measure is not
synonymous with collection of normally distributed data; trans-
formation using a logarithmic or other function may be necessary
to correct for a skewed distribution. How ordinal data will be ana-
lysed, for example as dichotomous versus multi-ordinal outcomes,
can affect interpretation of the outcomes [24].

Measures of impairment

The ICF defines impairment as a deficit in body function, whether
in consciousness, speech, cognition or physical movement [25].
Commonly used impairment measures, such as the Glasgow
Coma Scale and American Spinal Injury Association Impairment
Scale, are multiple-item ordinal scales that evaluate a person’s
neurologic function across multiple domains. Because perfor-
mance of these measures requires clinician assessment, practi-
cal concerns regarding intra- and inter-rater reliability must be
addressed through standardized training of assessors [26]. The
combination of clinician assessment and anatomic biomarkers,
such as integrity of the corticospinal tract, may improve upon the
use of a sole metric to measure motor impairment.

Measures of activity

The ICF activity domain encompasses a patient’s ability to per-
form routine tasks, most typically defined as activities of daily liv-
ing such as bathing, grooming, and feeding. The Barthel Index
and Functional Independence Measure (FIM) are the two most

commonly used disability scales that measure the amount of assis-
tance a person requires to complete daily tasks. Both scales suffer
from floor and ceiling effects, which are especially evident beyond
the first 3-6 months after, for example, the onset of a stroke. More
global assessments of function such as the modified Rankin Score
often include aspects of both impairment and activity.

When evaluating a patient’s ability to perform a task, investiga-
tors must be aware of how tasks or questions are presented as so
not to be confused between functional capacity, what persons can
do (or think they can do) in a controlled clinical environment,
with functional performance, what a person does in real-world
settings [27]. As an example, the function estimated by persons
with stroke based upon the Stroke Impact Score does not neces-
sarily correlate well with their actual task performance on objec-
tive testing [28].

Measures of participation

How a person interacts with the environment defines participa-
tion in the ICF framework. Due to the difficulty in observing
people outside of the clinic setting, most evaluation in the par-
ticipation domain is self-reported and falls under the rubric of
‘quality-of-life’ or ‘patient-derived’ outcome measures. Many
investigators have moved beyond using one of the first such stand-
ardized tools, the SF-36, to validated disease-specific measures
such as the Stroke Impact Scale [29] and MS Impact Scale [30].
Despite the potential for bias [31], self-report augments and adds
validity to the interpretation of impairment and disability meas-
urements derived from other tools. A growing movement, exem-
plified by organizations such as the Patient-Centered Outcomes
Research Institute (PCORI) in the United States, incorporates
input from representative persons with disability throughout the
intervention design process in an effort to develop therapies with
an impact on daily functioning. Investigators should be aware of
the ability of social and electronic media to aggregate and share
patient-reported data, which can serve as a testing ground for
refining patient-reported outcomes [32].

Quantitative functional assessment

Though technologies such as electromechanical shoe insoles,
hard-wired goniometers, video analysis systems, and pedometers
have been used for decades to obtain estimates of patient activ-
ity, neurological rehabilitation research would optimally measure
the type, quantity, and quality of daily activities and skilled motor
practice in which patients engage outside of clinical supervision
or laboratory testing [33]. Advances in technology have translated
into the growing field of wireless health, in which small devices
worn on the body or positioned in the home unobtrusively col-
lect quantitative data such as gait speed [34, 35]. It is not unrea-
sonable to assume that, in the near future, clinicians will be able
to monitor patient home-based practice or control for practice
outside of formal intervention times in a clinical trial using these
technologies.

Biomarkers

A range of imaging, biochemical, and neurophysiological tests
are reported in the neurologic rehabilitation literature as sur-
rogate biomarkers of plasticity and recovery. Individual genetic
polymorphisms, for example in the gene for brain-derived neu-
rotrophic factor (BDNF) [36], or those associated with differential
responses to physical exercise [37], may be added to the diagnostic
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armamentarium in the near future as additional biomarkers for
clinical care and research. Especially in early-stage trials of bio-
logical interventions, biomarkers may be the only non-invasive
means to demonstrate axon growth, remyelination of damaged
pathways, and modifications of neural networks in the absence of
clinically detectable change. Investigators must be vigilant when
using biomarkers so as not to confuse an association between
changes in clinical performance and changes in the surrogate as
being indicative of causation.

Statistical concerns

It is strongly recommended that investigators preparing a clinical
trial consult with a statistician early in the protocol development
process. A biostatistician can not only assist with power and sam-
ple size calculations, which are key elements of funding propos-
als, but also suggest appropriate analysis methods for the data to
be collected during the clinical trial. By reviewing the interven-
tion, outcomes, and analysis of the trial in detail, potential omis-
sions and errors can be rectified before participants are enrolled.
Statisticians, of course, cannot salvage a poorly designed trial.

Sample size and power calculations

The number of participants in each intervention group is depend-
ent upon the statistical test used, the prespecified false error rate
(o), the power (1 - p), the expected performance of the control
group on the outcome of interest, and the effect size [38]. Potential
attrition rates of participants from the trial should be estimated
and included in sample size calculations. Sample size calculations
are relatively straightforward for the comparison of percentages
or means. For more complex statistical analyses, such as mixed
effects models, estimates can be provided. It has been stated pre-
viously that trials in neurorehabilitation should aim for at least
a medium effect size (as defined by Cohen) that corresponds to
a fairly robust change in individual patient function [39]. The
method used to calculate the effect size should be fully described
as it has implications for study design, interpretation of individual
participant versus group responses, and comparison of results
between studies [40, 41].

Superiority vs. non-inferiority

The prospective, parallel-group RCT is a superiority trial in that
the intervention under study is being tested for its ability to pro-
vide additional benefit as compared to the standard of care. In con-
trast, a non-inferiority trial tests the novel intervention for similar
efficacy or adverse effects as compared to the standard interven-
tion. A common misconception among clinical trial investigators
is that a failure to identify a significant difference between two
interventions in a superiority trial means that the interventions
are equivalent. Rather, the statistical assumptions and the sam-
ple sizes required to validate those assumptions are quite different
depending upon the goals of a trial [42].

Primary outcome(s)

The choice of primary outcome is integral to trial design and the
interpretation of results. A primary outcome is one that is chosen
a priori to answer the hypothesis being tested, usually the inter-
vention’s possible efficacy. The primary outcome measure must be
stated explicitly, preferably when the trial is initially registered.
If at all possible only a single primary outcome measure should
be defined with the remainder serving as secondary outcome

measures. Use of multiple primary outcomes, as is not uncom-
mon [43], requires the use of correction for multiple comparisons
to lessen the possibility that one of many outcomes will suggest
efficacy when it really does not. Pilot studies using a pre- and
post-test without a control group, trials with fewer than 20 sub-
jects in each arm, and even large RCTs that pursue data mining
for positive results can be misleading when multiple outcomes are
measured and tested for statistical significance. The concern for
practicing clinicians is that a repeated testing search for ‘signifi-
cant’ p-values may hide all the negative results that do not appear
in a publication.

Missing data

Prior to conducting a clinical trial the decision must be made as to
which participants will be included in the analysis of the primary
outcome—all those randomized, subjects meeting a certain level
of intervention adherence, only those who completed the trial,
etc. The CONSORT statement recommends performing an ‘inten-
tion to treat’ analysis in which all randomized trial participants
are analysed in their originally assigned treatment group. As this
is not always feasible, detailed reasoning for excluding a sub-
ject from analysis should be provided when reporting the study
results [44]. Similarly, the method to be used to account for miss-
ing data should be specified prior to starting the trial. Frequently
employed methods such as last observation carried forward are
easy to implement but prone to bias, therefore multiple imputa-
tion techniques that make use of the remainder of collected data
to estimate missing values are recommended [45].

Common confounders

By highlighting various aspects of this trial design, we hope to
have guided the reader past some of the pitfalls that consign neu-
rological rehabilitation trials to equivocal outcomes. Other con-
founders bear mention.

Conceptual confounding

The term ‘plasticity’ has perhaps become overused and variably
defined in the neurologic rehabilitation literature. It has been
established that the adult nervous system is capable of learning,
even after neurologic injury. Changes in synaptic efficacy or net-
work connectivity are as likely to occur in a patient after skilled
motor practice as in a healthy control. Thus, basing a trial on the
capacity of an intervention to produce neural adaptations within
the motor network rather than on gains in clinically important
motor skills does not make for a sound scientific rationale [46].

In a similar vein, caution should be exercised when attempt-
ing to translate the results of preclinical animal studies to inter-
ventions in humans. Rodent studies may bear little relationship
to the type and timing of injuries and interventions that occur
in patients with neurological disease [47]. Behavioural measures
in mammals are far less sophisticated and informative than
those in humans. The process of rehabilitation involves the use
of cues and feedback that have no correlate in animal training.
Furthermore, genetic homogeneity and the loss of a natural living
environment may alter the responsiveness of animals in ways that
are not predictive of changes in function for disabled persons.

Confounding in implementation
As mentioned, the inclusion of chronically impaired persons
with seemingly ‘stable’ functional baselines can be a source of
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confounding in neurologic rehabilitation trials. To lessen the
potential for this effect, one could obtain multiple measures over
one month before or after entry, prior to the start of the trial, to
look for a stable baseline (see Duncan et al. [17] for an example).
An alternate method would be to provide a modest intervention
to participants in all trial arms to ensure that each has reached
a functional plateau prior to introducing the formal intervention
[48]. Either method would be appropriate to remove some of the
uncertainty associated with single measurements of function and
ensure that any changes after an intervention are most likely a true
response and not a clinical-statistical fluctuation [49].

The context, duration, and intensity of an intervention and any
concomitant therapies can each affect the interpretation of trial
results. People participating in inpatient rehabilitation typically
undergo 1-3 hours of formal training from 3-6 days a week, but
investigators have little control or knowledge about what they are
doing for the remainder of each day during a trial. Study partici-
pants may be carrying out practice that further drives gains or
inhibits gains, and some may do nothing, which may limit the
effects of the formal intervention [50]. Prior efforts to control for
subject practice have been limited by available outpatient moni-
toring technologies [20, 51]. Use of wearable motion-sensing tech-
nologies to capture the types and quantity of practice, at least for
mobility and upper extremity activities, may help to alleviate this
concern.

Finally, variations in how functional outcomes are assessed
across sites in a multicentre clinical trial can be an unwanted
source of confounding. Even simple tests such as a 10-metre walk
can be performed differently, for example starting from a stop ver-
sus using a walking lead-in prior to the starting line [52, 53]. It
is therefore of utmost importance that assessments be standard-
ized and assessors be properly trained to follow the same proce-
dure [26]. Online training and assessment tools such as video and
webinars are increasingly supplanting on-site training and trainer
evaluation.

Enrichment

Improving the promise, feasibility, and economy of a clinical
trial is possible through the use of enrichment strategies, many
of which are aimed at the recruitment and retention of research
participants.

The recruitment process can be expedited through the develop-
ment of a database of patients interested in participating in clini-
cal research. Consent forms approved by the local Institutional
Review Board (IRB) can be left in the clinic rooms for patients to
fill out and sign. Investigators then search the database looking for
matches with regards to the disease, impairment, or disability of
interest. Within or across institutions, this becomes a method by
which to increase both the rate of recruitment to the study as well
as the sample size and therefore power of a trial.

A growing number of formal collaborative networks spon-
sored by private foundations and government agencies aim to
foster more efficient phase II and III clinical trials across (e.g.
the NINDS” NeuroNEXT in the United States) as well as within
specific neurological diseases. Society websites such as those
for the American Society of Neurorehabilitation and the World
Federation of NeuroRehabilitation serve as additional sources for
potential research collaborations.

The retention of participants in clinical trials can become a con-
cern as the frequency and duration of training time grows, espe-
cially in longitudinal [54] or uncontrolled [55] research studies.
Reinforcement from family [56] and clinicians [57] can serve to
maintain participants’ motivation and self-efficacy for change.
Personalized feedback or messages delivered to a smartphone
could further engage subjects.

Registration

All human clinical research should be registered in a database
that is openly accessible to the public. Which database to use var-
ies depending on the type of study and geographic location in
which the trial is to be conducted. Commonly utilized databases
include clinicaltrials.gov, clinicaltrialsregister.eu, the UK Clinical
Research Network Portfolio Database, and the International
Standard Randomised Control Trial Number (ISRCTN) Register
of Clinical Trials. In addition to meeting regulatory requirements,
trial registration serves to increase research transparency, to
decrease duplication of research efforts, and to facilitate the iden-
tification of trials for potential study participants [1].

Implementing a clinical trial

The overall goal in clinical trial design is to develop a study with
high internal validity. The investigator wants to be able to con-
clude that the intervention produced the observed outcome with-
out interference from potentially confounding variables. As will
be discussed, getting to the milestone at which a demonstration
of efficacy becomes worthwhile is an iterative process involving
several stages of development prior to the RCT [58].

Progression through trial stages

The majority of clinical trials in medicine tend to follow the pat-
tern established for pharmaceutical design and safety testing.
Phase I involves a relatively high risk or novel intervention given
to a small number of healthy or affected people. Establishing
safety and examining responsiveness are the primary goals. Phase
II follows Phase I and builds upon knowledge of risks. More par-
ticipants are involved. Safety and potential efficacy are studied.
The effects of different dosages of a medication or intensity of an
intervention are determined, along with the best research meth-
odology and outcome measures, in preparation for Phase III.
Phase III rigorously assesses the potential for efficacy of the inter-
vention by a randomized trial with blinded outcomes, comparing
the new intervention to a standard one or to a placebo. The power
for the study may be drawn from Phase II studies. Phase IV refers
to the post-approval phase in which the intervention is approved
for use in specified populations of people and provided as a part
of routine care. Safety, including interactions with medications, is
evaluated in the general population through drug registries and
voluntary event reporting to monitoring agencies.

In contrast to this progression, clinical trials in neurorehabili-
tation may benefit from more strategically planned, consecutive
stages. Working with the initial definitions provided by Dobkin
[48] we detail the different stages of intervention development
using body-weight supported treadmill training (BWSTT) as
an example of an intervention of interest for hemiplegic stroke.
This perspective aims to address and help correct the cycle of



CHAPTER 5 DESIGNING A CLINICAL TRIAL FOR NEUROREHABILITATION

inconclusive pilot studies that suffer from poor design and fail to
inform or end up misleading subsequent studies.

Stage 1 (Phase I): feasibility/consideration-of-concept study

In this descriptive stage, an intervention that has been identified
from animal experiments, theory, and/or clinical observations is
evaluated with regards to its appropriateness for testing in a larger
trial. The focus in this stage is on aspects of trial methodology
rather than on intervention efficacy [59]. Intervention outcomes
under study can include participant willingness to be rand-
omized, recruitment and attrition rates, timing of the interven-
tion, subject responsiveness to different doses of the intervention,
and safety [60].

BWSTT was identified as a potential rehabilitative interven-
tion that integrated the concepts of progressive, task-oriented
training, and neuroplasticity. It also drew, perhaps inappro-
priately in the case of stroke and incomplete spinal cord injury
(SCI), from feline and rodent models of complete spinal tran-
section at the level of the low thoracic cord that demonstrated
evidence for locomotor pattern generation. Initial pilot studies
for SCI had reported gains in stepping compared to ‘histori-
cal’ controls. Then reports suggested improvements in selected
groups of stroke patients [61]. Though some aspects of BWSTT
training were varied to identify the optimal training parameters
[62], other aspects such as the most favourable timing after stroke
and methods relating practice on the treadmill to aspects of gait
and motor control needed for over-ground walking received less
attention.

Stage 2 (Phase Il): pilot/development-of-concept study

Once the general feasibility of the intervention has been estab-
lished, the formal trial intervention is optimized through
testing in a convenience sample of participants. A series of
studies may be needed as new information becomes available
from completed work. At this stage an important aim is to
pull together the basic components of the proposed larger trial
including inclusion/exclusion criteria, randomization method,
control group intervention, and blinded assessment. In addition
to serving as a test-run for a larger study, this stage can be used
to evaluate the variability of potential baseline and outcome
measures. Adaptive trial designs, particularly with regards to
dose finding, may be useful here; preplanned, periodic assess-
ment of interim data can inform the study and lead to modi-
fications of the design. Though information regarding efficacy
can be collected, hypothesis testing should not be the goal at
this stage; sample sizes are likely too small to meet criteria for
significance [63].

In the case of BWSTT, initial pilot studies and test-retest
studies without controls included confounders such as expecta-
tion bias on the part of clinicians and participants, impairment
severity and amount of residual motor control, Hawthorne effects
(the effect of being watched and given feedback), and intensity of
practice performed during the formal intervention and outside
of the clinic. Issues related to subject selection—including clini-
cal heterogeneity of subjects and a failure to account for relative
inactivity of subjects prior to the intervention—and intervention
delivery, such as a lack of control for activity performed outside of
treadmill walking, likely contributed to bias in the interpretation
of outcomes.

Stage 3 (Phase Il): pilot/demonstration-of-concept study

This stage presents the opportunity to obtain an estimate of effect
size for the formal trial intervention. A pilot might anticipate
an effect size of moderate magnitude (defined as 0.4 to 0.6 using
Cohen’s criteria), which would suggest a meaningful change in
function. One potential interpretive flaw at this stage arises from
the performance of multiple outcome comparisons to look for
statistical significance. At Stage 3, an investigator may not yet be
sure about what outcome is most meaningful, so more than one
or two may be designated as primary. The raw data for all baseline
and outcome measures should be published, showing a histogram
of clinically interesting changes so that the number of respond-
ers and non-responders can be visualized. The data analysis can
be presented with uncorrected p-values, but values corrected for
multiple comparisons should also be included if several outcome
measures are used.

The first large RCT of BWSTT for stroke was carried out by
Visintin and Barbeau [64], who compared walking practice on
a treadmill for 6 weeks with versus without support by an over-
head harness. In retrospect, this was more of a demonstration of
concept, in that treadmill training without weight support is also
an experimental intervention and not feasible for many persons
with recent stroke. Indeed, the study had a high dropout rate. The
results revealed significant gains in walking speed for the BWS
group, but the walking speeds achieved (0.34 vs 0.25 m/s) were
both quite slow; this should have raised concern about the proto-
col’s intensity, duration, style of training, optimal translation of
practice on a moving belt to over-ground walking, and potential
for efficacy compared to more conventional training.

Stage 4 (Phase Il1): RCT/proof-of-concept study

Building upon the results of the previous three stages, the goal of
this stage is to test the efficacy of the intervention. This stage of
trial development often requires collaboration between multiple
study sites to ensure sufficient and timely recruitment of partici-
pants. Once initial efficacy has been demonstrated, independent
replication of the results by a separate group of investigators is
strongly recommended.

The SCILT [65] and LEAPS [20] trials tested BWSTT against
more conventional therapies that required over-ground practice
or exercise for 12 weeks. The benefits accrued from greater step-
ping practice and weight support did not exceed those from train-
ing of similar intensity. Like other progressive physical therapies,
BWSTT achieved good results in mild to moderately impaired
participants, who happened to be the focus of most pilot stud-
ies. In those with a greater loss of motor control, for whom fewer
proven therapies exist, the intervention was not powerful enough
to overcome the degree of impairment.

Along with the EXCITE [51] and VA robotics [18] trials, the
number of participants in each arm of the LEAPS study neces-
sary to reveal a statistically equivalent or better outcome was no
more than 50. With randomization of reasonably homogene-
ous groups, it seems likely that the efficacy of complex physical
interventions can be ascertained for walking and upper extremity
function with numbers in this range, in sharp contrast to drug
trials that need hundreds of participants in each arm to find an
absolute difference in the primary outcome of 1-5%. Drug trials
for stroke prevention treatments can afford a high number needed
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to treat (NNT) to find a clinical benefit that also exceeds the risk
of adverse events. Complex rehabilitation studies would seem to
require a NNT of <10, at least for the recovery of motor skills. The
LEAPS trial found an NNT of 6 for improvement to a higher walk-
ing level for both BWSTT and home-based exercise [66].

Stage 5 (Phase IV): translational/implementation-of-concept
study

If an intervention is determined to be efficacious across
well-designed trials, the final step of its development is to deter-
mine its effectiveness—how does the intervention translate into
routine clinical care? Barriers to implementation, variations in
intervention fidelity, and cost-effectiveness in comparison to
other treatments are identified and addressed to optimize patient
care and improve functional outcomes [67]. Surveillance studies,
registries, and RCTs that examine cost-effectiveness for inpatient
or outpatient care can help assure that the new intervention is
applicable to real-world settings.

In the case of BWSTT, this translational step was skipped as
commercial systems and robotic devices became widespread after
initial positive pilot study reports, long before large-scale trials
attempted to demonstrate efficacy. With the findings of SCILT,
LEAPS, and other BWSTT and robotic-assistive stepping trials to
date [68], the initial excitement appears premature, as the costs in
time, personnel, and equipment produce no greater improvement
in mobility for disabled patients as compared to the same intensity
of over-ground training. While robotic and other treadmill-based
interventions may yet prove useful for individuals meeting select
criteria, the preponderance of evidence at this time suggests that
these interventions be used in clinical research but not as a routine
therapy.

Data collection, monitoring, and safety

Investigators should give some thought to how they will col-
lect and manage data during the study. A significant proportion
of research funds can be expended in designing a homegrown
data entry system or purchasing a commercial database product.
Common platform endeavours by the NIH and research uni-
versities such as REDCap (http://www.project-redcap.org/) may
gradually replace the current piecemeal approach by providing a
secure, standardized template for data entry and analysis.

While not necessary for every research study, sites such as the
DMPTool (https://dmp.cdlib.org/) can assist in preparing a plan
for data storage and dissemination. Consideration should be given
to data format and how meta-data related to the data of interest,
for example a description of how the data were collected, will be
organized for efficient search. The collection of data by research
collaborations across institutions raises questions of data storage
and backup (on-site, cloud, etc.) as well as what limitations will be
placed on future use of the data

The SPIRIT guidelines and many governmental funding agen-
cies require the formation of a Data Monitoring Board (DMB) to
oversee clinical research studies. In trials where participants are
exposed to a greater than minimal risk of harm from the inter-
vention, the DMB will advocate for patient safety by monitoring
adverse events and halting the study if predefined stopping rules
are triggered. Additionally, the DMB can review incoming data
and institute a futility analysis to determine the likely benefit, if
any, from the recruitment of additional participants.

Reporting clinical trial results

Standardization

Depending upon the design of the study and type of outcomes
being reported, different international consensus standards for
trial reporting are recommended (Table 5.2). Results from pro-
spective, randomized clinical trials should follow the Consolidated
Standards of Reporting Trials (CONSORT) guidelines [44]. Using
clearly understood language, it is expected that subject recruit-
ment, randomization, primary and secondary endpoints, and sta-
tistical results will be reported in sufficient detail such that other
investigators can replicate the experiment. A growing number of
scientific journals require completion of a CONSORT checklist
and inclusion of participant flow through the study as the first fig-
ure in a manuscript submitted for publication (Figure 5.1).

Positive vs. negative results

Especially in neurologic rehabilitation, where patient recruitment
is difficult and the interventions are complicated, it is essential
that positive and negative results of important studies be pub-
lished. With scarce resources, it makes no sense to repeat the same
protocol that has not led to better outcomes; serious confounders
can be identified from the details of a report.

Determining significance

In contrast to reporting p-values, as has been commonly done in
the past, the CONSORT guidelines also recommend the tabula-
tion of confidence intervals for all predefined primary and sec-
ondary study outcomes [44]. Confidence intervals (CIs) can
contribute to determining the clinical significance of change
resulting from an intervention. For example, consider a trial of
non-invasive brain stimulation to treat a post-stroke paretic upper
extremity that reports a statistically significant improvement of
4 points on the Fugl-Meyer (FM) scale after a course of stimula-
tion. Though the mean change in FM score in this case reached the
threshold for significance [69], a large confidence interval could
alter the clinical interpretation of the results if the lower bound
on the confidence interval is not a meaningful gain in function.
Conversely, a mean change with a non-significant p-value could

Table 5.2 Consensus standards for clinical research

Study design
SPIRIT [1]

Test accuracy

STARD [78]

Reporting of study results
EQUATOR [79]

CONSORT [44] (randomized)
STROBE [80] (observational)

PRISMA [81] (meta-analysis)
CONSORT-PRO [82] (patient-reported outcomes)

Level of evidence

GRADE [75]
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Fig. 5.1 CONSORT flow diagram.
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reasons) (n =)

Lost to follow-up (give reasons) (n =)
Discontinued intervention (give reasons) (n =)

Analyzed (n =)
o Excluded from analysis (give reasons) (n =)

This flow diagram provides a clear, concise method to report the recruitment, randomization, and participation of subjects in a clinical trial. When reporting clinical trial results, it is

recommended that this flow diagram be included as the first figure. Copies of this diagram can be obtained from the CONSORT website (http://www.consort-statement.org, accessed 29

September 2014).

have an upper CI bound that includes clinically relevant change,
in which case a benefit from the intervention could not be ruled
out without recruiting additional study participants [70]. The
4-point change itself may or may not be associated with improved
functional use of the arm and hand, raising the concern about
clinical meaningfulness.

When results using a multiple-item outcome scale are pre-
sented, investigators should tabulate scores on individual scale
items to provide the reader a better understanding of where
changes are occurring. To continue the aforementioned exam-
ple, the same total change in upper extremity FM score can result
from functional improvements at separate joints, for example the
elbow and wrist versus the shoulder. A person would demonstrate
improved reach and grasp ability in the former case but not in the
latter despite similar overall improvement in the FM score. Failure
to differentiate between the two methods of achieving the same
change score could lead to highly different interpretations of an
intervention’s efficacy, which has the potential to affect the direc-
tion of future research efforts. Investigators should also be aware
that, for many multi-item ordinal scales, the transition from one
rank to another is not linear and modern psychometric methods
such as IRT or Rasch analysis may need to be applied to ensure
scale reliability prior to statistical analysis [71].

The concept of minimal clinically important difference (MCID)
is often invoked when ascribing the clinical significance of func-
tional changes due to an intervention. Most typically the MCID
links change on the outcome of interest to that on an ‘anchor’
functional rating scale such as the modified Rankin or Stroke
Impact Score [72,73]. Distribution-based methods that make use
of the effect size can also be used to calculate the MCID [74]. While
the MCID provides an estimate of how much change is required
to be clinically significant, investigators should be aware that its
magnitude is dependent upon the population being tested and the
method of calculation, amongst other factors, and that transla-
tion of MCID to another clinical setting or population of different
characteristics should be done with caution [41].

Level of evidence

When clinicians consider the results of research studies for
their evidence-based practices, they can classify the level of evi-
dence using numerous different rating scales. The Grading of
Recommendations Assessment, Development and Evaluation
(GRADE) network has produced a rating scale and ongoing dis-
cussions of evidence rating based upon quality of evidence [75].
Other classification systems, such as that used by the American
Academy of Neurology [76], apply different criteria to arrive at
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recommendations ranging from strongest (Class I) to least robust
(Class IV). Regardless of the classification method used, an inter-
vention does not meet the optimal standard for routine incorpora-
tion into clinical practice until a multi-site, Class I trial has shown
efficacy for clinically important outcomes and, preferably, has
been replicated in another group of similar subjects [77].
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CHAPTER 6

The influence of age on
neurorehabilitation

Markus Wirz and Louise Rutz-LaPitz

Introduction

General aspects pertaining to age and ageing

The worldwide ageing of the population described later in this
section is associated with an expected increase in morbidity and
demand for long-term care [1]. There are several important factors
to consider regarding the ageing person. Increased age does not nec-
essarily mean inability to work or to be physically fit. International
retirement ages are being increased not lowered. Post-retirement
people are very active, travel extensively, are politically involved,
and believe in continuing personal development (e.g. the Gray
Panthers www.graypanthers.org; they participate!). Thus, age
should not be the main factor in deciding rehabilitation potential.
Stroke is one of the most frequent neurological conditions and is
strongly associated with age-related changes of the organism, in
particular with the cardiovascular system and typically occurs in
older persons. Age is an important, yet not modifiable, risk factor
for stroke [2]. Accordingly hemiparesis due to stroke is typically
seen in older patients. A marked increase of stroke cases in future
decades are predicted based on a combination of estimates regard-
ing the ageing of the population and observed incidence rates [3].
Another neurological condition requiring interdisciplinary neuro-
logical rehabilitation is spinal cord injury (SCI). Typical causes for
a SCI in young male patients were severe traumas sustained from
vehicular or sport accidents. However, the mean age of patients with
acquired traumatic SCI has increased in recent years [4]. Beside the
traumatic SCI, non-traumatic causes have become more frequent.
One of the characteristics of the latter group of patients is an older
age compared to those with a traumatic SCI [5]. There is a globally
observed trend towards an increase of patients with non-traumatic
SCI and correspondingly the number of older patients with an SCI
is increasing. Although there are many neurological conditions
requiring interdisciplinary rehabilitation this chapter focuses on
patients with either stroke or SCI. It can be summarized, that the
general principles of neurological rehabilitation are the same in
young and old patients. Some aspects, however, need to be consid-
ered when an elderly patient is referred to rehabilitation.

Definitions of ageing

Ageing itself can be seen as a process that starts at conception and
lasts until death. However, in the context of this chapter, ageing
focuses on the period of life following reproductive activity or

an age where people are generally considered as aged, elderly, or
old. Ageing can not only be defined as a certain period of time an
organism exists. The concept of growing old encompasses a vari-
ety of additional aspects [6].

Chronological age is commonly used to give a certain age. It refers
to the elapsed time, starting from birth. This understanding of the
ageing process is, for example, reflected in the Medical Subject
Headings (MeSH) where persons are categorized according to their
age into different age groups: for example aged 65 through 79 years,
or aged 80 and over. The description of a persons’ age by using years
is useful in numerous ways. However, it can be insufficient for some
purposes. Two patients with the same chronological age can exhibit
different age-related medical conditions which influence clinical
decision making when choosing treatment options. Also for spe-
cific research questions matching of an intervention and a control
group purely based on chronological age might negatively influence
the outcome. A definition of ageing or age-related characteristics,
which goes beyond counting years must be adopted.

The concept of biological age therefore additionally regards the
health and age-associated condition of a person. With increasing age
various maintenance mechanisms fail to preserve the normal structure
and functions of cells and tissues. Thus, the incidence for cardiovascu-
lar diseases, cancer, stroke, and dementia increases with advancing age
[7]. In addition, degenerative processes—for example of the musculo-
skeletal system—limit one’s ability to perform activities of daily living.
For neurorehabilitation it is important to consider a patient’s biologi-
cal age. Age-related alterations, pain, or accompanying diseases may
limit the patient’s resources to cope with the new situation.

The society a person lives in has also a concept of ageing.
Accordingly, the expectations regarding the role, functions, and
tasks of that person within the society change over time. For exam-
ple, it is considered not normal when a 30-year-old patient with
stroke is discharged to a residential care home for the elderly. This
aspect of ageing is referred to as sociological age [6]. Pertaining to
neurorehabilitation sociological age influences the goal-setting
process. Incorporating the social background of a patient is impor-
tant for developing individualized rehabilitation goals.

Demographic changes

General population

According to the World Health Organization’s (WHO) health
observatory global life expectancy increased from 64 years in
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1990 to 70 years in 2011. During the same period the life expec-
tancy grew from 76 years to 80 years in high-income countries
[8]. The combination of a decline in fertility rates and increased
longevity leads to a shift of the age composition of society. While
the relative number of children is decreasing the proportion of
older persons (i.e. aged 60 years or over) is growing at an acceler-
ated rate and is reported to amount to 21% in developed coun-
tries. It is even expected that the older population will outnumber
children by the mid-21st century. Also, within the portion of the
older population an increase in age takes place. In 2012 already
14% were aged 80 years and over. It is expected that this figure will
further rise to 20% in 2050. This corresponds to approximately
400 million persons worldwide. In more developed regions of
the world older persons predominantly live independently, either
alone or with their spouses. Among those who live alone there is
a discrepancy between men and women. It is reported that almost
half of older women, but only a minority of men who live inde-
pendently alone [9].

Patients with stroke

Worldwide stroke statistics state that stroke is still number three
in cause of death. Stroke is the most frequent cause of adult dis-
ability and the third cause of reduced quality of life in the elderly
[10]. This results in personal and economic encumbrance.

Each year, about 16 million people in the world experience a
first-ever stroke. Of these, about 5.7 million die and another 5 mil-
lion remain disabled [11].

Patients with spinal cord injury

When looking at demographic characteristics of patients with SCI
it is important to distinguish between spinal cord lesions due to
traumatic and non-traumatic events.

Along with the ageing of the general population the average age
at onset of a traumatic SCI has increased over the last decades. In
the USA, the average age at injury was 29 years in the 1970s and
41 years in the period 2005-2010 with 2% being 75 years or older
[12, 13]. In Europe the corresponding age was 45 years in the latter
period [14], (Wirz, unpublished).

With an average age of 60 years and over, patients with
non-traumatic SCIs are clearly older at onset than traumatic cases
[15-18].

Age adapted neurorehabilitation

The increasing age of patients with stroke, SCI, or other neu-
rological diseases described in the previous sections becomes
more and more apparent in rehabilitation settings. It is therefore
worthwhile to consider the consequences of the growing num-
ber of elderly patients on rehabilitation procedures. Although
advancing age is an independent predictor of both short- and
long-term survival after stroke [19] it is important to acknowl-
edge that age is not an exclusion criteria or limiting factor for
neurorehabilitation of the elderly stroke patient [20]. There are
no specific handling methods or concepts for the ageing per-
son. Members of the rehabilitation team working with the age-
ing adult need to understand typical changes in all systems
with advancing age and adapt the principles of rehabilitation
accordingly.

International Classification of Functioning,
Disability and Health (ICF)

The ultimate goal of neurorehabilitation is to restore function in
order to increase quality of life. The challenge for the neuroreha-
bilitation team is in finding the best strategies to access the clients’
resources and treat their impairments in order to facilitate reor-
ganization. Neurorehabilitation should therefore be goal directed
and requires a structure that is transparent to all members of the
rehabilitation team. The variety of professional collaboration
requires a common language that is applicable beyond professional
barriers, in order to achieve the optimum rehabilitation outcome.
The biopsychosocial model of the International Classification of
Functioning, Disability and Health (ICF) can serve as such an ori-
entation for many processes of neurorehabilitation. The ICF belongs
to the World Health Organization (WHO) family of international
classifications [21]. The ICF facilitates the uncovering of impair-
ments, limitations and restrictions as well as resources and capa-
bilities. The ICF comprises two parts, each with two components:

Part 1. Functioning and Disability
(a) Body Functions and Structures
(b) Activities and Participation
Part 2. Contextual Factors
(c) Environmental Factors
(d) Personal Factors.

When setting rehabilitation goals the whole spectrum of the ICF
should be considered. This will influence the choice of therapeutic
interventions and assessments. In the following sections we use
the ICF to highlight aspects of the aged patient considered to be
important for the rehabilitation process.

Age-related conditions

Patients of advanced age exhibit numerous life changes which may
interfere with the process of neurorehabilitation. ICF personal
context barriers are often not adaptable. This may be a limiting
factor in the aged person which will influence therapeutic inter-
ventions and outcomes.

Body functions and structures

In older patients numerous physiological body functions and
anatomical structures may be altered, the most common changes
being in the musculoskeletal system. There are also impairments
in other systems, ‘age-related alterations in memory, motor activ-
ity, mood, sleep pattern, appetite, and neuroendocrine function
result from alterations in the structure and function of the brain’
(Table 6.1) [22].

With a prevalence of approximately 30% in the general popu-
lation osteoarthritis (OA) is one of the most frequent diagnoses
in general practice. Beside factors like gender or obesity, age is
clearly associated with the occurrence of OA. The incidence of OA
increases markedly after the age of 50 years [23]. It is clinically
characterized by pain, stiffness, functional impairment, and lim-
ited movement, as well as deformations in later stages [24]. OA
occurs most frequently in the knee, hip, and hand joints with the
consequence of walking- and upper extremity-related disabilities.
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Table 6.1 Age-related conditions that interfere with
neurorehabilitation and have to be regarded for goal setting and
assigning patients to treatment programmes—the rehabilitative
training has to be adapted according to the current medical
condition

¢ Muscular and cardiovascular deconditioning

® Muscle weakness

¢ Osteoarthritis

+ Artificial joints, usually hip/knee

¢ Osteoporosis

# Cardiovascular problems

¢ Pulmonary deficits

¢ Neuroendocrine function changes

# Diabetes mellitus with possible peripheral sensory deficits

# Increased cholesterol

¢ Reduced appetite

+ Difficulty with eyesight

@ Loss of hearing

¢ Reduced balance with increase in number of falls

# urogenital problems

¢ Depression

¢ Reduced memory and general cognition

¢ Sleep pattern changes

A lack of spinal range of motion may contribute to postural con-
trol problems. Due to the expected increase of age (and obesity)
of the general population OA related conditions are expected to
occur even more frequently [25].

Relating to the musculoskeletal system, other conditions as well
as OA become more prevalent with increasing age. Additionally, a
loss of muscle mass, and hence voluntary muscle power takes place.
It is reported that this age-related sarcopenia starts in the fourth
decade with 80% being lost in the eighth decade. This sarcope-
nia is caused by multiple factors. Inactivity, age-related molecular
changes, malnutrition, and other reasons are reported to be asso-
ciated with the decline in muscle mass. Inactivity can partially be
explained by the interference with other diseases that lead to pain
and fatigue [26, 27]. The reduction of age-related muscle mass is
often associated with an increase in fat mass, resulting in sarco-
penic obesity [28].

Age related states like musculoskeletal pain, reduced joint
mobility and load capacity, limited muscular strength, obesity,
and cardiovascular diseases [29] restrict the ability to train physi-
cally, which is an important component of neurorehabilitation. As
such, not only the actual neurological condition has to be treated,
but also the general status of elderly patients. In turn interven-
tions aiming at improving functions have to be adapted. This
issue might also be reflected in clinical evaluation of rehabilitation
outcome. For example, the 6-minute walk test might be limited,
not primarily because of the neurological disease, but because of
pre-existing cardiopulmonary deconditioning or general muscle
weakness.

Stroke patients are often tired for weeks post stroke [30]. There
are multiple reasons for this phenomenon. Due to incontinence,
the client often has a catheter. Bladder Infections are typical and
treated with antibiotics, which cause tiredness. Persons who are
bedridden lose their capacity for work. Muscles atrophy very fast.
Sarcopenia is present in almost all stroke patients, regardless of
age [31]. Lack of nutrition, due to loss of appetite or dysphagia,
may result in a reduction of energy or deconditioning. These fac-
tors, among others, mean that older patients must have more rest
periods between therapies which influences quantity and intensity
of treatment.

Deficits in cognition, be it memory, planning capabilities, per-
ception, concentration, etc., will affect the success of neuroreha-
bilitation. The elderly person may have had pre-existing problems,
which will probably be exacerbated post stroke. These deficits are
often the limiting factors for discharge home.

Activities

Activities are tasks or actions conducted by an individual. The
performance of activities relate to body functions and structures,
but not in a one-to-one relationship. The execution of an activity
might be reduced not only due to the actual neurological condi-
tion. A history of falls due to balance impairments, for example,
can lead to fear of falling with corresponding inactivity in order
to prevent future falls. This so called post-fall syndrome leads to a
secondary worsening of activity performance [32].

Participation

Participation relates to the involvement in a life situation. This
strongly interacts with the concept of sociological aging men-
tioned earlier in this chapter. According to Swiss statistics, a large
percentage of persons aged over 65 rely on walking for mobility,
be it for shopping or recreation [33]. The most important first goal
for an elderly, or any patient in neurorehabilitation, is usually to
be able to walk. The discussion regarding employment, of course,
is absent in the elderly, retired population.

Environmental factors

Environmental factors are of special importance in geriatric
patients. A majority of persons with advanced age already do not
live on their own; in particular, those patients with stroke or SCI
may not be able to live independently. The question of where the
person will live at discharge from rehabilitation must be consid-
ered at an early stage in order to efficiently prepare. However, there
are elderly persons who often are capable of doing more in their
own home than in a foreign environment. Environment plays a
large role in recovery, and must be emphasized. A context factor
barrier, which could lead to shorter length of stays in rehabilita-
tion and therefore influence goal setting, could be insurance pay-
ment or lack thereof.

Principles of neurorehabilitation

After structuring specific features of the elderly on the basis of the
ICF, the following sections look at specific principles of neurore-
habilitation and their potential need for adaptation when applied
in elderly patients.

Motor learning

A successful rehabilitative training should incorporate task-
specific exercises with a high number of repetitions, variations
progression, as well as rest periods [34]. It is important to keep
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in mind that the elderly person has brain plasticity and there-
fore rehabilitation potential. Mahnke et al. have stated in their
research that the ageing person with a stroke does have neuro-
plasticity and capability to learn. Rehabilitation specialists must
be capable of delivering therapies that drive neural reorganization
and learning. ‘Driving brain plasticity with positive outcomes
requires engaging older adults in demanding sensory, cognitive,
and motor activities on an intensive basis, in a behavioural con-
text designed to re-engage and strengthen the neuromodulatory
systems that control learning in adults’ [35]. Recent literature sug-
gests that the principles of motor learning are of importance for
relearning motor tasks and to drive neuroplasticity and central
nervous system (CNS) reorganization after neurological impair-
ment. One fundamental element is that of repetition. Repetitive
exercises should be performed in continual problem solving sit-
uations and meaningful goals that drive the patient to practice
[36]. Several investigations showed that rehabilitation outcome
depends on training intensity (for review see [37, 38]. Older
patients may perceive such intense trainings as more challenging
than their younger counterparts. Nevertheless, there is evidence
that the principle of augmented therapy works in clinical practice.
As little as 16 hours of additional training within 6 months after
the incident led to small, yet measurable, improvements of out-
comes in patients with stroke [39].

Therapeutic tasks, combined with handling skills when nec-
essary, are important for the ageing stroke patient. In order to
‘drive’ neuroplasticity, the task must be interesting and motivat-
ing. The therapist must be able to find tasks that access the cli-
ent’s procedural memory in order to facilitate motor responses.
This is a challenge. Tasks can be used to treat impairments such
as trunk instability, reduced postural control, balance, hand-
eye coordination, upper and lower-extremity impairments, etc.
Task-oriented treatment may be used to reduce activity limita-
tions themselves. Intensity of the treatment as well as the pro-
gression of the task itself must be developed and monitored by
the therapist. An example of task-oriented therapy in appropri-
ate environments, which is of utmost importance for the patient
if performed in such a way as to access procedural systems and
support/influence motor learning, is transfers in varying eve-
ryday situations: from the bed to the wheelchair, toilet, wheel-
chair, shower, wheelchair, scale, wheelchair, normal chair for
breakfast, etc.

Active participation which requires attention and concentra-
tion is another important principle [40]. It is essential that the
patient be given responsibility for his or her own improvement
when possible. Patients tend to be very dependent on rehabilita-
tion staff. Small duties or ‘home-exercises’ patients are expected to
do by themselves are important. A home programme written in a
booklet or done in pictures is an example. In the inpatient setting,
the patient should always have their booklet with them. It makes
an impression when the doctor asks to see their book and requests
that the patient show him or her their ‘exercises’. Upper extremity
range of motion exercises or leg strengthening to be done in sit-
ting are examples.

Verticalization

Inactivity in the elderly causes, as previously stated, muscular and
cardiovascular changes. This situation is exacerbated post stroke.
In the acute phase, the tendency is to mobilize the patient as soon

as possible in order to prevent prolonged bed rest, which adversely
affects multiple systems and impedes functional recovery, espe-
cially in the elderly. One type of relatively low stress mobilization
in the very acute phase is verticalization via a tilt table. The patient
must be closely monitored to assess the effect of vertical position
[41]. Immediately post stroke there is the danger of increasing the
size of the penumbra due to brain hypoperfusion with verticali-
zation. Changes in blood pressure and pulse rates may indicate
the angle and amount of time of verticalization the patient can
tolerate [42].

The therapist must consider the necessity to bandage the lower
extremities in order to prevent hypotension. Standing on the table
may have an added effect of positively affecting consciousness via
the ascending reticular activating system, will give weight bearing
through the lower extremities maintaining dorsal extension in the
foot, will affect breathing/lung expansion due to the effect of grav-
ity on the internal organs, and gives vestibular, proprioceptive,
and tactile information, as well as body/space perceptual cues.

Robotics

Robots have become increasingly applied in neurorehabilitation.
There are devices for the training of the upper and lower extremi-
ties. Reaching, grasping, or walking can be trained in a controlled
manner. Improvements can be monitored and documented. These
devices follow the principles of task-specificity and intensity. They
are often equipped with sensors and allow providing feedback to
both patients and therapists. Training can be accomplished using
motivating games [43]. Some devices are designed for home use
under the remote supervision of a rehabilitation specialist. An
incompatibility with innovative technology may be present in
patients with cognitive impairments. Although the devices possess
many sophisticated features (e.g. virtual environment) they still
require a certain ability to abstract in order to fully profit from the
features of a robotic training. The immersive or non-immersive
virtual reality makes the task being completed ‘real’. Although
there are no conclusive, large-scale studies done on the effect of
robotic therapies with virtual reality at the activity or participa-
tion levels at this time, the carry-over from the practice situation
to real life has been successfully shown in the airline industry with
pilots and flight simulators. There is strong evidence that senso-
rimotor training with robotic devices improves upper extremity
functional outcomes, and motor outcomes of the shoulder and
elbow, but not the wrist and hand, of stroke patients [44]. The
high intensity of training, which is possible by means of robotic
training, bears also the risk to overstrain joints or bones of elderly
patients. Thus, the dosage must carefully be adapted to the meet
the tolerance of the individual. Robotic therapies are excellent for
research as they can be standardized and allow for quantification.
In conventional therapy trials, standardization and quantification
have been very difficult to produce [45].

Cardiovascular training

Heart disease in the elderly is a risk factor for stroke. Premorbid
hyperlipidaemia, hypertension, atrial fibrillation, and reduced
aerobic capacity is not uncommon. (American Heart Association
http://www.heart.org/HEARTORG/). These factors are exac-
erbated post stroke. Macko has repeatedly shown that patients
with strokes have deficient cardiovascular capabilities [46]. He
has shown that aerobic training positively influences the patients’
cardiac and cerebral blood flow and VO,. Patients should be
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encouraged to wheel the wheelchair, walk the treadmill with body
support, or to walk short distances, climb stairs, or ride a station-
ary bike adapted to their physical capabilities. This type of train-
ing may also have a positive influence on depression [47].

Novel, translational therapies

Although not specific for ageing patients until now, science has
provided new ideas on how to maximize ‘traditional/conven-
tional’ therapy interventions. Transcranial magnetic stimulation
(TMS), transcranial direct current stimulation (TDCS), as well as
paired associative stimulation (PAS), are being used to increase
recovery of upper extremity function. The results are positive and
will be included in future intervention strategies for all stroke
patients. ‘Noninvasive transcranial brain stimulation combined
with motor training did enhance the acquisition of a novel skill
with the paretic hand’ [48]. Although the mean age of the partici-
pants in this study was 58, the positive effects were there for the
>70-year-old person [49].

Length of rehabilitation stay

Focused rehabilitation strategies and improved efficiency as
well as cost pressure are two reasons for the reduction of reha-
bilitation length of stay (LOS) [50, 51]. Although somewhat
counterintuitive, several investigations show that age is inde-
pendent from rehabilitation LOS in stroke [52-54] and SCI
[55]. Other authors report longer LOS for the very old [56]. It
has to be borne in mind that rehabilitation services provision
varies widely between countries. However, from a clinical point
of view older patients need longer training periods to achieve
their goals. This is partially due to the fact that training intensity
has to be adapted to the frail body system or that medical insta-
bility interferes with the rehabilitative training. Elderly clients
also appear to be more tired and recover their general health
post stroke more slowly than younger ones. Elderly patients do
exhibit difficulties to translate skills and abilities learned within
a therapeutic context to everyday life situations. As an example,
it has been shown in a cohort of 237 patients with traumatic SCI
from different European rehabilitation settings that, although
older patients had a favourable recovery of neurological deficits,
the improvement in functional tasks was worse compared to
younger patients [55].

Early supported discharge

The concept of early supported discharge (ESD) for stroke sur-
vivors addresses—among others—the issue of not adequately
translating skills learned in the rehabilitation setting to the
home environment, by an early discharge from hospital, in com-
bination with continuing multidisciplinary rehabilitation at
the home of the patient. According to a systematic review [57]
including 11 studies with almost 1,600 patients, such an ESD
team typically comprises physiotherapists, occupational thera-
pists, speech- and language therapists, medical doctors, nurses,
and social workers. Physio- and occupational therapy are the
main components in an ESD team. Family members and spouses
or other assistant persons and carer have to be involved from
the very beginning. Already established ESD service provided
therapy on a daily basis for a period of 3 months. To ensure
goal-directed interventions co-ordination meetings on a weekly
basis are recommended. The ESD service appeared to be as

effective as standard care provided in specialized stroke units.
The eligibility for ESD is somewhat limited. Persisting disability,
living within a local area and stable medical conditions are pre-
requisites for the ESD approach. However, patients with a mod-
erate disability (initial Bathel Index of >9) are reported to profit
most. In studies for the evaluation of ESD about 41% of patients
with stroke were suitable for an early discharge. Pertaining to
the outcomes of ESD it has been shown that patients who under-
went the ESD procedure had shorter length of hospital stay, a
reduced odds of death, dependency for daily life activities, or
long-term institutional care [57].

Telerehabilitation

Many elderly patients are either unable physically to go to out-
patient therapy or travel is not feasible due to distances, or other
context factors. With the novel approach of telerehabilitation it
becomes possible to continue rehabilitation at a patient’s home
without the therapists being physically present. It takes advan-
tage of modern communication technologies in conjunction
with home-based robots, which are equipped with sensor tech-
nology. Telerehabilitation has been used effectively in Canada
and other areas where large distances have made direct con-
tact therapy interventions almost impossible. The therapist has
visual contact with the patient and caregivers and can problem
solve, change the home programme, etc., via the computer. The
use of telerehabilitation has been shown to be an effective strat-
egy of bringing therapists into the home for consultations as well
as therapy sessions [58].

Contribution of family members and caregivers to
rehabilitation
Ageing patients are often dependent on their children or other
caregivers. The spouse is frequently not capable of 24-hour car-
egiving. The family/caregiver should be included in the rehabili-
tation process as soon as possible. In the acute phase, the family
is also in a situation of shock, and sometimes must be told things
repeatedly before they are able to process what is happening.
Family support is very important for the patient. In the perfect
situation, the family attends treatment sessions, works with nurs-
ing to learn how to help their family member, is in contact with the
physicians to understand the medical situation, and will be able to
take the family member home or assist them in their own home.
After discharge the burden is often on the caregivers. Families are
often unable or unwilling to take over the responsibility for the
elderly client. This happens less often with the younger person.
Even if the elderly client is quite capable, there may be architec-
tural barriers that will make going home a problem.

Discharge destination

A different dilemma with the older person who is able to live in
their own home could be isolation. They may be unable to get out
into society. Loneliness happens with ageing in any case when the
person gradually loses their friends and acquaintances. In this
case, a better solution could be specialized nursing facilities with
educated rehabilitation staff, appropriate therapies, and contact
with others.

If the personal and environmental context factors are such that
the patient probably will not be able to go home, social services
should be involved soon so there is time to find the best place for
the patient to live upon discharge.
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Outcome testing

Every patient in therapy should have outcome testing done on a
regular basis. The tests used should be reliable and valid, as well as
practicable. With elderly patients, different tests or other thresh-
olds or endpoints may be appropriate than with younger patients.
The rehabilitation goal might be accomplished when an old
patient is able to move around the house independently whereas
younger patients also train to go to the community The Functional
Independence Measure (FIM) [59] is done routinely in many cen-
tres by the nursing staff and gives good information regarding the
patient’s functional status at the activity level. Physical therapists
use different tests for different stages in recovery. At the very low
FIM level, one can use the early functional abilities test [60] or the
trunk control test [61]. Balance and risk for falling can be tested
using the Berg Balance Scale [62] or the Performance Oriented
Mobility Assessment [63]. Timed tests are very useful for gait.
Upper extremity function can be tested with the nine-hole peg test
[64] or the Wolf motor function test [65]. All patients can be tested
using the Goal Attainment Scale [66]. The point is that therapists
must have objective findings and be able to make clear statements
regarding improvement or change.

Evidence

There is no conclusive evidence in neurorehabilitation as to which
therapies have the best results for the ageing patient either with
stroke or SCI. Most trials have looked at chronic stroke patients
with very specific inclusion criteria. The numbers of partici-
pants generated for these trials are relatively small. Patients with
strokes, especially in the ageing, have very heterogeneous symp-
toms and are difficult to study in a randomized controlled trial
(RCT). Susan D. Horn’s ideas for practice-based evidence studies
[67] would be more appropriate for this population, but are not yet
accepted in the science world as equivalent to RCTs. Single case
studies are useful and interesting at the individual level but not for
comparing procedures or methods.

Although there are effective treatments that restore brain perfu-
sion and minimize complications and recurrent stroke, there is no
treatment proven to facilitate neurological recovery after stroke [35].

It is often seen for research purposes that groups of young and
old patients are being compared regarding several outcomes. One
has to bear in mind, however, that age might not be the only dif-
ference between such groups. Survival, for example, is different in
young and old patients. Older patients still alive and referred to
rehabilitation may be healthier than their younger counterparts.
Depending on the research question such survival effects need to
be controlled for. It is also known that pre-existing conditions are
sometimes under-reported [68]. There might also be a selection
bias in that only patients who have the potential to meet the chal-
lenge of rehabilitation are referred to specialized centres [69].

Basic science researchers have shown in animal studies, but also
in smaller-scale human studies, the fact of neuroplasticity post
stroke, and are attempting to translate this information into neu-
rorehabilitation therapy interventions. There are many reasons
why this is difficult. Patients with stroke are a very heterogeneous
population. There is not sufficient contact between the research-
ers and clinicians [70]. Some clinicians are not informed of the
restorative neuroscience developments. On the other hand, some
scientists are not really aware of the problems clinicians have. Not
everything basic science learns in small, very controlled studies is

applicable in daily life rehabilitation. Instead of a positive, creative
environment to try novel therapies, there may be a situation of
antagonism. Evidence, with its translation into the clinic, should
be a circular integration of best research evidence, clinical exper-
tise, and patient values [71].

An example of an intervention with good evidence is con-
straint induced movement therapy (CIMT). CIMT emphasizes
task-oriented training, meaningful patient goals, active partici-
pation, and repetition. The so called, ‘forced-use’ of the affected
upper extremity with goal-oriented therapy has excellent results
for the patients who meet the inclusion criteria. Also, modified
CIMT, meaning less hours per day practice over a longer period of
time, has also very good outcome results. This therapy, translated
from science into practice, can be used in the rehab setting but
also at home. The patients who profit the most from this therapy
are not cognitively impaired and have some functional recovery in
their upper extremities [72].

Patients with SCI

The majority of neurological deficits requiring neurological reha-
bilitation are hemiparesis due to cerebrovascular stroke. Patients
with SCI account to about a tenth of the cases with stroke.

Thebasis for modern comprehensive SCI rehabilitation was estab-
lished during World War II when a substantial number of patients
with SCI were transferred home [73]. These cases and those who
followed after the War were mostly young men who experienced
their spinal cord lesion in a traumatic event. Accordingly, assess-
ments and interventions were tailored to the features of this spe-
cific patient group. However, there is indication from the literature
that the mean age at injury has been increasing in the last decades.
More importantly the proportion of cases with non-traumatic SCI
is growing and almost exceeds that of traumatic cases [16, 74-76].
One characteristic of the latter group is the markedly older age. So,
when considering patients who sustain a SCI with advanced age
the cause is most likely of non-traumatic nature.

SCl aetiology

The aetiology of a traumatic SCI varies with the age at injury
onset. With approximately 45% a motor vehicle crash is the pre-
dominant cause in younger subjects (16-46 years). Falls are the
leading aetiology in patients older than 60 years [12].

Non-traumatic SCI is mostly caused by age-related condi-
tions—neoplasms, vascular disease, inflammatory disease, and
degenerative spinal stenosis [74, 76].

In summary, older patients are more likely to experience a
non-traumatic incomplete SCI, resulting in less severe disabil-
ity. However, these patients tend to present additional diagnoses,
which interfere with the potential good prognosis for recovery.

Clinical presentation

According to registers in the USA [77] and Europe [14], the most
frequent condition after a traumatic SCI is incomplete tetraplegia
(41% and 33%) followed by complete paraplegia (22% and 27%),
incomplete paraplegia (21% and 23%) and complete tetraplegia
(16% and 17%). Cases with incomplete SCI at a high cervical level
are increasing [13]. A special form of incomplete traumatic tetra-
plegia is the central cord syndrome (CCS), which is present more
frequently in older individuals. It is characterized by a more pro-
nounced paralysis of the upper extremities compared to the lower
extremities, which remain less affected. The CCS is caused by a

51



52

SECTION 1 GENERAL ASPECTS OF NEUROREHABILITATION

lesion of the central region of the cervical spinal cord involving the
grey matter and axons projecting to the upper body. The more lat-
erally located neural structures that project to the lower body are
less compromised. CCS frequently occurs during an inadequate
minor trauma associated with a trip or a fall. A pre-existing, often
clinically non-symptomatic myelopathy due to degenerative pro-
cesses of the cervical spine in combination with a small trauma,
results in CCS. However, CCS is not restricted to elderly people;
it can also occur in younger patients following a trauma [78, 79].
There is clear evidence from the literature that patients with a
SCI of non-traumatic origin present more often with incomplete
paraplegia and higher admission scores on the FIM [15, 16, 74, 76].

Outcome after SCI

When comparing old with young patients one must bear in mind
that the two groups differ not only in age but also with respect to
other characteristics. For example, such a comparison might be
influenced by survival effects. Without the SCI older patients have
a more favorable survival rate as compared to the younger group.

Observational studies suggest that neurological and functional
outcome after SCI is related to the patients’ age at injury (e.g. [80]).
However, it is likely that age is not independent from other pre-
dictors like severity of injury. As mentioned earlier, older patients
experience more incomplete SCI, which is associated with a bet-
ter outcome. Accordingly, neurological outcome seems not to be
negatively influenced by age. It seems, however, that older patients
fail to translate their favourable neurological recovery into func-
tional abilities [55, 81].

Age in combination with severity and neurological level of spi-
nal lesion is reported to be associated with mortality after SCI. Old
patients with a complete SCI at the cervical level have a substan-
tially increased mortality rate [80-82].

Conclusion

Demographics show that the population of the world is ageing.
Risks for strokes and other neurological conditions increase with
age. The elderly patient will probably have more comorbidities
than the younger patient. In spite of this, the elderly have neu-
rorehabilitation potential. Preserved neuroplasticity, the potential
to train muscular strength, cardio-vascular endurance and joint
flexibility does not stop at a certain age. Therapy methods and
concepts are not particularly age related. They need to be adapted
in intensity to the person’s capabilities. The rehabilitation period
may be longer with the aged, but results in a definite quality of life
improvement for the affected person and their family.
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CHAPTER 7

The applicability of motor
learning to neurorehabilitation

John W. Krakauer

Introduction

Statements to the effect that recovery is a form of learning or
relearning are commonplace in the field of neurorehabilitation.
In this chapter, motor training will refer to what is done to the
patient and motor learning will refer to what the patient may do
in response. This distinction is important—just because train-
ing is happening does not mean that anything is being learned.
The relearning premise for neurorehabilitation is based on three
other a priori assumptions. First, that the nature of the deficit
to be rehabilitated through learning is known. Second, that the
kind of motor learning that should be targeted by training is
known. Third, that patients after stroke have an intact learn-
ing capacity despite impaired performance. In this chapter
the focus will be mainly on rehabilitation of arm paresis after
stroke, which results from damage to motor cortical areas and/
or their descending pathways. This narrower focus is essential if
the topic of learning and neurorehabilitation is to remain within
the bounds of a single chapter. That said it is hoped that the gen-
eral principles introduced here, which will be emphasized over
details, are broadly applicable across the range of post-stroke
impairments and to other neurological conditions.

Arm paresis after stroke refers to loss of strength and motor
control, along with changes in phasic and tonic muscle tone [1].
Non-neural peripheral changes in muscle, joint and tendon prop-
erties can also contribute to the paresis phenotype. In this chapter
it will be assumed that treatments for strength, tone (spasticity)
and contractures are not based on motor learning principles and
so will not be addressed further. Note again that one can train for
strength but this is not motor learning. Thus, the starting point
for this chapter is that when learning is invoked it implies either
improving motor control or finding alternative compensatory
strategies with effectors/joints/muscles in which motor control
remains relatively intact; in either case, response to training is
assumed to have mechanistic commonalities with motor learn-
ing in healthy subjects. It will become apparent after reading this
chapter that the assumption that one can equate recovery and
motor learning is subject to several fundamental caveats.

A taxonomy for motor learning

The fundamental problem for motor learning is to find the appro-
priate motor commands that will bring about a desired task

outcome. Motor learning is a fuzzy category that encompasses
action selection guided by instruction, reward, or error, and sub-
sequent improved execution of the selected actions. Skill is a very
popular term but is hard to define. Here, it will suffice to say that
one is skilled at a task when practice has led to it being performed
better than baseline because of selection of optimal mean actions
that are then executed with high speed and precision. We will
briefly describe the motor learning components in the following
section. A question that should always be kept in mind is whether
these components of motor learning are relevant or effective in
reversing identified motor deficits after stroke or any other neu-
rological condition.

The role of instruction in selecting task-appropriate actions
has been surprisingly under-emphasized in the motor learning
literature despite the ubiquity of coaching and teaching in sport,
music and dance; all quintessential motor skill-requiring activi-
ties. Similarly, the existence of physical and occupational thera-
pists attests to the crucial role of instruction in rehabilitation.
We have recently posited [2] that neglect of the crucial roles of
knowledge and instruction for motor learning originates in part
from an over-emphasis on simple implicit adaptation tasks due
to the classic result in the patient H.M., who retained memory of
mirror-drawing ability across days despite no explicit memory
of ever having performed the task [3]. This led, in our view, to
over-generalization of the notion of procedural learning/mem-
ory from this simple task to all motor skills. We have recently
argued instead that everyday motor skills such as cooking or
driving cannot be extrapolated from motor adaptation tasks
and cannot be learned without knowledge and instruction [2].
In agreement with our position, a recent paper has shown that
a motor task with redundant structure cannot be learned with-
out explicit awareness of this structure [4]. We, and others, have
recently shown that even adaptation tasks have a crucial explicit
component [5, 6].

In reinforcement learning, actions are selected with increased or
decreased frequency based on rewards and punishments, respec-
tively. Reward can be intrinsic, based on self-perceived success or
failure, or it can be based on extrinsically provided loss or gain
in points or praise. Rewards can be short-term or long-term, and
the balance between these is of central computational importance
in the field of reinforcement learning. A local action solution can
be found based on short-term rewards that is ‘ just good enough’,
which then becomes habitual, even though with more time and
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exploration, a more optimal action could have been found. For
example, if a person is given a pair of skis and told to get down
a mountain, they may well find a way to do so on their own but
they are very unlikely to discover the best technique, which would
require instruction and more extended practice. Later in the chap-
ter we will argue that compensatory strategies after stroke often
represent precisely this kind of premature adoption of habitual
‘just good enough’ actions. Constraint-induced therapy is an
attempt to prevent adoption of the bad habit of choosing the unaf-
fected arm to perform tasks rather than doing the harder work of
improving the affected side [7].

Sensorimotor adaptation refers to reduction of errors in
response to a perturbation. Sensorimotor adaptation tasks
have been extensively studied experimentally and modeled
computationally [8-11]. The prevailing idea is that adapta-
tion occurs through cerebellar-dependent reduction of errors
through updating of a forward model via sensory prediction
errors [12, 13]. The relevance of adaptation to rehabilitation
remains unclear, however, because although imposed errors
can lead to fast and large changes in behaviour, these changes
do not seem to last once the perturbation is removed. For
example, the paretic arm can be made adapt to a viscous force
field set to amplify baseline directional reaching biases. When
the force field is switched off, aftereffects are now in a direc-
tion that negates the biases [14]. A similar ‘error augmentation’
approach has been used using a split-belt treadmill to reduce
step asymmetry in hemiparetic gait [15]. In both cases, how-
ever, the desirable aftereffects are very short lived. In the case
of force-field adaptation of the arm, after effects lasted for only
30-60 movements after 600 training movements [14]. More
recently it has been shown that repeated exposure over multiple
sessions prolongs split-belt treadmill over-ground after-effects
in patients with stroke [16]. Interestingly, repeated exposure is
also required for prism adaptation in the treatment of neglect
after stroke [17]. One explanation for the short-lived nature of
adaptation is that newly adapted behaviours are out-competed
by baseline behaviours that have been reinforced over much
longer periods of time and have become habits. In support of
this idea is the recent finding that if a newly adapted behaviour,
once it has reached asymptote, is reinforced by switching from
error to binary feedback, the adapted behaviour is retained
for longer [18]. Thus, if adaptation paradigms are going to be
used to have patients quickly converge on desired behaviours,
then error-based and reinforcement-based learning mecha-
nisms will likely need to be combined. A potential way to do
this would be to adapt a patient first and then reinforce the
after-effect.

We have recently introduced the term ‘motor acuity’, draw-
ing a direct parallel with perceptual acuity, for the component
of motor skill by which movement variability and smoothness
improve with practice [19]. This kind of learning probably occurs
in the same motor cortical areas that are responsible for the motor
commands themselves [20]. Motor acuity increases with repeated
practice and could potentially be modelled as a form of statistical
learning.

Finally, there has been a great deal of recent interest in
use-dependent plasticity (UDP). It will be argued here that the
assumption that UDP is a form of motor learning or motor mem-
ory relevant to neurorehabilitation is likely incorrect. The core

problem is the tendency to blur the distinction between plasticity
and learning. Plasticity refers to the capacity of the nervous sys-
tem to change its input-output characteristics with various forms
of training. These input-output relationships can be assayed in
a variety of ways, which include single-unit recording in animal
models and non-invasive brain stimulation in humans. Learning
does imply that a plastic change has occurred but a plastic change
does not imply that learning of a new behaviour has occurred.
Thinking otherwise is to commit the classic logical fallacy called
‘affirming the consequent” (1) If P, then Q. (2) Q. (3) Therefore,
P. Unfortunately, a sizable literature appears to consider UDP
important to neurorehabilitation, based largely on this logical
fallacy. To appreciate the misunderstanding, consider the classic
paper in this area by Classen and colleagues [21]. Transcranial
magnetic stimulation (TMS) of the motor cortex was used to
evoke isolated and directionally consistent thumb movements
through activation of the abductor pollicis brevis muscle. Subjects
were then required to practice thumb movements for 30 minutes
in the direction approximately opposite to that elicited by TMS.
The critical finding was that subsequent TMS was found to evoke
movements in or near the direction practiced rather than in the
pre-training baseline direction. This is a very interesting result
with regard to how movement repetition (it is not really training
in so much as the goal is not to improve performance in any way)
can lead to changes in cortical representation. Indeed, a very simi-
lar mechanism is likely at play in the series of controversial papers
published by Graziano and colleagues showing that long duration
trains of intracortical microstimulation of monkey motor corti-
cal areas elicit movements that look like natural movements per-
formed at high frequency in everyday life [22]. More recently, it
has been shown that TMS in piano players elicits different finger
postures than in non-piano players [23].

The crucial point when considering all these UDP-like results
is that it is not at all clear what they mean for voluntary move-
ments. To appreciate this objection, consider the thumb experi-
ment; although TMS after training causes the thumb to move in a
direction roughly similar to the one practised, if a subject is asked
to move their thumb in the original pretrained direction they do
not suddenly find themselves going in reverse! That is to say, the
plastic changes assayed with TMS have not changed voluntary
behaviour. Now it is true that when looked for, movement repeti-
tions in one direction can lead to small biases in other directions
[24-26] but these biases are only a fraction of the trained direction
and can be easily over-ridden in a few trials. Thus at the current
time, experiments that induce UDP are informative about how
the brain changes with repetition but these changes do not lead
to learning of new task-relevant behaviours. Further support for
this conclusion comes from the many reported failures of haptic
and robotic guidance to benefit training [27, 28]. It appears that
the interest in these cortical epiphenomena is out of proportion to
their practical usefulness for neurorehabilitation.

To learn complex everyday tasks almost certainly requires that
instruction and knowledge combine with adaptation, reinforce-
ment, and acuity mechanisms. For example, instruction and
imitation can help select the mean movement that then becomes
more precise and reinforced with repeated practice. All these nor-
mal learning mechanisms, if intact after stroke, could be used to
increase the acuity and accuracy of compensatory movements
without any recovery per se.
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Table 7.1 Types of motor learning

Type Anatomy Example Relevance

Instruction Prefrontal cortex  Transfer from High
bed-to-chair

Error-based Cerebellumand  Split-belt treadmill  Medium

adaptation parietal cortex for gait

Reward- and Motor cortexand Constraint-induced  High

failure-based basal ganglia therapy of arm

reinforcement

Motor acuity Motor cortex None as of yet Unclear

Use-dependent  Motor cortex None as of yet Low

plasticity

Thus far, we have spoken about the different ways that new
actions can be acquired and improved. As has already been
alluded to for the case of adaptation, acquisition is not of great
use if what is learned is not retained across sessions. In addi-
tion to retention, it is hoped that training the limb on a task
in the rehabilitation clinic will generalize to other activities of
daily living. It is surprising how little investigation there has
been of retention and generalization of motor learning in the
context of neurorehabilitation. One possible reason is that, as
we argue here, rehabilitation is mainly compensatory and does
not generalize because learning to compensate suffers from the
same ‘curse of task specificity’ as normal motor learning [29].
A notable exception, as already mentioned, is work performed
by Bastian and colleagues looking at retention of split-belt
treadmill adaptation and its generalization to over-ground
walking [16].

All the kinds of motor learning described here (see Table 7.1)
for healthy subjects are predicated on the existence of normal
neural substrate for the expression of learning, that is, that the
motor system can execute the chosen motor commands. It should
be immediately apparent that if the neural substrate that gener-
ates motor commands is damaged, for example the corticospi-
nal tract (CST) after a capsular infarct, then learning might not
be expressible, even if normal [30]. This example should already
make it clear that learning is not, on the face of it, an obvious
mechanism for reversal of a stroke’s effect on performance. It
will be argued here that motor learning in response to rehabili-
tative training after stroke can only operate within the residual
performance envelope that the remaining nervous system is
capable of after spontaneous biological recovery is complete.
That is to say, based on reasoning and current empirical data,
the null position taken in this chapter is that motor learning in
response to training in the period after spontaneous biological
recovery is complete cannot reverse the loss of motor control but
is only relevant to learning of compensatory strategies.

Motor learning in the sensitive period
after stroke: interaction with spontaneous
biological recovery

There is now extensive evidence in both humansand in non-human
animal models that almost all recovery of motor control

(impairment) occurs in a time-limited window or sensitive period
post-stroke; such training-independent recovery is often referred
to as spontaneous biological recovery [31]. The sensitive period
lasts about 3 months in humans [32, 33] and 1 month in rodents
[34]. Evidence suggests that most recovery occurs within the sensi-
tive period because of a unique plasticity environment that is initi-
ated by ischaemia and falls off as a function of time and distance
from the infarct. This post-ischaemic environment can be char-
acterized by unique changes in gene expression, in the structure
and physiology of synapses, and in excitatory/inhibitory balance
[31, 35-37]. The crucial point to be made here is that spontaneous
biological recovery in the sensitive period is not motor learning
per se but an endogenous repair process that presumably relies on
residual intact neural architecture as a template for reorganiza-
tion. That the repair process may interact with and be augmented
by training is of great importance, but task-specific training is not
necessary for spontaneous biological recovery [38] and training
alone cannot reproduce spontaneous biological recovery outside
of the sensitive period. A clear demonstration that recovery can
occur in the absence of directed training is the predictable change
in the Fugl-Meyer Scale (FMS) between the first week after stroke
and 3 months later [33, 39]. The FMS tests the ability to isolate
joints and to make multi-joint movements in and out of synergy.
As the FMS does not have functional components it is never used
for training, nevertheless the FMS can dramatically improve in
the sensitive period (Figure 7.1).

The obvious question is how to combine the task specificity of
training with the general recovery allowed by spontaneous bio-
logical recovery in the sensitive period? Experiments in animal
models suggest that the response of the brain to training in the
sensitive period is uniquely enhanced and that this responsive-
ness diminishes as the interval between the stroke and training
is increased. In one influential experiment in rats, it was dem-
onstrated that starting re-training 5 days after stroke was much
more effective than waiting 2 weeks. By one month the efficacy of
task-specific training was not greater than social housing alone.
These results, and others, strongly suggest that motor learning in
the sensitive period is qualitatively different from motor learning
in the chronic state and in healthy animals, and bears similarities
to conditions early in development [31, 40]. In primates, a partial
ischaemic lesion in motor cortex leads to loss of hand dexterity
that recovers fully if training is initially early but is lost completely
if delayed [41]. As of this writing, two crucial questions remain
unanswered in the case of humans: (1) Does any form of rehabili-
tation in the sensitive period enhance the generalizing effects of
spontaneous biological recovery? (2) Is the response to any given
amount of task-specific training greater inside versus outside the
sensitive period? These questions are a challenge to address and
so it is not so surprising that we do not yet know the answers to
them. One problem is that studies need to be adequately powered
to detect additional changes riding on top of spontaneous biologi-
cal recovery. Another is that it is almost certainly necessary to
provide high intensity and dosage of training to exploit enhanced
plasticity mechanisms, levels that current practice does not come
close to achieving in the relevant time window.

A recent study determined that patients were active only 13%
of the time and were alone 60% of the time during inpatient
rehabilitation [42]. Lang and colleagues, in a study of how much
movement practice is provided during rehabilitation (inpatient
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Fig. 7.1 The observed change in Fugl-Meyer Scale (AFM) from the first 72 hours after stroke to 3 months is very predictable in most patients using a regression model

with initial FMS as a predictor.

and outpatient), found that practice of task-specific, functional
upper-extremity movements occurred in only 51% of the reha-
bilitation sessions that were meant to address upper-limb reha-
bilitation and that even then the average number of repetitions
per session was only 32 [43]. Data from the animal literature sug-
gest that this dosage of repetitions is too low; changes in synap-
tic density in the primary motor cortex occur after 400 but not
60 reaches [44, 45]. In most rodent stroke recovery studies that
use reaching as part of the rehabilitation protocol, there is often
no limit imposed on the amount of reaching allowed; rats will
typically reach 300 times in a training session. In a recent experi-
ment, the amount of reaching rats were permitted was varied,
and it was found that there was a threshold for the amount below
which recovery did not occur [46].

Thus current rehabilitation in humans does not come close to
reproducing either the dosages or intensities achieved in rodent
and primate studies. Further support for the idea that current
therapy early after stroke is too under-dosed to have an impact
on impairment is the predictability of recovery at 3 months in the
FMS after just 48 h: subsequent intervening therapy does not seem
to be changing the trajectory of spontaneous biological recovery.
On a more hopeful note, a recent feasibility study found that it
is possible to deliver a similar number of upper-limb repetitions
to stroke patients in a 1-hour therapy session as occurs in typical
animal rehabilitation studies [47].

Whenever discussion turns to early intense rehabilita-
tion after stroke, the objection of a possible adverse effect is
raised both with respect to exacerbation of lesion volume and
a worse behavioural outcome in the affected limb. This objec-
tion originates from a series of well-cited studies by Schallert
and colleagues in the rat, in which they reported that immobi-
lization of the unaffected forelimb with a hard cast for 15 days
post-lesion induction led to less use of the affected side once the
cast was removed from the unaffected side compared to when
the affected side itself had been immobilized for the same dura-
tion. Immobilization of the unaffected limb not only had an
adverse effect on behaviour but was also accompanied by expan-
sion in lesion volume [48, 49]. What is less well appreciated is

that in these early studies, the lesions were electrolytic rather
than ischaemic, making their relevance to stroke questionable.
Subsequently, however, the same group of investigators asked
the same question for ischaemic lesions using a middle cerebral
artery occlusion (MCAO) model in the rat. Here the results are
more equivocal. In the case when 45 minutes of MCAO caused
moderate cortical ischaemia, 10 days of casting of the unaffected
limb did not lead to exaggeration of infarct volume but did lead
to worse behavioural performance [50]. For more severe corti-
cal ischaemia, induced by 90 minutes of three-vessel occlusion,
there was no deleterious effect on lesion volume or outcome. In a
distal MCAO model that caused subcortical (striatal) infarction,
forced non-use but not over-use of the affected forelimb led to
detrimental behavioural outcomes but without exaggeration of
lesion size [50]. More recently, the same investigators failed to
show a behavioural consequence of casting the unaffected limb
despite exaggerations of cortical lesion volume [51]. Indeed in
this study, as in the earlier subcortical study, it was disuse of the
affected forelimb that had detrimental effects. Importantly, in
these later experiments the cast was smaller and lighter and the
rats were housed in larger cages with littermates. Carmichael
and colleagues have revisited the effects of overuse. They induced
overuse of the affected forelimb one day after the stroke by using
Botox in the unaffected limb; there was no increase in infarct
size with this approach [52] but the same authors have demon-
strated that there is instability in cortical excitability for about 3
to 5 days post-stroke [36, 53].

All the studies cited thus far with respect to deleterious effects
of early over-use of the affected limb have been in rodents.
Support for a similar effect in humans came from the VECTORS
study, in which 52 patients with stroke were randomized at
about 10 days post-stroke to two levels of intensity of constraint-
induced movement therapy (CIMT) or standard upper- extrem-
ity therapy [54]. It should be stated that intense here meant 3
hours versus 2 hours of shaping therapy per day. The surpris-
ing result was that at 90 days, affected upper-extremity func-
tional outcome measured with the Arm Research Action Test
was worse for the more intensive CIMT group. An impairment
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measure was not reported in VECTORS. Interestingly, over 60%
of the high intensity group had involvement of the dominant
limb versus only 30% for the low intensity group. There have
been reports of asymmetries in degree of bilateral and non-
affected limb use with right and left hemispheric strokes [55], so
other factors could have played a role in the results. Finally, lon-
gitudinal magnetic resonance imaging (MRI) in a subset of the
patients did not show any enlargement of the brain lesion that
could be related to intensity of treatment, so there was no evi-
dence for infarct expansion, which was the putative explanation
for intensity-related worsening in the early rodent models [48].
A study similar to VECTORS enrolled 23 patients within one
week after stroke onset but with only one CIMT intensity level.
In this case, the trend favored CIMT, although in the control
group, therapy was more intensive than usual in order to match
the CIMT group [56].

It is hard not to conclude that as rodent experiments have
become more sophisticated, the purported detrimental effects of
early affected limb use have become less convincing. In addition,
the more recent experiments raise the possibility that immobiliz-
ing the unaffected limb can reduce practice with the affected limb;
in none of these studies was actual frequency or total use of the
affected side ever documented, it was just inferred indirectly. Thus
it cannot be ruled out that it is immobilization of the unaffected
side that is the problem rather than overuse of the affected side.
A conservative approach, to allay lingering fears about early exac-
erbation, might be to ramp up the dose and intensity over the first
5 days post-stroke in the case of large cortical infarcts. It should
also be emphasized that CIMT is not the only way to instigate
early use of the affected side. For example, increased dosage and
intensity of training could be accomplished by robotic therapy of
the affected side without any need to immobilize the unaffected
side but there have been very few studies of robotics in the first
3 months after stroke to date.

To summarize this section, evidence in humans and in animal
models demonstrates that there is a sensitive period after stroke in
which most recovery from impairment occurs and in which there
is heightened responsiveness to motor training. Future advances
in reduction in impairment will almost certainly exploit this sen-
sitive period.

Motor learning in chronic stroke: it’s all
about compensation

This section is predicated on the assumption that in chronic
stroke—that is when patients are 6 months or more post-stroke—
brain plasticity and the response to training are no different to
what is seen in healthy subjects, with the consequence that treat-
ment effects on impairment are minimal and only compensatory
responses can be expected to lead to meaningful improvements in
function. Significant decreases in impairment occur almost exclu-
sively in the first 3 months after stroke as a result of an interaction
between spontaneous biological recovery and training in this sen-
sitive period. As already outlined, conventional neurorehabilita-
tion in the sensitive period is so low in dose and intensity that it
fails to exploit the unique potential for motor learning. Instead,
patients are prematurely made to learn compensatory strategies
when they should be focusing on reducing impairment in the
short time available.

There is undeniable irony in the course taken in neurorehabili-
tation research thus far—training at the doses and intensities that
would potentially be highly beneficial in the sensitive period have
instead been attempted almost exclusively outside of it, when it is
too late for such training to have an effect on impairment and so
only compensation is possible. Here, the term compensation will
be restricted to changes in effector, joints and muscles, and not
to use of external aids such as walkers, canes, or orthoses. In this
framework, motor learning in patients with chronic hemiparesis
is in no way different to a healthy person learning to write with
their non-dominant arm after breaking their dominant arm, or
learning to lean forward and shuffle when walking on a slippery
surface. The failure to distinguish between the unique learning
conditions that pertain to the sensitive period and the ordinary
motor learning that occurs during the rehabilitation of patients
with chronic stroke, has led, in our view, to significant conceptual
confusion and the design of ill-conceived trials.

The two major forms of neurorehabilitation of the paretic arm
in chronic stroke based on motor-learning principles are CIMT,
and robotics. There are other learning-based approaches, which
include action observation [57, 58], bilateral priming [59], Arm
Ability Training [60], electromyography (EMG)-triggered neu-
romuscular stimulation [61], and virtual reality [62]. We will not
cover these other approaches here in any detail because they have
received less experimental attention and because the principles
that will be discussed here, in our view, apply to them to a large
degree.

Constraint-induced movement therapy

CIMT was the focus of the first multicentre randomized trial in
neurorehabilitation, EXCITE [7]. The technique has two compo-
nents: (1) Restraint of the less affected arm and/or hand with a
sling or mitten for 90% of waking hours. (2) Task-oriented prac-
tice with the affected side using a form of training called shaping.
The weightings for the two components and the length of the over-
all treatment have varied considerably in studies since the original
trial. It is perhaps under-appreciated that EXCITE was based on
some well-thought-out principles first established in de-afferented
monkeys by Taub and colleagues. A chapter on motor learning
and rehabilitation is a good place to consider the learning princi-
ples underlying CIMT in more detail and ask whether they were
well suited to application to hemiparesis after stroke in humans.
Taub and colleagues wrote an influential paper in 1994 titled: ‘An
operant approach to rehabilitation medicine overcoming learned
non-use by shaping’ [63]. In this paper, the authors presented their
new rehabilitation framework based on experiments in monkeys
that had been deafferented in one forelimb via dorsal rhizotomy.
The key observation was that the monkeys did not resume use of
the de-afferented limb even after spinal shock had resolved and
use of the limb was again possible. The explanation was that early
on when the limb was severely impaired, the monkeys learned
that it was useless through negative reinforcement. This learn-
ing became a habit despite return of a latent capacity that was not
explored. The authors discovered that the habit of non-use could
be overcome if the good limb was restrained over days. In addition
to use of the restraint, the authors also re-trained the limb in two
different ways. In conditioned response training, the monkeys
were made to make isolated repetitive movements across single
joints and resist against loads. It was noted that these exercises
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did not generalize to functional tasks (the relevance of this find-
ing to much conventional human neuro-rehabilitation cannot go
unnoted). A second, more effective training method, which they
called shaping, was to incrementally reward successive approxi-
mations to a functional behaviour. In essence, shaping attempted
through reward to reverse the non-use that had developed through
failure. In the same paper, some promising preliminary data were
presented in three patients with stroke. We can now fast forward
to EXCITE, a clinical trial predicated on the ideas of restraint and
shaping developed in these early studies by Taub and colleagues.
EXCITE showed that patients who received CIMT for 2 weeks
had greater responses in a test of motor function and in self-report
of performance quality in common daily activities. There was no
assessment of motor impairment [7]. What is CIMT accomplish-
ing? Evidence suggests that it is not leading to either significant
reductions in impairment or a return to closer to normal levels of
motor control [64]. Instead patients seem to be learning to com-
pensate better for their deficit by practising particular tasks using
intact residual capacities. The subtle but critical point s that, unlike
in the case of a monkey’s recovery from spinal shock, patients
are not discovering a capacity that they lost and then latently
regained. Instead compensatory strategies in the chronic state are
performed with capacities that were present from the time of the
stroke or were recovered in the sensitive period; they just had not
been incorporated into functional tasks through practice. Thus
while it seems that an operant approach, as in de-afferented mon-
keys, does teach useful compensatory strategies in patients after
stroke, the mechanistic parallels between CIMT after stroke and
after de-afferentation are limited. Learned non-use has never been
documented in humans, nor is there evidence of a latent return
of capacity in the chronic state. Mention of plasticity and reor-
ganization in the setting of CIMT is misleading unless these terms
are thought to apply equally to healthy subjects. For example, to
also occur when a healthy person’s elbow is splinted into flexion so
that within a few attempts they flex their trunk to make a reach-
ing movement. To summarize, CIMT is a rehabilitation approach
based on reinforcement through verbal instruction. It relies on
the existence of residual actions that can be selected through
rewarded practice and incorporated into functional tasks. CIMT
has not been shown to lead to the recovery of lost motor control.

Robotic therapy

It is of historical interest that the most popular robotic device
for therapy of the upper limb after stroke evolved from the same
planar robot used in initial ground-breaking studies of a form of
motor learning, force-field adaptation [8]. Two distinct approaches
have since been used with robots in the setting of therapy. One
approach has been to have the robot guide or constrain the arm
to more normal straight trajectories (i.e. shaping). Alternatively,
robot-applied force fields may be used to make patients’ trajectory
errors even larger than their baseline errors (error augmentation
[14]). Here, the idea is that when the force field is switched off,
immediate after-effects will be more similar to normal movements.
Thus two very different kinds of motor learning have been used
with the same robotic device: incremental reinforcement (shap-
ing) versus fast error-based learning (adaptation). Interestingly,
the data suggest that the former approach has small but lasting
effects [65], whereas the latter has impressive but short-lived effects
[14]. Similarly, an increasingly investigated split-belt treadmill

paradigm used for gait rehabilitation has shown rapid improve-
ments in gait symmetry in patients with hemiparesis after stroke,
presumably through cerebellar-dependent error-based learning
but these improvements revert back to baseline asymmetry fairly
rapidly (25 strides) when patients return to over-ground ambula-
tion [15]. Planar movements have a unique solution in joint space
if the trunk is restrained, which means that it is not compensatory
movements that are being trained but instead an attempt is being
made to have subjects regain more normal motor control. Thus,
robotics is quite different from CIMT. It is important to be clear
on what kind of motor learning is being targeted by an approach
and whether the goal is impairment reduction or compensation.
It is of interest that although not intentional, both CIMT and
robotics have reinforcement as their core learning mechanism but
ended up having differential efficacy on function and impairment,
respectively.

There have been 67 robotic stroke trials between 1997 and 2011.
The learning principles underlying the trials are rarely overtly
described. The largest robotics trial to date treated patients with
chronic stroke (> 6 months) using the MIT-Manus device [66]
with results that were essentially negative: patients who received
robotic therapy gained only 2 Fugl-Meyer points over the usual
care group. A minimum meaningful effect size for the FMS is
a change of 7 [67]. A meta-analysis of robotic therapy has also
reported a very small FMS change overall [65]. Despite unimpres-
sive results, there are very important lessons to be learned from the
Veterans Association ROBOTICS study. First, the study showed
that standard of care has no effect at all on impairment, disability
or quality of life. This observation alone cries out for the need for
new treatments. Second, therapists outside of a research setting
would not be able to consistently provide doses of assisted arm
movements of around 1,000 per session (the average in real-world
settings is 20-45). Third, there were no serious adverse events in
49 patients who performed 1,024 movements per session with the
robot, three times a week for 12 weeks.

The reason why the effect sizes on impairment for robotic stud-
ies have been so disappointing is that, as previously stated, almost
all recovery from impairment occurs in the sensitive period. This
window had closed by the time patients were enrolled in almost
all the robotic studies to date. Only five robotic trials have been
conducted in the first 3 months after stroke, with only one of these
showing a FMS change of 5 or more (68). It is not enough, how-
ever, to provide robotic therapy in the first 3 months; the kinds
of movement will also almost certainly matter. The MIT-Manus
robot trains patients to make non-ecological horizontal planar
movements; the shoulder and elbow are level with each other. In
a very interesting study, six healthy subjects were given a wear-
able motion-tracking system to record their arm movements as
they went about their daily life [69]. Despite the large range of pos-
sible movements, the investigators found that during most nor-
mal everyday tasks the arms are confined to a small volume of
space around the body and movements are predominantly in the
vertical, not the horizontal, plane across a variety of tasks. Thus
it could be objected that trials with the MIT-Manus and other
single joint or planar devices may have failed not because they
were outside the sensitive period, but because patients were not
trained on functional movements. This possibility has now been
addressed in a recently published trial in chronic stroke that used
a 3D exoskeletal robot with 7 degrees of freedom [70]. Patients in
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the study (77 randomized) had fairly severe impairment with a
mean FMS of 20/66. Patients received 45 minutes of robotic or
standard therapy, three times a week for 8 weeks. Not much detail
is provided about either the robotic protocol used or of the motor
learning framework it was embedded in. It should be said that it is
fairly typical for rehabilitation studies to provide little in the way
of methodological detail or conceptual justification with respect
to theories of learning. The change in FMS was 4.7 in the case of
robotic assistance and 3.1 points after conventional therapy. The
difference of 0.78 reached significance but unfortunately this is
clinically trivial.

At the current time the most parsimonious conclusion is that no
amount of training alone, no matter what motor learning mecha-
nism is recruited, is going to reverse impairment in the chronic
state after stroke. It is a biological not a technological limit. It is
to be hoped that there will not be a loss of faith in robotic therapy
just because it has for the most part been deployed in the wrong
time frame after stroke.

Does stroke have an effect on
motor learning?

The question of whether learning and not just motor control is
impaired after stroke is asked surprisingly infrequently [71]. The
question itself can be misunderstood and is also very difficult to
answer for methodological reasons. First of all, the relevant ques-
tion is not whether or not certain strategically localized strokes
can cause learning deficits, because the answer is clearly yes. For
example, we know that cerebellar and parietal infarcts can have
detrimental effects on visuomotor adaptation [72-74]. The criti-
cal question is whether the infarcts in motor cortical areas and/or
their output pathways that cause hemiparesis also cause a learn-
ing deficit. At the time of writing, it has not been convincingly
demonstrated that there is a learning deficit in the paretic arm
after stroke [71]. One reason that the question is very difficult to
answer is that there is a no assumption-free way to compare learn-
ing rate, retention or generalization between patients and con-
trols when the levels of initial performance are not matched, as
is the obviously case in the setting of hemiparesis. Any attempt
to match through normalization, either additive or multiplica-
tive, makes unproven assumptions and can lead to contradictory
results [75]. The only way forward is to either have a good justifi-
able a priori learning model that is predicated on either additive
or multiplicative effects, or to try and stratify patients who overlap
performance-wise with controls. Such stratification is treacherous
because of regression to the mean—one may be conditioning on
noise rather than comparing true overlapping high values from
one group and low values from another, and therefore requires
good estimates of the measurement noise in the learning task cho-
sen. Alternatively one can ask what the degree of retention or gen-
eralization is for patients based on what is considered desirable for
them rather than making any comparison to controls.

Conclusions and future approaches

Here the case has been made that training has a unique effect
on learning and repair in the first 3 months after stroke. In this
time window, true reductions in impairment occur both through
spontaneous biological recovery and interactions between

post-ischaemic plasticity and training. In the chronic phase, motor
learning is normal and only leads to task-specific compensatory
effects rather than any true reversal of the paretic deficit. It is to
be hoped that in the future, pharmacological agents (e.g. selective
serotonin receptor inhibitors [76]), trophic support from stem cells,
and brain stimulation techniques will augment [77], extend and
even re-open the sensitive period in the chronic period [78, 79].
Most clinicians can provide anecdotes about patients who made
true progress at the impairment level way beyond the 3-month sen-
sitive period; such patients are also to be found in reported clinical
trials. Whether these late responding patients comprise a special
subset remains to be investigated but several possibilities suggest
themselves. One is that these patients are outliers with respect to
the sensitive period. Another is that their main deficit is not clas-
sic CST hemiparesis—for example, they have proprioceptive loss,
dystonia, or apraxia. Another may be biomechanical or periph-
eral, for example, fixing one part of the system (e.g. painful or stiff
shoulder) allows apparent reduction in impairment elsewhere (dis-
tally). Finally, perhaps something has allowed them to reopen their
sensitive period to training. In the mean time, the best hope for
patients with hemiparesis after stroke is to greatly increase the dose
and intensity of impairment-focused therapy for the first 3 months
after stroke based on the new findings with regard to learning,
plasticity, and neural repair in this sensitive period.
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Spinal neuronal dysfunction after
deprivation of supraspinal input
Michele Hubli and Volker Dietz

Introduction

In the last two decades, the field of spinal cord injury (SCI)
research has achieved a number of discoveries that help to under-
stand the processes of degeneration, inflammation and recovery
of function after this devastating condition. Several experimental
approaches in animal models indicate promising findings con-
cerning a partial repair of damaged neuronal tracts even after a
severe SCI in humans. The main experimental strategies for repair
include: (i) neuroprotective and anti-inflammatory treatments;
(ii) enhancement of axonal fibre regeneration and compensatory
axonal sprouting; and (iii) transplantation of bridges or stem cells
[1]. Most of these treatment strategies show some improvement in
animal models on the anatomical and/or the functional level [2,
3]. However, the current situation with regard to translate these
experimental treatments to human SCI is less convincing.

Several clinical trials failed or were aborted since the promis-
ing achievements in animal experiments often could not be repli-
cated in human SCI [2-4]. For example, one of the most promising
treatments was the application of the neuroprotective steroid
methylprednisolone that showed beneficial neuroanatomical and
functional changes in rodent SCI [5, 6] as well as partial efficacy
in human SCI [7, 8]. Although methylprednisolone was accepted
as a neuroprotective treatment for acute human SCI today in most
countries its application in clinical practice has been given up due
to low efficacy and significant side effects in human SCI [9].

A successful translation of promising experimental treatments
of SCl into a clinical trial in humans relies on specific features per-
taining to human SCI condition [10]. Several factors could explain
the discrepancy in results between animal models and clinical
studies, such as differences in the level and type of lesion, or the
treatment onset. For example, treatments in rodents are usually
administered directly after the injury, while treatment effects in
the subacute and chronic stage of rodent SCI are less usual and
little understood [11]. In humans, however, repair treatments are
frequently delayed until a chronic stage (ca. 1 year post-lesion)
because at this time the clinical condition is more stable and no
spontaneous neurological recovery is expected [12].

Interestingly, the only effective therapy for functional recovery
following SCI and stroke up to now are rehabilitative training
approaches. Well-established rehabilitation approaches focus on
the facilitation of neuroplasticity by training to improve muscle
activation and function. This positive neuroplasticity is opposed
by negative neuroplasticity (for review see [13]). During the past

decade, a focus of research was to investigate the change of neu-
ronal activity below the level of lesion in non-trained, that is,
immobilized SCI [14-16] and severely affected hemiparetic stroke
subjects [17]. Evidence arose from studies in subjects with chronic
motor-complete SCI that the function of spinal neuronal cir-
cuits below the level of lesion is impaired [14, 15]—that is when
signs of a ‘negative’ neuroplasticity become apparent. The pres-
ervation of spinal neuronal function below the level of lesion is
an important prerequisite for the success of any kind of future
regeneration-inducing therapies. Therefore, the purpose of this
chapter is to summarize the alterations of spinal neuronal circuits
that lack supraspinal input after an SCI and stroke, and to discuss
potential countermeasures to prevent neuronal dysfunction in the
chronic stage of the injury.

Electrophysiological assessment of spinal
neuronal function

Information about changes of spinal neuronal function after
a severe lesion to the spinal cord can be gained by non-invasive
electrophysiological assessments, such as lower leg muscle elec-
tromyography (EMG) recordings of locomotor activity during
assisted locomotion of subjects, and spinal reflex (SR) recordings
(see Figure 8.1). Within the last 10 years such assessments, mainly
performed in subjects with motor-complete SCI and hemiparetic
stroke revealed significant alterations in spinal neuronal function
several months after injury [14, 15, 17]. This might affect rehabili-
tation outcome of subjects suffering from a severe SCI or stroke in
the future. In this section of the chapter we describe two different
techniques acting as neuronal windows into spinal neuronal cir-
cuitries underlying locomotion and their changes after depriva-
tion of supraspinal drive.

Neuronal basis of locomotor activity

A century of research into the organization of the neuronal pro-
cesses underlying the control of locomotion in invertebrates and
vertebrates has demonstrated that the basic neuronal circuitries
responsible for generating efficient stepping patterns are embed-
ded within the lumbosacral spinal cord [18]. At the beginning
of the last century Graham-Brown postulated his ‘half-centre’
hypothesis which demonstrated the intrinsic capacity of the mam-
malian spinal neuronal circuitries to generate rhythmic motor
patterns without descending or sensory input [19]. For example,
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Fig. 8.1 Electrophysiological assessments of spinal neuronal function. (A) Example of locomotor EMG activity during assisted walking in the driven gait orthosis
Lokomat in an acute (3 months after SCI) paraplegic subject. This subject suffered a motor-complete SCl and leg muscle activity was recorded in rectus femoris
(RF), biceps femoris (BF), tibialis anterior (TA), and gastrocnemius medialis (GM). (B) Polysynaptic SR response (early component, latency ~80 ms) in a healthy
subject (25 years old). Reflex response is recorded in the ipsilateral tibialis anterior muscle (ankle flexor) evoked by tibial nerve stimulation at the dorsal aspect of
the medial malleolus. The stimulus artefact of the electrical pulse (eight bipolar rectancular pulses, 2 ms pulse width, 200 Hz) is present at the onset of the EMG

recording.
Modified from [15] and [42], with permission.

cats with a complete spinal cord transection at thoracic segments
gradually improve hindlimb locomotion on a treadmill follow-
ing 2-3 weeks of daily locomotor training [20, 21]. The spinal cat
can relearn walking with alternating steps in the hindlimbs, body
weight support, and plantar foot placement. Under such circum-
stances the EMG activity of the hindlimbs was remarkably similar
before and after the spinal cord transection. It has been shown
that, with ongoing training, the body support can be decreased
associated with improved locomotor capacity until no more sup-
port of body weight is required and well-coordinated hindlimb
stepping movements can be performed [22]. Also, in non-human
primates with complete spinal cord lesions the isolated spinal cord
has the capacity to produce stepping patterns [23].

In contrast to cats and non-human primates, stepping-like leg
movements are more difficult to induce after a complete SCI in
humans. However, when an appropriate afferent input is provided
during assisted stepping, a well-organized rhythmic locomotor
EMG pattern can be induced even in subjects with complete SCI
(see Figure 8.1A) [24-27]. The analysis of such locomotor EMG
patterns produced in the absence of descending supraspinal con-
trol, as for example in complete SCI subjects, provides important
information regarding the role of spinal neuronal circuits and
their interaction with afferent input to generate locomotor activity.

Spinal reflex behaviour

The simplest and best understood SR is the monosynaptic
H-reflex, where the stimulated muscle/nerve site is also target of
the reflex response. On the other hand, polysynaptic reflexes have
several interneurons intercalated in the mediating reflex pathway.
The most known examples of such polysynaptic reflexes are the

flexor (or withdrawal) reflex and the cutaneous reflex [28]. These
reflexes are evoked either by a short train of electrical noxious
stimuli (flexor reflex) or non-noxious stimuli (cutaneous reflex)
that are applied to a leg nerve. A true withdrawal response of the
ipsilateral leg can only be obtained by applying a strong, that is,
noxious nerve stimulation. In contrast to monosynaptic reflexes,
polysynaptic reflexes can consist of two reflex responses: an early
and a late component which appear in synergistic muscle groups—
predominantly in the flexor muscles of the stimulated leg. Figure
8.1B shows a typical example of a polysynaptic reflex response
(early reflex component) in the ankle flexor of a healthy subject to
non-noxious nerve stimulation.

This chapter will only focus on the alterations of polysynap-
tic SR behaviour evoked by non-noxious nerve stimulation after
SCI and stroke. It is assumed that polysynaptic SR closely inter-
act with spinal neuronal centres that control locomotion (cen-
tral pattern generators), and might even form a part of them [15].
Therefore, the analysis of polysynaptic SR can provide comple-
mentary insights into the behaviour of spinal neuronal circuitries.
Information about the changes in organization of propriospinal
neurons and the interaction of proprioceptive input to spinal
locomotor circuitries can be provided by SR recording evoked
by electrical stimulation of a leg nerve in subjects with deprived
supraspinal input.

Time course of spinal neuronal dysfunction

The longitudinal examination of changes in spinal neuronal func-
tion after SCI has only been recently addressed. It represents an
important step towards the understanding of changes in spinal
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neuronal function below the level of a spinal cord lesion. So far, the
relationship between polysynaptic SR and muscle spasms [29, 30]
or the influence of force-related input on these reflex responses
[31, 32] have been the focus of research in SCI subjects.

In general, spinal neuronal dysfunctions after a severe SCI can
be divided in three different stages (see Figure 8.2). The next sec-
tion will give an insight into longitudinal changes of SR behaviour
and locomotor EMG activity in SCI subjects in relation to clinical
signs of a severe SCI.

Acute, transition, and chronic stages of SCI

The very acute phase of a severe SCI classified according to the
American Spinal Injury Association Impairment Scale (AIS) as AIS
A and B (motor-complete) is followed by a spinal shock. During
this phase locomotor ability is lost, and no polysynaptic SR can be
evoked, but H-reflex is still present [33]. Approximately 6 weeks
after the injury, when spinal shock vanishes, an early SR compo-
nent (latency ~80 ms) which is normally present in neurologi-
cally intact healthy subjects (see Figure 8.1B), reappears following
tibial nerve stimulation [15, 33]. A comparable phenomenon of SR
behaviour can be observed in rats with complete spinal cord tran-
section [34, 35]. The reappearance of SR activity is accompanied
by the capability to induce a locomotor EMG activity in both rats
[34] and humans [15, 36] when an appropriate proprioceptive input
(loading, hip extension) is provided during assisted leg movements
with body weight support, for example, by a driven gait orthosis.
Over the subsequent weeks the amplitude of locomotor EMG pat-
tern and SR activity increases. However, compared to healthy sub-
jects, the locomotor EMG amplitude stays on a low level.

A steady state of spinal neuronal activity that underlies both
locomotor and SR function is reached after about 6 months [33].
Recordings of SR show successively smaller amplitudes of the
early reflex component, while H-reflex remains unchanged [33].

In the transition phase (between 6 and 12 months after SCI) a
shift from dominant early to dominant late SR components occurs
[15]. Clinically, a complete SCI at this stage is characterized by
the development of spasticity including increased muscle tone,
spasms, and exaggerated tendon tap reflexes. Several studies have
indicated that long-latency (or polysynaptic) reflexes are reduced
in amplitude after SCI or stroke and that the increased muscle
tone at this and later stages of the central neural lesion cannot be
explained by a neuronal hyperactivity but, rather by secondarily
occurring non-neuronal changes, such as altered muscle mechan-
ics [37, 38]. Changes in mechanical muscle properties can involve
loss of sarcomeres, changes in muscle—joint relationship [39], and
the properties of collagen tissue and tendons. These changes can
partly compensate for paresis and allow support of body weight
during walking in incomplete SCI and stroke subjects, as seen in
the condition of spastic movement disorder (for review see [40]).

The most profound changes in spinal neuronal function occur
about 1 year after a severe SCI. At this chronic stage spinal neu-
ronal dysfunction is fully developed (for review see [41, 42]) and
is reflected in two major phenomena: (i) a shift from a dominant
early to a dominant late SR component and (ii) a locomotor EMG
exhaustion. These two important alterations in spinal neuronal
function after a severe SCI occur simultaneously (Figure 8.3).

The late (latency ~ 250 ms) SR component following tibial nerve
stimulation appears around 6 to 12 months after a severe SCI and
fully dominates about 2 years post-injury while no more early
component appears. This alteration in SR pattern is accompanied
by changes in spinal locomotor circuitries producing a locomotor
EMG pattern during assisted locomotion of SCI subjects. Also, the
locomotor EMG exhaustion phenomenon starts around 6 to 12
months post-injury and is characterized by a drop of EMG ampli-
tude to near noise level within the first 5 to 10 min of assisted
locomotion [14]. The EMG exhaustion is more pronounced in the
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Recovered in
response to

appropriate

afferent input

Lost
exhaustion
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Fig. 8.2 Time course of electrophysiological changes after severe SCl in humans.
EMG, electromyographic.
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leg flexor than extensor muscles. In addition, a partial loss of EMG
activity (see Figure 8.3A-C) occurs at this stage, independently of
the EMG exhaustion. The initially partial, and later almost com-
plete, loss of EMG potentials mainly concerns the tibialis anterior
muscle. This might be attributed to a transsynaptic degeneration
of motoneurons after SCI [43, 44].

The exhaustion phenomenon itself is assumed to take part at
premotoneuronal, that is, spinal interneuronal level [14]. Two
observations support this assumption: first, repetitive nerve stim-
ulation does not change the amplitudes of muscle action poten-
tials and of H-reflexes [45]; second, despite EMG exhaustion of
locomotor activity, leg muscle activity can suddenly increase due
to muscle cramps/spasms induced by stumbling.

Earlier studies have investigated the development of neuronal
dysfunction only in severe (AIS A and B) SCI. However, studies
in the last few years have shown that long-lasting immobility and
the concurrent reduced proprioceptive input to spinal neuronal
circuitries rather than the completeness of an SCI contributes to
the development of the EMG exhaustion phenomenon and change
in SR pattern. Also immobilized, motor-incomplete (AIS C) show
a neuronal dysfunction [16]. Although in most motor-complete
SCI subjects (AIS A and B) an EMG exhaustion occurs during
assisted locomotion, subjects with motor-incomplete SCI (AIS C
and D) who regularly perform stepping movements show no EMG
exhaustion, and the early SR component remains dominant. In
contrast, incomplete SCI subjects who are wheelchair-bound show
the same exhaustion of EMG activity associated with a dominant
late SR component as do AIS A and B SCI subjects [16].

Comparisons with chronic stroke

Stroke and SCI are both central nervous system (CNS) lesions and
affected subjects share several clinical and functional similarities,
such as paresis, increased muscle tone, and exaggerated tendon
tap reflexes, leading to a spastic movement disorder. In contrast to
SCI subjects, hemiparetic stroke subjects have partially preserved
neuronal interactions between the unaffected and the affected leg
[46, 47], which might lead to different alterations in spinal neu-
ronal circuitries compared to SCI. It has been shown that also in
stroke subjects polysynaptic SR undergo changes in the chronic
stage, such as the development of a dominant late SR component
[17]. However, in contrast to SCI subjects, this late component was
only present in the affected leg of severely disabled chronic stroke
subjects [17]. Another difference to SCI subjects was that in stroke
subjects the dominant late SR component was not associated with
an EMG exhaustion of leg muscle activity during assisted loco-
motion, even when stepping movements were performed solely by
the affected leg [17]. Explanations for these differences between
chronic hemiparetic stroke and SCI subjects might be the com-
pensatory function of the unaffected leg and the interlimb interac-
tions in stroke subjects. This would be in line with the neuronal
coupling between the affected and unaffected legs during locomo-
tion [46, 48]. Another explanation could be the observation that
an improvement in walking ability is not associated with a change
in leg muscle activation and the small, little modulated EMG
amplitude in the affected leg during walking after stroke [49, 50].
This might prevent a locomotor EMG exhaustion in hemiparetic
stroke subjects.

Despite common clinical characteristics of stroke and SCI,
there are specific effects on spinal neuronal circuits underlying

locomotion. The unilateral deprivation of supraspinal drive
(stroke) leads to a dysfunction of spinal neuronal circuits over
time which differs to some extent from the bilateral one (SCI): for
example, no change in the leg muscle activation pattern occurs in
the affected leg after stroke [50]. Consequently, neurorehabilita-
tion in hemiparetic stroke subjects should focus on the affected
leg, in a similar way to constraint-induced movement therapy of
the affected arm in stroke subjects [51]. Using such an approach of
a specific training of the affected leg, compensation by the unaf-
fected leg could be diminished and a spinal neuronal dysfunction
(i.e. a shift to dominant late SR components), might be avoided.

Pathophysiological basis of
neuronal dysfunction

The pathophysiology underlying the EMG exhaustion phenom-
enon and the development of a dominant late SR component in
SCI subjects is not yet fully understood. It is assumed that the
neuronal changes occur on a premotoneuronal, that is, interneu-
ronal level [41]. Two potential mechanisms have been considered
to contribute to spinal neuronal dysfunction after severe SCI: first,
a neuronal degradation and second, a phenomenon ascribed to a
synaptic ‘fatigue’ resulting from a dominant inhibitory drive of
synaptic transmission following the lack of use of neural pathways
in immobilized subjects with chronic stroke/SCI. Recent studies
in subjects with motor-complete and incomplete SCI subjects
favour the latter idea. The following section elaborates pro and
contra arguments for the mechanisms underlying a spinal neu-
ronal dysfunction after SCI.

Dysbalance of excitatory and inhibitory drive

The observation that locomotor training in motor-complete SCI
subjects can neither reverse the EMG exhaustion nor the domi-
nance of the late SR component would be in line with the assump-
tion of a degradation of spinal neuronal function [14, 16]. In
contrast, the persistent possibility to induce alocomotor pattern by
assisted walking in motor-complete SCI subjects even more than
25 years after the injury favours the assumption that the changes
in locomotor and SR function in chronic SCI origin from a shift
towards the dominance of inhibitory drive within neuronal cir-
cuits leading to a neuronal dysfunction, rather than from a degra-
dation of neuronal function. Another argument that strengthens
the latter assumption is the finding that locomotor EMG exhaus-
tion and development of a dominant late SR component can be
reversed by intensive locomotor training in motor-incomplete
SCI subjects [16]. Thus, the functional state of spinal neuronal cir-
cuitries is not fixed, but rather plastic and it can be altered by an
appropriate training [16] (see section ‘Countermeasures and clini-
cal impact’).

The lack of use of neuronal pathways underlying locomotion in
chronic SCI due to loss of supraspinal and appropriate proprioceptive
input is suggested to cause a dominance of inhibitory drive within
locomotor circuitries (see Figure 8.4). This suggestion is based on the
knowledge that the locomotor pattern in vertebrates is shaped by a
close interaction of excitatory and inhibitory drive within interneu-
ronal circuitries [18, 52]. An SCI leads to a deprivation of input to
excitatory interneurons from supraspinal and appropriate proprio-
ceptive input (Figure 8.4B and C). As a consequence, this deprivation
leads to a dominance of inhibitory drive and weakening of excitatory
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Fig. 8.4 Alterations of spinal neuronal function controlling locomotion and spinal reflexes after SCI. In healthy subjects (A) and SCI subjects in the acute stage (<1 year
post-lesion) (B), excitatory and inhibitory spinal neuronal circuits shape the locomotor pattern. After an SCI, the supraspinal and appropriate sensory input that
normally activates excitatory neuronal pathways (A) becomes lost (B). Over the subsequent months, this loss leads to impaired function of excitatory spinal neuronal
circuits, while the function of the inhibitory neurons remains intact (C). Thus, in the chronic stage of an SCI, the balance between excitatory and inhibitory spinal
neuronal circuits shaping the locomotor output shifts towards a predominance of inhibitory signalling.

Modified from [14], with permission.

interneuronal activity. Such a bias to neuronal inhibition could
explain the decrease of EMG amplitude during assisted locomotion
and the dominance of a late SR component (for review see [41, 42]).
The proposed mechanism is still a hypothesis and has to be proven
in the future. Comparable changes in balance between excitatory
and inhibitory drive within spinal neuronal circuitries have been
described in cats with SCI [53, 54]. As a consequence weakening the
inhibitory glycinergic drive by a locomotor training could improve
walking capacity in spinal cats [55, 56].

Countermeasures and clinical impact

The success of any regeneration inducing therapy to partially
repair an SCI and to induce functional recovery will heavily
depend on the preserved function of spinal neuronal circuitries
below the level of lesion. It is expected that presently such thera-
pies applied in chronic SCI subjects could hardly be beneficial due
to spinal neuronal dysfunction, until appropriate countermeas-
ures are developed. The next section provides some insights into
possible countermeasures to prevent the development of neuronal
dysfunction after SCI. Especially functional locomotor training
has an important role in this regard.

Locomotor training—appropriate sensory cues

Although the EMG exhaustion phenomenon and the domi-
nant late SR component could not yet be reversed in the
chronic stage of a motor-complete SCI [14, 16], in the last few
years evidence came up that spinal neuronal dysfunction can
be, at least partially, reversed by an intensive locomotor train-
ing in severely affected incomplete SCI subjects (AIS C) [16].
The crucial aspect for a successful functional training seems
to be the provision of appropriate sensory cues to strengthen

the activity in excitatory neuronal circuitries underlying
the generation of a locomotor pattern. Afferent input from
muscles, joints, and skin receptors interact dynamically with
spinal neuronal circuitries and this interaction shapes the
locomotor activity (for review see [57]). The most relevant
proprioceptive input to activate spinal locomotor circuitries
in subject with SCI originates from load and hip joint recep-
tors [25, 58]. Load information is provided from leg exten-
sor muscles (namely Ib afferent signals from Golgi tendon
organs), and probably also from mechanoreceptors in the foot
sole [59]. In addition, the following observations highlight the
significance of hip joint receptors in the activation of spinal
neuronal circuits underlying the generation of a locomotor
pattern [27]. Robotic assisted locomotion with blocked knee
and/or ankle joint movements induces a ‘normal’ locomotor
EMG activity in motor-complete SCI subjects. However, when
the hip joint becomes blocked, only focal stretch reflexes are
present.

One month of intense locomotor training with the appropriate
load and hip joint related afferent input and additional functional
electrical stimulation of the peroneal nerve at the onset of the
swing phase has shown to reverse spinal neuronal dysfunction in
a severely affected, non-ambulatory, but motor-incomplete SCI
subject [16]. Such a combination of afferent input provided dur-
ing locomotor training might attenuate inhibitory activity and
re-establish a balance between inhibitory and excitatory drive
within spinal neuronal circuitries. Corresponding observations
were made earlier in a cat model after hindlimb locomotor train-
ing [55] or in spinal rats in which ‘non-functional’ neuronal cir-
cuits were transformed into a ‘functional’ state using epidural
stimulation and pharmacological interventions together with
locomotor training [60].



CHAPTER 8 SPINAL NEURONAL DYSFUNCTION AFTER DEPRIVATION OF SUPRASPINAL INPUT

Neuromodulatory approaches

The importance of appropriate afferent information from periph-
eral receptors as a source of activating spinal neuronal circuitries
became obvious from experiments in completely transected ani-
mals and motor-complete SCI subjects during the last decades.
Reduced proprioceptive feedback after an SCI has a negative
impact on spinal neuronal function as well as on the concurrent
recovery of locomotor function. Therefore, besides an intensive
functional training, tools to artificially activate spinal neuronal
circuits are needed. Several neuromodulatory strategies aim to
increase excitability of spinal neuronal circuitries in order to
tune their physiological state to a level that leads to a locomotor
facilitation and might even counteract the development of spinal
neuronal dysfunction in chronic SCI subjects. Examples of such
potential strategies include continuous vibration of the quadri-
ceps and hamstring muscle groups [61], continuous electrical
stimulation of the peroneal or sural nerves [62], and magnetic
stimulation of the spinal cord [63]. The latter approach, applied
repetitively over the thoracolumbar spine, was able to activate spi-
nal locomotor circuitries in healthy subjects. However, so far there
is no evidence that this kind of non-noxious magnetic stimula-
tion is able to enhance spinal neuronal activity and, consequently
evoke a locomotor activity also in SCI subjects. Electrical epidural
stimulation at the thoracolumbar level of the spinal cord in com-
plete SCI subjects could induce locomotor EMG activity [64-66].
Besides electrical or magnetic stimulation approaches, various
pharmacological agents, such as serotonergic and noradrenergic
agonists, can increase spinal neuronal activity in animals [60].
Following human SCI, there is so far only limited evidence avail-
able for a pharmacological facilitation of spinal neuronal circuits
underlying locomotion (for review see [67]).

Recently, two novel promising, non-invasive techniques, called
paired associative stimulation [68-70] and transcutaneous spinal
direct current stimulation (tsDCS) [71-74], have been applied in
humans to modulate spinal neuronal excitability. The latter tech-
nique is derived from transcranial direct current stimulation
and influences spinal neuronal excitability by anodal or cathodal
polarization of the cord tissue [75]. So far, tsDCS has been mainly
applied in healthy subjects as a tool to modulate transsynaptic
efficacy in monosynaptic [72, 74] and polysynaptic reflex path-
ways [71]. Only one study has applied this technique in subjects
with SCI. Increased amplitudes of polysynaptic SR after 20 min
of anodal tsDCS were described [73]. This leads to the assumption
that tsDCS can modulate spinal neuronal excitability in chronic
SCI subjects. It remains to be determined whether anodal tsDCS
can be used to counteract the development of spinal neuronal dys-
function after severe SCI.

Conclusion

Facilitation of neuroplasticity plays a major role in the reha-
bilitation of subjects with SCI and stroke. The development of a
‘negative’ plasticity occurring in patients deprived of supraspinal
input after damage of CNS structures was recognized only a few
years ago. This ‘negative’ plasticity is reflected in the develop-
ment of a neuronal dysfunction within spinal neuronal circuits
in severely affected subjects with stroke/SCI who do not undergo
a functional training. This phenomenon is important insofar as
a neuronal dysfunction could prevent a successful application

of future regeneration inducing therapies. A severe CNS dam-
age leads to dysfunction of spinal neuronal circuitries involved
in the generation of locomotor (only SCI) and SR activity. This
spinal neuronal dysfunction becomes fully established around 1
year post-lesion and is represented in an exhaustion of locomotor
EMG activity during assisted locomotion and a shift from domi-
nant early to dominant late SR components. The proposed cause
of this ‘negative’ neuroplasticity is a bias to inhibitory signalling
within spinal neuronal circuitries. It is assumed that immobility
with its associated loss of appropriate proprioceptive feedback to
spinal neuronal circuitries weakens the excitatory drive within
spinal neuronal networks and leads to the bias of an inhibitory
drive in interneuronal activity. Countermeasures to prevent or to
reverse the development of neuronal dysfunction include inten-
sive training approaches in combination with stimulation tech-
niques. Promising non-invasive neuromodulatory techniques,
which increase spinal neuronal excitability, might justify future
investigations to counteract the development of spinal neuronal
dysfunction in chronic CNS damage.
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CHAPTER 9

Secondary changes after
damage of the central nervous
system: significance of spastic
muscle tone in rehabilitation

Volker Dietz and Thomas Sinkjaer

Introduction

Spasticity is a well-known syndrome, most commonly arising
after stroke, multiple sclerosis, spinal cord injury (SCI), traumatic
brain injuries, and other central nervous system (CNS) lesions.
These patients suffer a spastic movement disorder, with slowing of
stepping and impaired voluntary limb movements. Clinical diag-
nosis of spasticity is based on the combination of physical signs
in the passive patient—exaggerated tendon reflexes and muscle
hypertonia defined as a velocity-dependent resistance of a muscle
to stretching [1]. Spastic muscle tone can differently be distributed
in flexor and extensor muscles as well as a focal or generalized
increase in muscle tone can be experienced depending on the
cause of the spastic symptoms [2].

One problem in the clinic when diagnosing spasticity is that it is
not easy with the current applied methods, such as the Ashworth
and the Tardieu scales, to distinguish between reflex and passive
muscle-mediated changes [3, 4]. Also the term spasticity is incon-
sistently defined and the measures used do not correspond to the
clinical features of spasticity [5].

In this chapter, we relate the definition of spasticity by Lance
(1] to the knowledge of the mechanisms underlying the associ-
ated movement disorder. On the basis of the clinical signs it was
assumed in the past that neural overactivity, causing exaggerated
reflexes, might be responsible for muscle hypertonia, which then
leads to spastic movement disorder [6-10]. This view was sup-
ported by experiments on decerebrate cats [[11], which showed
that muscle tone during stretching is substantially reduced after
severing the nerves involved in the stretch-reflex loop. Therefore,
it became established that most treatment approaches should
be directed to attenuate or abolish reflex activity and thereby to
reduce muscle tone [6, 12].

This view did not take into account several points. First, the
decerebrate cat is not an adequate model for human spasticity
as rigid muscle tone develops immediately after decerebration,
whereas human spasticity develops over weeks after acute lesions.

Correspondingly, human tendon tap reflexes are enhanced on the
affected side already early after stroke without increase in muscle
tone. Second, exaggerated tendon reflexes are only a small part of
the mechanisms that contribute to the control of functional move-
ment, such as walking. Third, most studies on the effect of anti-
spastic drugs are focused on isolated clinical signs, such as reflex
activity, and not on the spastic movement disorder that hampers
patients. Fourth, without the development of spastic muscle tone
(e.g. after stroke/SCI), most patients would be unable to walk
because of the paresis. Fifth, clinical examination of spasticity is
done in the relaxed/passive patient and does not reflect the state of
neuronal circuits within the CNS underlying natural movements
such as walking.

No convincing animal model exists for human spasticity (see
[13]), perhaps because the pathophysiology of spasticity is multi-
factorial. Any changes in the neuronal or biomechanical systems,
for example differences in the site and duration of a central lesion,
are of importance in determining which neural control mecha-
nisms are deficient and contribute to the movement disorder
[14]. Furthermore, such changes might already be secondary and
compensatory to the primary dysfunction of sensorimotor sys-
tems. There are some differences in the appearance of spasticity
between spinal and supraspinal lesions and lesions of different ori-
gin (e.g. inflammatory or traumatic). However, these factors have
little influence on the impairment of function which essentially
depends on the severity of CNS damage.

Research on functional movement in recent years indicates that
the clinical signs of spasticity are little related to the spastic move-
ment disorder, which hampers patients and should be the focus
of any treatment. For example, exaggerated reflexes, a dominant
sign in clinical assessments, have little effect on the movement
disorder. In this chapter, we describe the role of reflex and muscle
activity and muscle mechanics in patients with spasticity and the
resulting muscle tone in two conditions (cf. [15]): passive (clinical)
and active (functional). This serves as a basis for an appropriate
treatment which will be presented and discussed in a third section.
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Clinical signs of spasticity

In a clinical setting, muscle tone and tendon tap reflexes are
routinely examined in relaxed patients. Exaggerated tendon tap
reflexes of the affected limb muscles and an increased resistance
of a muscle to stretching indicate the presence of spasticity caused
by a central motor lesion.

Exaggerated reflexes: short-latency reflex activity

The nature and mechanisms underlying exaggerated tendon
reflex activity (monosynaptic or oligosynaptic segmental reflexes)
have been the focus of many studies in patients with spasticity.
The short-latency reflex activity is mediated by fast conducting
group Ia nerve fibres from the muscle spindles to the spinal cord.
A severe acute central lesion is associated with a loss of tendon tap
reflexes followed by hyperreflexia which is suggested to be due to
a neuronal reorganization in both cats [16] and humans [17, 18].

Exaggerated reflexes were thought to result from hyperactiv-
ity of fusimotoneurons [19, 20] (also called gamma motoneu-
rons), which correspond to the alpha motoneurons innervating
normal muscle fibres, although only indirect approaches have
been applied, and this has not been proven convincingly [21-23].
Furthermore, increased reflex activity is not likely to be caused by
either reduced recurrent inhibition of motoneurons via Renshaw
cell activity [24, 25] or intraspinal nerve sprouting [26].

There is evidence for reduced presynaptic inhibition of Ia affer-
ent fibres in leg muscles after SCI, but not in hemiplegic stroke
subjects [27, 28], as a possible mechanism underlying exagger-
ated tendon tap reflexes. However, there is no association between
decreased presynaptic inhibition of Ia afferents and the degree of
muscle hypertonia as assessed by the Ashworth scale [28].

In addition, deficient disynaptic reciprocal inhibition [29],
increased excitability of reciprocal Ia inhibitory [29] pathways
[30-32], changed postactivation depression [33] and disinhibi-
tion of group II pathways [34-36] were suggested to contribute
to hyper-reflexia after SCI or stroke and other mechanisms might
also be involved [28, 37].

A severe central motor lesion is followed by flaccid paresis with
a loss of tendon tap reflexes. In contrast, the H-reflex (an electri-
cally elicited short-latency reflex excluding muscle spindles) is
already present during spinal shock when tendon reflexes cannot
yet be elicited [18]. After 1-2 weeks, tendon reflexes and muscle
tone reappear. At later stages (4-6 weeks) clinical signs of spastic-
ity (i.e. exaggerated reflexes and increased muscle tone), become
established. The loss of reflexes is usually attributed to a reduced
excitability of alpha- and gamma motoneurons due to the sudden
loss of input from supraspinal centres [18]. When spasticity has
developed, the threshold of the soleus stretch reflex is decreased
in patients with spasticity [38, 39], possibly due to an increase in
alpha and gamma motoneuron excitability [40]. Repetitive clonic
muscle contractions are more likely to be due to an impaired
interaction of central and peripheral mechanisms than to a recur-
rent stretch reflex activity [41].

Exaggerated reflexes: flexor reflex activity

The flexor reflex is a polysynaptic spinal reflex that might be con-
nected with spinal locomotor centres [42]. While a great variabil-
ity of flexion reflex responses exists in patients with a SCI [43],
the dominant view is that flexor reflexes are exaggerated after a

central nervous lesion and might cause muscle spasms after spinal
cord injury [44]. Furthermore, it seems that the sites where flexor
reflexes can be elicited become expanded in patients with a spinal
or supraspinal lesion as compared to healthy humans [45, 46].

Several mechanisms are suggested to underlie flexor reflex
activity after a CNS lesion. For example, spontaneous firing of
motoneurons during rest was suggested to lead to muscle spasms
[47, 48], initially caused by receptor upregulation and later on
by neuronal sprouting [49, 50]. Flexor reflexes in patients with
chronic SCI are also believed to reflect neuronal plateau potentials
37, 51].

After an acute, complete SCI, flexor reflex excitability and spastic
muscle tone develop in parallel [18]. However, after a few months,
there is a divergent course in which the severity and occurrence of
muscle spasms increase, whereas flexor reflex amplitude decreases
[18]. In line with this, patients with complete chronic SCI com-
pared to healthy people show a lower incidence of the early flexor
reflex component [43, 52] and they produce smaller leg joint tor-
ques [53]. These observations suggest that the activity of flexor
reflexes is little or only indirectly related to the occurrence of mus-
cle spasms in spasticity of spinal origin.

Spastic muscle tone

Muscle hypertonia is clinically assessed in the passive mus-
cle using the Ashworth scale and is clinically defined as a
velocity-dependent resistance to stretch [54]. This is particularly
true for the leg extensor [55, 56] and arm flexor—the antigrav-
ity muscles [40, 57]. Spastic muscle hypertonia is associated with
muscle activity measured by electromyography, which exceeds
that seen in healthy subjects [58, 59].

In addition to the extra-electromyographic activity (EMG) pas-
sive stiffness (eg, muscle contracture) at the ankle joint is also
increased and contributes to the clinically defined spastic muscle
hypertonia [4, 60-62]. Consequently, it becomes evident that the
abnormal stretch reflex activity is insufficient to explain increased
muscle tone in people with spasticity [59, 63-65]. Reflex-mediated
stiffness in the active ankle extensors [65] and elbow flexor mus-
cles [40, 58, 66] in patients with spasticity can even be within the
range of healthy controls and seems to be only slightly increased
in patients with SCI [67]. From investigating the ankle joint stiff-
ness in stroke, multiple sclerosis, and SCI participants Lorentzen
et al [4] concluded that the clinical diagnosis of spasticity includes
changes in both active and passive muscle properties, and the two
can hardly be distinguished based on routine clinical examina-
tion. The truth is still in the eye of the beholder [68]. Today, it is
believed that a combination of mechanisms contributes to clini-
cal spasticity, that is an increase in passive stiffness of a muscle to
stretch due to changes in collagen tissue and tendons [59, 61, 65],
an enhancement of intrinsic stiffness of muscle fibres (Gracies,
2005), and a loss of sarcomeres [69], leading to subclinical con-
tractures (for review see [70]). In addition, morphometric and
histochemical investigations changes take place in muscle-fibre
properties [71-73] that might contribute to spastic muscle tone.
Consequently, clinical muscle hypertonia seems to be more asso-
ciated with subclinical muscle contracture rather than with reflex
hyperexcitability [64, 69, 74]. Conversely, changes in biomechani-
cal conditions of a muscle (i.e. loss of sarcomeres) might again
have an effect on the stretch reflex behaviour (possibly via group
III/TV muscle afferents) in people with spasticity [75, 76].
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In conclusion, exaggerated reflexes elicited in passive spastic
muscles, as seen in clinical bedside examination, are not solely
responsible for the increased resistance of a spastic muscle to
stretch. Secondary changes in intrinsic and extrinsic muscle prop-
erties contribute to spastic muscle tone (e.g. [70]). This assump-
tion is based on observations made in patients with central motor
lesions of different origin (e.g. traumatic SCI, stroke, and multiple
sclerosis [12]).

Spastic movement disorder

After central motor lesions, patients suffer a movement disorder.
To achieve adequate treatment, it is crucial to address the mecha-
nisms underlying the impaired function. Actual studies indicate
that the clinical signs of spasticity are little related to the move-
ment disorder. The most relevant aspect concerns the fact that an
‘extra-activity’ contributes to muscle tone in the passive, clini-
cal condition, but during functional movements a reduced mus-
cle activation becomes partially compensated for by secondary
changes in muscle mechanics. In this section, we discuss some of
the mechanisms underlying impaired functional movements after
a CNS lesion.

Pattern of leg muscle activity during locomotion

During a functional movement, such as locomotion, patients with
spastic paraparesis have typical patterns of leg muscle activation
recorded with electromyography. Spastic gait is associated with a
low level of leg muscle activity compared with that in healthy peo-
ple [77-79]. The reduction depends on the severity of paresis. In
line with this, the fast regulation of motoneuron discharge, which

characterizes functional muscle activation, is absent in spasticity
[71, 80]. However, the timing of the pattern (i.e. the reciprocal acti-
vation of antagonistic leg muscles) is largely preserved [78, 81, 82].
Only rarely does some coactivation of antagonistic leg muscles
occur during the stance phase of walking [83-85]. Premature
leg extensor activation in the early stance phase of gait [83-85] is
associated with the plantar-flexed position of the spastic-paretic
foot and is not spasticity-specific. Premature leg extensor activa-
tion in the early stance phase, or even before impact, also occurs
when healthy people walk by voluntarily tip-toeing (i.e. the
extensor activation depends on the foot position before impact).
Furthermore, also co-activation of antagonistic leg muscles can
be recorded in healthy people when they are walking with slightly
flexed knees. In a few patients with spasticity, the impact of the
forefoot is associated with the appearance of isolated stretch-reflex
potentials [83-85].

The leg extensor EMG amplitude modulation, which in healthy
people typically occurs during the stance phase, is reduced or lack-
ing in people with spasticity [86] due to the attenuated integration
of afferent input (long-latency reflex) activity to the ongoing loco-
motor leg extensor activity (Figure 9.1) [86, 87].

Reflex behaviour during locomotion

In healthy people, group Ia afferent input to the spinal cord
becomes suppressed during the stance phase of gait [88, 89].
Because of reduced Ia suppression in spasticity, short-latency
stretch reflexes commonly appear in the leg extensor muscles dur-
ing the transition from the swing to the stance phase of gait, which
is rarely the case in healthy people. Furthermore, the inability to

Fig. 9.1 Reflex behaviour during human gait. Left: In the healthy physiological condition, afferent feedback from long-latency reflex activity is facilitated by supraspinal
drive and becomes significantly involved in leg muscle activation to adapt the locomotor pattern to the ground conditions. la afferent-mediated inputs are inhibited.
Right: after a spinal or supraspinal lesion, the functionally essential activity of long-latency reflexes is impaired owing to the loss of supraspinal input.

Reprinted from Lancet Neurol, 6, Dietz V, Sinkjaer T, Spastic movement disorder: impaired reflex function and altered muscle mechanics, 725-733 © 2007, with permission from Elsevier.
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suppress stretch reflex excitability during the swing phase of gait
might contribute to impaired walking [89-95].

Duringwalking in healthy subjects, the H- reflexand short-latency
stretch reflex (both mediated by group Ia afferents) in leg muscles
become modulated in a specific way [90, 91]. In subjects suffering
spastic paresis, this physiological reflex modulation is impaired [91-
95]. Also, the modulation of cutaneous reflexes is reduced during
gait [93]. Furthermore, the quadriceps-tendon jerk-reflex depres-
sion, which is present in healthy people, is absent in patients with
spinal lesions and is associated with a loss of modulation during
the step cycle [91]. In general there are no qualitative differences in
reflex behaviour between spasticity of cerebral origin and that of
spinal origin [91], although direct comparisons are rare.

During perturbations of gait in people with stroke (e.g. short
acceleration impulses of the treadmill during the stance phase of
stepping) in the unaffected leg, short-latency stretch reflex com-
ponents are followed by large compensatory long-latency reflexes
in leg extensor [89, 96, 97] and dorsiflexor muscles [98]. By con-
trast, in the spastic leg, short-latency reflexes are isolated with-
out the presence of a significant long-latency EMG component
[77, 99]. The consequence is reduced adaptation of muscle activity
to the ground conditions [86], which, together with the reduced
capacity to modulate reflex activity over the normal range, might
contribute to the spastic movement disorder [96, 100].

Reflex behaviour in the active
muscle: controlled conditions

The observations made during locomotion are in agreement
with the results obtained when the voluntarily activated muscle
becomes investigated in well-controlled lab conditions. Studies
that apply joint displacements in voluntarily activated limb mus-
cles show similar results as during functional movements and,
therefore, differ from those obtained in the passive muscle. These
studies show a uniform pattern of compensatory electromyo-
graphic responses in arm and leg muscles to the displacements.
When background EMG levels are matched to normal levels in
patients with spasticity, little evidence exists for exaggerated reflex
activity [65, 100-102]. In unaffected muscles, the short-latency
reflex is followed by longer latencies reflexes [78, 88]. In spasti-
city of spinal and cerebral origin this long-latency reflex activ-
ity is reduced or absent in arm and leg muscles [58, 66, 103].
Nevertheless, the automatic resistance to the joint displacement is
of similar amplitude on the affected and unaffected sides.

During muscle contractions of healthy people, some inhibi-
tory mechanisms on reflexes are removed [14]. By contrast, in
spasticity, presynaptic inhibition, postactivation depression, and
reciprocal inhibition do not further decrease during contraction
Figure 9.2). Therefore, short-latency stretch reflexes in patients
with spasticity differ less in size between the relaxed (clinical) and
active (functional) conditions compared with those in healthy
subjects [14, 58]. These short-latency reflexes are prominent but
not functional and they show no task-dependent modulation in
the spastic paretic condition as seen in healthy subjects. During
isotonic leg muscle contractions, modulation and inhibition of Ib
afferents (innervating the force-sensitive Golgi tendon organs) is
reduced [104] and some co-contraction of antagonistic arm mus-
cles can occur [105, 106].

In conclusion, there is similar reflex behaviour during displace-
ments applied to activated limb muscles in both non-functional

and functional conditions. These findings might result from
impaired use of afferent input by spinal neuronal circuits after cen-
tral lesions. In spastic limb muscles, stretch evoked EMG-activity
and the resulting torque is near normal in the active condition
but is increased in the passive (i.e. clinical) condition. Spastic sub-
jects have difficulties to switch off limb muscle/reflex activity in a
passive condition [66]. Thus, modulation of stretch-reflex-induced
EMG-activity is restricted to a smaller range between passive and
active conditions compared to healthy subjects.

Tension development

Muscle tone, as defined clinically, cannot be examined during
movement. However, tension development at the Achilles tendon,
resulting from a combination of muscle stiffness and EMG activity,
can be recorded during locomotion. Tension development differs
between the affected and unaffected legs in patients with spastic
hemiparesis [77]. On the unaffected side, changes in tension at the
Achilles tendon parallel the amplitude of triceps surae electromyo-
graphic activity. On the spastic side, the tension development is
associated with a stretching of the triceps surae during the stance
phase of gait. During this period, the leg extensor muscles are ton-
ically activated with low electromyographic amplitude [77]. This
is interpreted as tension development on a simpler level of organ-
ization on the spastic side due to changes in mechanical properties
of the leg extensor muscles [15]. The possible mechanisms under-
lying these changes have been previously outlined. Thus, second-
ary to a spinal/cerebral lesion, there is a major alteration in motor
unit properties [107] and in the normal muscle-joint relationships
[69, 108, 109] that allow for support of the body during stepping
movements.

In subjects suffering a spinal damage at the caudal level, the
flaccid leg muscle paresis does usually not allow to perform step-
ping without prostheses to stabilize knee and ankle joints. With
regard to this aspect, spastic muscle tone is beneficial to regain the
capacity to support the body and to perform stepping movements.

Cerebral versus spinal spasticity

In this review, mechanisms of spasticity of cerebral and spinal
origin are discussed. Although spasticity due to spinal or cer-
ebral lesions has rarely been compared, no qualitative difference
in the clinical appearance seems to exist. This is also true for the
contribution of spasticity to the movement disorder in cerebral
palsy [110]. A recent study [111] suggests failure of normal devel-
opment of central drive to ankle dorsiflexors relates to gait defi-
cits in children with cerebral palsy. These differences between
the least and most affected tibialis anterior muscles were unre-
lated to differences in the magnitude of EMG in the two muscles
but positively correlated with ankle dorsiflexion velocity and
joint angle during gait,

Alterations between the different forms of spasticity existed, for
example, in the degree of presynaptic inhibition which is greater
in spinal cord injured subjects [28], are not reflected in any clinical
or functional difference. Nevertheless, there are some quantita-
tive differences in the clinical manifestation of spinal and cerebral
spasticity. First, compared to a spinal lesion, complete plegia of a
limb rarely occurs in stroke patients and, second, the recovery of
function is usually stronger in cerebral compared to spinal lesions.
Consequently also, spastic signs, which are related to the degree
of paresis, are usually less pronounced in cerebral compared to
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Fig. 9.2 Short-latency reflex behaviour in passive and active muscle. In healthy people, the stretch reflex activity is low at rest (A), which is explained by low excitability
of spinal motor neurons, low muscle-spindle sensitivity, low discharge rate of la afferents, and pronounced presynaptic inhibition (Ib and la afferent discharge increase,
whereas presynaptic inhibition (Ib inhibition and la inhibition) decreases. stretch reflex activity is consequently high. In spasticity, presynaptic Ib and la inhibition is already
decreased at rest (C) and stretch reflex activity is high already. During voluntary contraction (D) there is little change in these parameters and the stretch reflex activity is
not very different from that at rest. The arrows designate whether the mechanism is decreased or increased during contraction compared with rest.

Nielsen J, Petersen N, Crone C, Sinkjaer T, Stretch reflex regulation in healthy subjects and patients with spasticity, Neuromodulation, John Wiley & Sons © 2005.

spinal lesions. This is suggested to be due to the fact that in a uni-
lateral brain damage some non-crossing corticospinal tract fibres
supply the affected side.

Conclusion

Studies on spastic movement disorder provide evidence that the cen-
tral pattern of leg muscle activation is largely preserved after a central
lesion and the clinically dominant hyperreflexia play a minor role in
leg muscle activation during gait. Attenuated integration of afferent
feedback and a reduction of supraspinal drive lead to a tonic mode
of leg muscle activity with a small EMG amplitude with the conse-
quence of hampered walking. Secondary to a central lesion, changes
in muscle, ligament, and tendon properties occur that compensate
at part for the loss of supraspinal drive. The obvious consequence
is the regulation of muscle tone on a simpler level (Figure 9.3). This
behaviour of the spastic muscle allows for the support of the
body during walking. This is also reflected in the fact that the level
of spastic tone depends on the severity of paresis [112]. Therefore,
such changes should be considered as adaptive to a primary disorder.

They may even be viewed as optimum for a given state of the system
of movement production [113]. Knowledge about the nature of the
changes in muscle mechanics is still rudimentary.

Therapeutic consequences

Any treatment of spasticity should focus on the movement dis-
order of individual patients. The physical signs obtained during
the clinical examination such as exaggerated tendon tap reflexes
are little related to the functional condition, as natural movements
involve reflex mechanisms that are not assessed by the clinical
examination (Figure 9.3). Impaired walking is mainly caused
by disabling paresis and impaired use of afferent input by spinal
neuronal circuits [114] and not by spastic muscle tone [69]. As a
result, antispastic medications that are directed to reduce clinical
signs of spasticity, such as exaggerated reflexes and muscle tone,
do not improve movement disorder [115-119]. Medication can
even increase weakness [117, 120, 121], which might interfere with
functional movements, such as walking.
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Reprinted from Lancet Neurol, 6, Dietz V, Sinkjaer T, Spastic movement disorder: impaired reflex function and altered muscle mechanics, 725-733 © 2007, with permission from Elsevier.

Similarly, Botulinum toxin type A is assumed to frequently
result in a cosmetic effect on spastic signs without functional
improvement [121, 122], although this toxin might reduce the
dominance of forearm flexor muscle tone, which can impede
grasp movements [123, 124]. Also, intrathecal baclofen is reported
to reduce hyperactive reflexes without producing significant
weakness [125-127].

In conclusion, therapeutic interventions in patients with spastic
paresis due to an incomplete SCI or stroke should consist pri-
marily in physiotherapy. It should be focused on the training,
relearning and activation of residual motor function [128, 129].
A focus of rehabilitation concerns the locomotor training of
spastic para- and hemiparetic subjects [13, 130]. Such a training
can be adapted in duration and intensity to the individual needs
by robotic devices [131]. In addition, secondary complications,
such as muscle contractures can be prevented by functional
training [132].

Antispastic drug therapy might predominantly of benefit in
non-ambulatory patients by reducing muscle tone and relieving
muscle spasms [133], which might in turn improve nursing care
for these patients.

Specific treatment approaches

Practical management

Pharmacological management of spasticity is usually focused on
the reduction of reflex activity and muscle tone under clinical
conditions. In fact, only a few reports exist about the effects of
antispastic drugs on functional movement (see [15]). These usu-
ally fail to show any significant improvement in function. Similar
conclusions can be drawn for other non-drug treatments of spas-
ticity. Adequately controlled trials have rarely been performed,
and some studies were empirically, not objectively, conducted (see

[12]). For an overview of methods for treating spasticity, see the
reviews: [12, 134].

Non-specific procedures

Painful flexor spasms and increased muscle tone frequently result
from an increase in cutaneous reflex activity induced by noxious
or potentially painful afferent activity such as is associated with
infections of the urinary tract, other infections combined with
fever, and skin ulcerations, as well as by clothes irritating the skin.
Consequently, worsening of spastic symptoms can frequently be
alleviated by appropriate treatment of bladder function and skin care
in paraplegic patients, as well as by early detection and management
of the responsible factors (e.g. appropriate shoes or clothes) [12].

Physiotherapy

Physiotherapy represents a most definitive mode of treatment for
mobile and non-ambulatory spastic patients, although this state-
ment is not based on hard data. Active and passive manipulative
forms of physiotherapeutic treatment are of importance for both
groups of patients. On the one hand, in non-ambulatory patients
residual motor functions can be improved by training. On the other
hand, contractures of muscles and joints that are difficult to treat
when established can be prevented at an early stage by frequent
muscle stretching. Exercise therapy should be directed toward
defined functions for which training is specifically indicated and
required for daily living tasks. Benefits have been shown to depend
on the intensity of rehabilitative training [135, 136].

Based on divergent empirical evidence, different physiothera-
peutic procedures are being applied. Proprioceptive neuromus-
cular facilitation (PNF) and myofeedback techniques are believed
to activate reflexively spinal neuronal circuits. The techniques of
Bobath and Vojta are primarily used to treat children with cere-
bral palsy [88]. Stereotyped movements become activated by such
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stimulation techniques when they are applied to specific dermato-
mes and joints. The Vojta method tries to activate complex move-
ments that are believed to be programmed in the central nervous
system. In contrast, the Bobath method tries to inhibit spastic
symptoms in flexor muscles of the upper extremity and extensors
of the lower limbs.

All these physiotherapeutic techniques are directed to achieve
the following goals: (1) to avoid secondary complications (i.e.
pneumonia, skin ulcerations, and deep vein thrombosis); (2) to
prevent and treat muscle contractures; (3) to reduce muscle
hypertonia; (4) to train posture and automatically performed
movements by the induction of voluntarily initiated and con-
trolled complex movements; (5) to learn and train coordinated
movements by the involvement of tactile, auditory, vestibular, and
visual cues; and (6) to apply appropriate supportive aids, such as
rollator, wheelchair, crutches, orthoses, and technical equipment
(e.g. special shoes).

Each of these techniques is based on empirical observations and
not well funded theories. Controlled studies documenting posi-
tive effects of the treatment exist for none of them. Therefore, it
is not yet possible to perform an appropriate evaluation and to
arrive at a recommendation based on the objective superiority of
one of these techniques compared with another in the treatment
of a given spastic patient.

Nevertheless, physiotherapy must be part of a multidisciplinary
integrated approach to patients. It also includes occupational ther-
apy and nursing assistance. These all are means to achieve greater
mobility and, as far as possible, independence for the patient.

Locomotor training

The locomotor training can improve both spasticity and locomo-
tor function. It is based on observations made in cats with com-
plete spinal lesions [137]. Such animal experiments have shown
that repetitive afferent input is essential for such a motor learning
task [138].

Interactive locomotor training is performed on a treadmill
with various percentages of the subjects’ body weight (about
30-70%) mechanically supported by an overhead harness using a
strain-gauge transducer. In such a condition rudimentary coordi-
nated stepping movements associated with a proper muscle acti-
vation can be facilitated. In severely affected people with stroke
or SCI this training is associated with a great expenditure—two
physiotherapists are required to assist leg movements. Recent
developments of driven gait orthoses can compensate for this
drawback (e.g. [131, 139]).

During the course of training, a progressively ‘normal’ loco-
motor EMG pattern with stronger leg muscle activation is devel-
oped: that is patients can take over more body weight [140, 141].
Reduction of spastic symptoms and improvement of locomotor
function by such an activation of spinal locomotor centres is also
influenced by the repetitive elements of the training approach.
Also upper limb spasticity can be reduced and function be
improved by active training approaches [142]. In line with this,
functional training combined with electrical muscle stimulation
can improve function in upper [143] and lower [144] limbs, asso-
ciated with a reduction in muscle tone. Even severely impaired
chronic incomplete paraplegic patients, this training can success-
fully be applied [13, 130, 145-147]. It should be considered, how-
ever, that the effect of body weight supported treadmill training

in walking rehabilitation of post-stroke patients have been incon-
clusive. Some studies favour body weight supported treadmill
training to other forms of walking rehabilitation such as conven-
tional physiotherapy and over ground walking exercise, whereas
others have found there to be little difference [147]. At present,
evidence suggests that body weight supported treadmill training
is equally effective but not a superior method of rehabilitation
when compared to other means of walking therapy [148]. This
is not surprising, as any form of functional training should be
expected to improve locomotor ability in people with stroke and
SCI [149]. An overground walking therapy, however, in severely
affected patients requires the assistance of two physiothera-
pists and therefore limits training time. In less severely affected
patients it should be recognized that body weight supported
treadmill training is a good supplement to over ground walking
rehabilitation for enabling a higher intensity of task-orientated
training [147].

Drug therapy of spasticity

The presumed actions of the best established antispastic drugs are
illustrated in Figure 9.4. As a rule, the use of only one substance of
these substances at a time is recommended, at least to begin with.
There are patients who do best with modest doses of two medica-
tions that have different target of action (baclofen and tizanidine,
for example), so combination of drugs may eventually be neces-
sary. Because relief of spasms and muscle hypertonia may only
be achieved at the cost of reduced muscle power, doses should be
kept to minimum, especially in mobile patients. In addition, drug
therapy should always be combined with physiotherapy. Almost
all antispastic drugs may induce side effects, often consisting of
drowsiness and nausea (see [12]).

Best antispastic effects are reported for baclofen, tizanidine, and
benzodiazepines (e.g. clonazepam). Therefore, these are the drugs
of first choice for spastic patients. They are more effective in spas-
ticity of spinal than of cerebral origin such as with multiple scle-
rosis and traumatic or neoplastic spinal cord lesions ([134, 150]).
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Fig. 9.4 Presumed site of action of drugs with antispastic effects.

(1) Clonazepam/diazepam facilitate GABA-A mediated presynaptic inhibition;

(2) baclofen inhibits activity of polysynaptic reflexes by GABA-B-receptor
activation; (3) tizanidine acts on alpha,-adrenergic receptors; (4) dantrolene reduces
the sensitivity of peripheral intra-muscular receptors and reduces release of calcium
ions from the sarcoplasmic reticulum, which thus weakens muscle contraction.
Reprinted from Neurological Disorders Course and Treatment (Second Edition), Dietz V,

Young R, The Syndrome of Spastic Paresis, 1247-1257, Copyright (2003), with permission from
Elsevier.
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Baclofen acts as a gamma-aminobutyric acid (GABA)-B ago-
nist on a spinal level presynaptically and (less) postsynaptically.
Monosynaptic stretch reflexes are depressed more effectively than
polysynaptic reflexes. Baclofen can alleviate spasms and muscle
hypertonia, especially in non-ambulatory patients with spastic-
ity [151, 152]. A long-term side-effect of baclofen concerns the
mechanical properties of motor units: that is a reduced force
development and an increased fatiguability [153].

Gabapentin, a GABA-related drug, is effective particularly
for the treatment of painful muscle spasms [154]. Tizanidine is
an imidazoline derivative closely related to clonidine. Both are
thought to act on alpha-2-adrenergic receptors, especially in spas-
ticity of supraspinal origin. It is suggested that these substances
reduce the activity of polysynaptic reflexes, in ways similar to the
action of baclofen [116, 119].

Clonidine and tizanidine also have effects on spinal cord neural
curcuits that are generally inhibitory.In part at least, they reduce
the release of glutamate. Clonidine and presumably also tizani-
dine produce marked inhibition of spinal reflex responses in alpha
motoneurons to group Il activity in the spinal cat [155]. Tizanidine
also results in non-opiate analgesia by action on alpha-2-receptors
in the spinal dorsal horn, which inhibit release of substance P. This
is assumed to diminish flexor reflex afferent (FRA)-mediated
actions with the consequence that clonidine reduces the frequency
and severity of spasms particularly in patients with spinal cord
injury [25].

Benzodiazepines (e.g. clonazepam) amplify the inhibitory
action of GABA-A at presynaptic and postsynaptic levels and
thereby, excitatory actions become dampened with a negative
rebound. It is believed that increasing presynaptic inhibition
of afferent fibres in the spinal cord of patients with spasticity
should reduce the release of excitatory transmitters from afferent
fibres and, consequently, reduce the gain of spinal stretch- and
flexor-reflexes. One can assume that these compounds act directly
within the spinal cord [156]. For diazepam, serious side effects
such as development of tolerance, dependency, and drowsiness
are reported [134].

Small doses (5 mg) of cannabinoids have already been reported
to be beneficial for the mobility of patients suffering multiple scle-
rosis without having an effect on spastic muscle tone assessed by
the Ashworth test [157].

Intrathecal infusion of baclofen

In immobilized patients with severe spastic symptoms, oral anti-
spastic drugs are frequently not well tolerated in the long term
because of their adverse effects. In these cases intrathecal baclofen
application can efficiently reduce painful symptoms and has toler-
able side effects [158-161].

The intrathecal dose is minute (100-400 ug/day), but the
antispastic effects, especially on muscle tone and spasms, are
powerful. In non-ambulatory patients severe spasticity can be
transformed into flaccid paresis, which usually makes nurs-
ing easier. During the first month, some tolerance develops,
which often makes an increase in dosage necessary [162]. In
patients with severe spasticity caused by lesions at any level
of the CNS, but most frequently in non-ambulatory patients
with (in-) complete SCI at a thoracic level, continuous intrath-
ecal baclofen infusion is a safe and effective adjunct to physi-
cal therapy [163]. After termination of chronic treatment with

intrathecal baclofen, lasting reduction in spasticity has been
reported [164].

The main side effects of intrathecal baclofen consist of drow-
siness and somnolence, perhaps associated with depression of
respiration. These side effects are usually due to an overdose of
baclofen reaching the lower brainstem. The catheter system must
eventually be repaired; its failure is the main cause of interruption
of drug delivery [165].

Local antispastic therapy

For the treatment of circumscribed muscle hypertonia, local
injection of botulinum toxin, which acts to reduce release of
acetylcholine from motor nerve endings, has become an estab-
lished therapy [166, 167]. Its application is commonly based on
electromyographic recordings made during muscle contractions.
Injections of botulinum toxin A reduce moderate spasticity (for
review see [168-170]) and especially focal spasticity (e.g. domi-
nance of forearm flexor tone [171]) by the reversible induction
of peripheral paresis (chemical denervation). This usually lasts
3 to 5 months [122]. The combination of botulinum toxin type
A with constraint movement therapy has a beneficial effect on
upper limb function and spasticty [172]. It also represents a tech-
nique for the improvement of bladder function in patients with
incomplete voiding caused by hypertonia of the sphincter exter-
nus muscle [173].

Less established treatments

There is a long history of neurosurgical alleviation of spasticity,
specifically concerning localized treatment of spastic symptoms
by interruption of the peripheral reflex arc. Selective dorsal rhizot-
omy [174, 175] or dorsal longitudinal myelotomy [176] was applied
in children with spasticity. These procedures reduce afferent
input that is assumed to be responsible for increased muscle tone.
Abnormal movement patterns, however, persist although spastic
muscle tone is somewhat reduced [177-179]). Consequently some
clinical signs become improved, while impairment of functional
movements is little changed [122].

Similarly, infiltration of ventral roots or muscle nerves by phe-
nol or alcohol can transform a spastic into a flaccid paresis [180].
These treatments are rarely used (most frequently in complete
SCI), because spasticity usually reappears after some months and
unwelcome sequels, such as skin ulcerations caused by sensory
loss in the corresponding dermatomes, are not uncommon.

Beneficial effects on spasticity are also reported with functional
electrical stimulation (FES) [181, 182] and by transcutaneous elec-
trical stimulation of muscles [183]. A combined use of intensive vol-
untary exercise and electrical stimulation of spastic arm muscles
can have a beneficial effect on arm function in post-stroke hemiple-
gic patients [184]. Also repetitive transcranical magnetic stimula-
tion was reported to ameliorate spasticity [128]. For most patients
with moderate spasticity such a treatment is too awkward to be used
regularly and negative results have also been reported [185].

Conclusion

This chapter describes the differential roles of limb muscle acti-
vation and reflex function in the passive, clinical condition and
during functional movements after a stroke, multiple sclerosis
or SCI. According to actual research studies, the assessment of
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exaggerated tendon reflexes is important for the clinical diagnosis
but has a minor impact in spastic movement disorder. Following
a CNS lesion, changes in mechanical muscle fibre properties lead
to a regulation of muscle tone on a simpler level of organization.
Thus, during functional movements, spastic muscle tone com-
pensates for the loss of supraspinal neuronal drive. Therefore, in
ambulatory people with a CNS damage, antispastic drugs should
be kept to a minimum as they can accentuate paresis. Further
studies are needed to understand the details of the intracellular
and extracellular modifications of skeletal muscle that occur sec-
ondary to a spinal or supraspinal lesion. This might help in the
development of novel therapeutic interventions to improve anti-
spastic treatments in patients with overshooting spasticity.
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CHAPTER 10

Autonomic nervous
system dysfunction

Angela Gall and Mike Craggs

Introduction

The autonomic nervous system (ANS) regulates, adjusts, and
coordinates visceral functions of the body. An understanding of
its normal functions and pathophysiology is essential to improve
diagnosis, investigation, and management in autonomic neurore-
habilitation [1].

The ANS, which is divided into the sympathetic and para-
sympathetic systems, is primarily an efferent system. It receives
its afferent input from many visceral afferent neurons, some-
times interacting with somatic reflexes. The ANS has both cen-
tral nervous system (CNS) and peripheral nervous system (PNS)
components. The outflow of both the sympathetic and the para-
sympathetic nervous system follows a two-neuron pathway, which
consists of a preganglionic neuron located within the CNS and
a postganglionic neuron located outside the CNS. Sympathetic
fibres leave the CNS at the thoracolumbar level, and the para-
sympathetic fibres leave at the craniosacral level. In general, the
sympathetic and parasympathetic nervous systems have opposing
effects on visceral function. The hypothalamus serves as the major
control centre for most ANS functions; local reflex circuits that
interrelate visceral afferent and autonomic efferent activity are an
integrated control system in the spinal cord and brainstem.

It is the sympathetic division of the ANS, which is primarily
activated in response to stressors such as exercise, temperature
fluctuations, low blood glucose, and other environmental chal-
lenges. The sympathetic nervous system is critical for maintaining
blood pressure as we move from the horizontal to the vertical and
for this control it is an automatic reflex that constricts the blood
vessels in the legs and abdomen to prevent blood rushing from
our head to pool in these regions. During exercise, sympathetic
activity increases the frequency and strength of heartbeats whilst
also controlling sweating and blood flow to the skin to maintain a
physiologically appropriate body temperature. Sympathetic influ-
ences also help to maintain continence.

The parasympathetic division provides an important counter-
balance, or opposition, to sympathetic activity in many organs of
the body, for example by slowing the heart during sleep, emptying
the bladder and bowel, and constricting the pupils. However, there
are some end organs, for example peripheral blood vessels, which
have only a sympathetic supply.

It is not surprising, knowing the extent of ANS control of the
visceral organs, that problems can arise both globally and region-
ally, and show up in many different ways. For example, lesions in

the hypothalamus, spinal cord, or the sympathetic nerves control-
ling sweat glands could seriously impair perspiration leading to
poor temperature control; likewise diseases or trauma in the brain
stem, spinal cord, or parasympathetic nerves could lead to urinary
retention and erectile dysfunction in men.

Interestingly, autonomic failure is often associated with the
side effects of drugs being taken for treating other disorders, par-
ticularly those pharmacological agents that interfere with normal
chemical neurotransmission within autonomic pathways. So, for
example, treating recumbent hypertension in the elderly using
antihypertensive drugs, which interfere with adrenergic mecha-
nisms in the sympathetic nervous system, may result in more
serious complications of hypotension and dizziness when the
person stands up. Another common example is the experience of
dry-mouth and urinary retention associated with antidepressant
medication.

In the context of understanding ANS dysfunction for advancing
neurorehabilitation practice, this chapter aims to deliver the fol-
lowing aspects: an overview of autonomic functions, their central
control and pathophysiology; a review of the most important and
specific autonomic system disorders, their causes, management
and assessment; and finally, future directions for neurorehabilita-
tion following autonomic failure.

Peripheral autonomic function
and its central control

The peripheral ANS, comprising sympathetic and parasympa-
thetic neural pathways, is primarily an efferent system innervating
smooth muscle of the target visceral end organs to provide specific
functions (Figure 10.1). Most organs are supplied by both of these
pathways that are said to have opposing efferent and regulatory
controls such as dilating or constricting the pupils or accelerating
or slowing heart rate, in each case by sympathetic or parasym-
pathetic activity, respectively. However, there are four end organs
that have only sympathetic supply: these are peripheral blood ves-
sels, sweat glands, apocrine glands, and the erector pili muscles,
one exception to this being the cavernosus tissue in the penis and
clitoris, which have both sympathetic and parasympathetic fibres.

Autonomic efferent pathways

Preganglionic pathways of autonomic peripheral efferent systems
have their origins in either the midbrain, the brainstem or spinal
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Fig. 10.1 Autonomic innervation and functional effects on visceral organs.

cord. The sympathetic division has its peripheral origins at the level
of the thoracolumbar spinal cord whereas the parasympathetic
division has two origins, one in the cranial nerves of the brain-
stem and the other in the sacral spinal cord. For both divisions
those preganglionic nerves originating in the spinal cord have
their cell bodies in the intermediolateral part of the grey matter.
Postganglionic pathways of both divisions originate in peripheral
ganglia, but whereas parasympathetic ganglia are always located
at or close to the effector organs, those of the sympathetic path-
ways synapse mainly in the paravertebral sympathetic chain of
ganglia or one of four more peripheral ganglia, superior cervical,
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coeliac, superior mesenteric, or inferior mesenteric (Figure 10.2).
This description is overly simplistic as it does not reflect the exten-
sive neuronal convergence and divergence characteristic of the
ANS. That is, each postganglionic cell receives information from
multiple preganglionic cells and each preganglionic cell commu-
nicates with multiple postganglionic cells. Futhermore, nerves
from individual spinal segments can have widespread effects on
multiple organs.

Both sympathetic and parasympathetic preganganglionic
nerves have a common neurotransmitter, acetylcholine, which
acts via nicotinic receptors (i.e. not blocked by atropine.) It is the
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Fig. 10.2 Pre- and postganglionic peripheral efferent autonomic pathways. (A) Parasympathetic (B) Sympathetic.
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postganglionic neurons through their specific neurotransmit-
ters, noradrenaline for sympathetic pathways and acetylcholine
(via muscarinic receptors of which there are a number of differ-
ent types, e.g M2, M3, M4) for parasympathetic pathways, which
determines the final functional effects on the different effector
organs. Although norepinephrine (noradrenaline) is the principal
neurotransmitter for postganglionic sympathetic nerves there are
a few exceptions where there is cholinergic neurotransmission (for
example sudomotor nerves, vasodilator nerves of skeletal mus-
cle, and the adrenal medulla.) Interestingly, the adrenal medulla
secretes both norepinephrine (noradrenaline) and epineph-
rine (adrenaline), which respectively mediate vasoconstriction
through actions on a; (postsynaptic) or a, (presynaptic) adreno-
ceptors. In the case of skeletal muscle vasodilatation is effected
through {3, adrenoceptors. It should also be mentioned here that
both the rate and force of heart contractions is mediated through
B, adrenoceptors.

Interestingly, it is at both the ganglia and end organ sites
that many therapeutic exogenous pharmacological agents act
(Figure 10.3) and can alter autonomic function [2], but in
some cases these can unintendedly compromise function in
non-targeted pathways.

It is also interesting to note that the concept of simple antago-
nism between catecholominergic (noradrenergic) and cholinergic
neurotransmission is now believed to be simplistic. For exam-
ple, it is known from recent histochemistry, unlike the originally
proposed principle by Dale of one neurotransmitter for one syn-
apse [3], that sympathetic ganglia have nearly 50% acetylcholine
containing neurons in which non-adrenergic non-cholinergic
(NANC) purinergic neurotransmission is now accepted [4].
Evidence for this can be seen in some ganglion cells, such as those
in the posterior root ganglia, where there can be as many as ten
neuropeptides acting as neurotransmitters at the same synapse
[5]. However, we still know little about the full purpose of such

multitransmitter actions. Finally, and as a further complication,
studies have shown that presynaptic cholinergic receptors may
affect noradrenergic sympathetic neurotransmission and this
influence could indirectly neuromodulate the effects of acetylcho-
line to produce both inhibitory and excitatory phenomena in the
same ganglion [6].

Autonomic afferent pathways, somatic
interaction, and spinal reflexes

Autonomic afferents carry deep, and often poorly localizable, sen-
sations like pain. Since they provide pain sensation for the viscera,
or internal organs, they are also called visceral afferents. The affer-
ent pathways of autonomic reflexes can originate in individual
organs but ordinarily they can have their origins anywhere, so that
direct reflex interactions can take place between different organs
(for example, the urinary bladder and bowel) [7]. Also, somatic
and autonomic afferent pathways can interact (Table 10.1) at the
segmental level to give necessary coordinated effects on the one
hand or unusual referred sensations on the other. Coordinated
effects, for example, are particularly important for proper func-
tion of the lower urinary tract whereby if the bladder and the stri-
ated urethral sphincter are not coordinated (detrusor-sphincter
dyssynergia) then continence and efficient emptying can be seri-
ously compromised, as in the neurogenic bladder [8].

Another common example of interaction between somatic and
visceral afferents is in referred pain, where for example, a myo-
cardial infarction can manifest itself as pain in the shoulder and
down the left arm. Such a phenomenon gives support for the ‘con-
vergence-projection’ theory of referred visceral pain where these
converging viscerosomatic pathways in the spinal cord, medi-
ated via long supraspinal loops, including the spinoreticular and
spinothalamic tracts, to elicit appropriate CNS sensory and motor
responses [9].
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Table 10.1 Peripheral autonomic and somatic reflex interactions

Organ or system

Sympathetic
nervous system

Parasympathetic nervous
system

Somatic system

Heart T1-T5

Vagus nerve (Cranial X) None

Blood vessels

In salivary & gastro-intestinal

Upper body T1-T5 glands (Cranial X) None

Lower body T5-L2 In genital erectile tissue None
Bronchopulmonary T1-T5 Vagus nerve (Cranial X) C3-C8T1-T12
Sweat glands T1-L2 None None
Lower urinary tract

Bladder detrusor muscle T10-L1 S2-S4 None

Bladder neck, proximal urethra T10-L2 S2-547 None

External (striated) urethral sphincter (+smooth muscle?) T10-L2? None S2-S4
Gastrointestinal tract

Oesophagus to splenic flexure T1-L2 Vagus nerve (Cranial X) None

Splenic flexure to internal anal sphincter T1-L2 S2-54 None

External (striated) anal sphincter (+smooth muscle?) T10-12 S2-S4 S2-S4
Genitals

Penis and testicles T10-L2 S2-S4 None

Vagina and uterus T10-L2 S2-54 None

Central control of autonomic function

It is said that the ‘highest’ level of integration for autonomic
function resides in the hypothalamus although it is very much
under the influence of the cerebral cortex and relies on extrahy-
pothalamic structures, such as the ‘limbic system, essential to
its operation [10]. The hypothalamus takes a central role in pro-
cessing those aspects of sensory input important for instinctive
drives such as hunger, thirst, and sexual needs. In other words, the
hypothalamus functions to determine the choice of behaviours,
based on sensory information from a changing environment, and
to maintain homeostasis. A good example of such functions con-
cerns temperature regulation, by the redistribution of blood in
the circulation, to maintain a constant core temperature through
peripheral dilatation in the presence of stressful environmental
temperature changes.

Local reflex circuits that interrelate visceral afferent and auto-
nomic efferent activity are integrated into a hierarchic control
system in the spinal cord and brain stem. Progressively greater
complexity in the responses and greater precision in their con-
trol occur at each higher level of the nervous system. As men-
tioned earlier, most visceral reflexes contain contributions from
the lower motoneurons that innervate skeletal muscles as part of
their response patterns. The distinction between purely visceral
and somatic reflex hierarchies becomes less and less meaning-
ful at the higher levels of hierarchic control and behavioural
integration.

For most autonomic-mediated functions, the hypothalamus
serves as the major control centre. The hypothalamus, which

has connections with the cerebral cortex, limbic system, and
pituitary gland, is in a prime position to receive, integrate, and
transmit information to other areas of the nervous system. The
neurons concerned with thermoregulation, thirst, and feed-
ing behaviours are found in the hypothalamus. The hypothal-
amus is also the site for integrating neuroendocrine function.
Hypothalamic releasing and inhibiting hormones control the
secretion of anterior pituitary hormones (thyroid-stimulating
hormone, adrenocorticotropic hormone, growth hormone, lute-
inizing hormone, follicle-stimulating hormone, and prolactin).
The supraoptic nuclei of the hypothalamus are involved in water
metabolism through synthesis of antidiuretic hormone (ADH)
and its release from the posterior pituitary gland. Oxytocin,
which causes contraction of the pregnant uterus and milk
let-down during breastfeeding, is synthesized in the hypothala-
mus and released from the posterior pituitary gland in a manner
similar to that of ADH.

The organization of many life-support reflexes occurs in the
reticular formation of the medulla and pons. These areas of reflex
circuitry, often called centres, produce complex combinations of
autonomic and somatic efferent functions required for the respira-
tion, gag, cough, sneeze, swallow, and vomit reflexes, as well as the
more purely autonomic control of the cardiovascular system. At
the hypothalamiclevel, these reflexes are integrated into more gen-
eral response patterns, such as rage, defensive behaviour, eating,
drinking, voiding, and sexual function. Forebrain, and especially
limbic system control of these behaviours, involves inhibiting or
facilitating release of the response patterns according to social
pressures during general emotion-provoking situations.



Reflex adjustments of cardiovascular and respiratory function
occur at the level of the brainstem. A prominent example is the
carotid sinus baroreflex. Increased blood pressure in the carotid
sinus increases the discharge from afferent fibres that travel by
way of the ninth cranial nerve to cardiovascular centres in the
brainstem. These centres increase the activity of descending effer-
ent vagal fibres that slow heart rate, while inhibiting sympathetic
fibres that increase heart rate and blood vessel tone. One of the
striking features of ANS function is the rapidity and intensity
with which it can change visceral function. Within 3 to 5 seconds,
it can increase heart rate to about twice its resting level. Bronchial
smooth muscle tone is largely controlled by way of parasympa-
thetic fibres carried in the vagus nerve. These nerves produce mild
to moderate constriction of the bronchioles.

Important ANS reflexes are located at the level of the spinal
cord. As with other spinal reflexes, these reflexes are modulated

CHAPTER 10 AUTONOMIC NERVOUS SYSTEM DYSFUNCTION

by input from higher centres (Figure 10.4). When there is loss
of communication between the higher centres and the spinal
reflexes, as occurs in spinal cord injury, these reflexes function in
an unregulated manner. There is uncontrolled sweating, vasomo-
tor instability, and reflex bowel and bladder function.

Much of our more recent knowledge of autonomic control has
been achieved through the use of functional imaging of the brain
in both healthy individuals and people with a variety of disorders
[11]. Although complementary anatomical and neurophysiologi-
cal studies in both animals and humans continue to be essen-
tial for investigating the finer mechanisms of autonomic control
we can expect that with improved resolution of brain and spi-
nal cord imaging our insight into functional changes associated
with disease and trauma will greatly assist our understanding of
mechanisms, improve our diagnostics, and hence lead to better
treatment and management of autonomic failures.
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Fig. 10.4 Central control of autonomic function.
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Exemplars of specific autonomic functions
and failures

Control of normal cardiovascular function

The cardiovascular system (CVS) has a pivotal role in homeosta-
sis, controlling blood flow to specific vascular beds, depending on
metabolic need. It is the control of blood flow that is most impor-
tant, arterial pressure being simply a means to drive flow [12].
Adequate perfusion of organs is controlled by the CNS through
a combination of both cardiac output and arterial vascular resist-
ance to meet the demands of the CVS accompanying different
behavioural states such as sleep, digestion, exercise, and emo-
tional responses.

Circulation to the brain, spinal cord, and other vital centres is
largely controlled by autonomically mediated circulatory reflexes
that match pressure and flow to the needs of the individual tis-
sue beds (Figure 10.5). When going from the supine to the stand-
ing position, for example, cerebral blood flow is protected by the

baroreceptor reflex. This reflex incorporates pressure-sensitive
receptors in the carotid sinus and aorta, cardiovascular regula-
tory centres in the brainstem, and autonomic effector responses
that alter heart rate and total peripheral resistance to meet the
changing demands of the circulatory system and to maintain
blood flow to vital centres. Volume receptors control total blood
volume and are the circulatory system’s protection against inad-
equate filling of the vascular compartment. Disorders of circu-
latory function occur when the autonomic reflexes controlling
cardiovascular function are exaggerated, deficient, or inappro-
priate. They include such disorders as cardiac dysrhythmias and
abnormal blood pressure responses to normal activities of daily
living.

Orthostatic hypotension represents an abnormal drop in blood
pressure that occurs sometimes when resuming an upright pos-
ition. It may result from an impaired vasoconstrictor response
and peripheral pooling of blood with a temporary lack of blood
flow to the brain.
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Fig. 10.5 Control of the cardiovascular system.
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Fainting or syncope refers to a transient loss of consciousness
resulting from inadequate cerebral blood flow. It usually is pre-
ceded by sweating, pallor, blurred vision, dizziness, and nausea.
Fainting may have an abrupt onset, with an initial increase in
sympathetic activity leading to increased heart rate and vascular
resistance. The initial sympathetic response is brief and followed
by a sudden drop in heart rate, a decrease in vascular resistance, a
profound fall in blood pressure and cerebral blood flow, and loss
of consciousness. Fainting is more common in people who are in
the upright position, and resumption of the supine position dur-
ing a faint usually results in a return of consciousness. Factors that
predispose to fainting include a reduction in venous return to the
heart resulting from orthostatic or postural stress, blood loss, or
an increased intrathoracic pressure because of performance of
the Valsalva manoeuvre. The risk of syncope is increased in a hot
environment because of vasodilatation and loss of extracellular
fluid volume caused by sweating. Emotional fainting can occur
as the result of reduced vasoconstrictor outflow and increased
vasodilator outflow from CNS centres that influence blood vessel
tone. Most healthy people can precipitate presyncopal conditions,
particularly in hot weather, when they hyperventilate and produce
cerebral vasoconstriction secondary to decreased cerebral carbon
dioxide levels. Assumption of the standing position or standing
without moving the legs to promote venous return contributes to
the presyncopal condition. Immobility and prolonged bed rest
lead to a decrease in vascular volume and deconditioning of vas-
cular smooth muscle and the skeletal muscle pumps that return
blood to the heart. Thus, dizziness and the potential for fainting
are common after immobility or bed rest. Micturition syncope
can occur immediately after bladder emptying. Loss of conscious-
ness is abrupt, and recovery is rapid and complete. A full bladder
causes vasoconstriction, a condition that does not usually pro-
duce hypertension because it is counteracted by the baroreceptor
reflex. It has been suggested that syncope occurs when the con-
stricted vessels suddenly dilate. It is more common in males than
in females, probably because the standing position contributes to
pooling of blood in the extremities. The reflex effects of bladder
distention on circulation are much more pronounced in paraple-
gic people with cord injuries above T6.

The baroreceptor reflex is less efficient in many elderly people,
and this may contribute to syncope and falls. This is particularly
true when multiple stresses are placed on the circulation. These
stresses include sudden assumption of the standing position from
either the seated or supine position, vasodilatation caused by a
warm room or bed, a full bladder, use of medications that impair
autonomic function, and decreased vascular volume because of
inadequate fluid intake or the use of diuretics.

Postprandial hypotension is a decrease in blood pressure that
occurs after a meal. Insulin release has a depressant effect on
baroreflex function. Consequently, the consumption of a meal
that is high in carbohydrate content, with the subsequent release
of insulin, has the potential for producing a postprandial decrease
in blood pressure. This aspect of autonomic function has many
practical implications for people who already have disorders of
ANS function, such as elderly people and people who have had a
stroke. Several studies have shown a significant reduction of post-
prandial blood pressure in elderly people. In people who have had
a stroke, autoregulation of the cerebral vessels in the affected area
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is lost; slight orthostatic falls in blood pressure after carbohydrate
ingestion have the potential of further compromising blood flow
to the area. Therefore, ingestion of small, low-carbohydrate meals
and afterward avoidance of positions that produce orthostatic
hypotension are suggested as a means of minimizing brain ischae-
mia. These cardiovascular consequences of autonomic failure and
their management and assessment are covered in more detail later
in this chapter.

Control of the lower urinary tract

Coordinated function of the urinary bladder and its sphincters
depends on the complete integrity of central and peripheral ner-
vous pathways in a complex neural control system located in the
brain, spinal cord and somato-visceral nerves [13] involving sym-
pathetic, parasympathetic and somatic interactions (Figure 10.6).

Micturition, or ‘urination’, occurs involuntarily in infants and
young children until the age of 3 to 5 years, after which it is regu-
lated voluntarily. The neural circuitry that controls this process is
complex and highly distributed: it involves pathways at many lev-
els of the brain, spinal cord, and peripheral nervous system and is
mediated by multiple neurotransmitter systems. Diseases or inju-
ries of the nervous system in adults can cause the re-emergence of
involuntary or reflex micturition, leading to urinary incontinence.
This is a major health problem, especially in those with neurological
impairment. The neural control of micturition and how disruption
of this control leads to abnormal storage and release of urine is
essential to address the issues of diagnosis and treatment [14].

The control system for micturition is believed to act like a
switching circuit in the pontine region of the brain to maintain
a reciprocal and coordinated relationship between the reservoir
function of the bladder and sphincteric outlet function of the
urethra [15]. As the bladder slowly fills, any tendency for spon-
taneous contractions of the detrusor smooth muscle in the blad-
der wall are inhibited, while urethral smooth and striated muscle
sphincters are contracted to prevent leakage. Furthermore, vol-
untary control of the striated urethral sphincter and pelvic floor
muscles are also an essential part of the continence mechanism.
Voiding requires a complete relaxation of the sphincters, coupled
with a coordinated sustained detrusor contraction so that urine
is expelled quickly and efficiently from the bladder. This syner-
gistic relationship between the smooth muscle of the bladder wall
and the sphincters around the urethra is essential for maintain-
ing continence on the one hand and unobstructed voiding on the
other [16] (Figure 10.7A).

Damage or disease in any of the nervous pathways controlling
the lower urinary tract can have serious consequences for this rela-
tionship,leading to uncoordinated somatovisceral reflexes, impair-
ment of normal vesicourethral function, voiding dysfunction, and
incontinence. For example, in the event of an upper motor neuron
lesion, as in a suprasacral spinal cord injury, there is damage to the
spinobulbar pathways (i.e. connecting the lumbosacral segments
with the brainstem) and, whether complete or incomplete, causes
serious disruption to coordination of the bladder and sphincters
leading to un-inhibited pelvic (parasympathetic) reflexes [17]
(Figure 10.7B).

The main aim for the treatment and management in rehabili-
tation of the neurogenic bladder is to establish a low-pressure
high-capacity bladder that does not compromise renal function [18].
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Fig. 10.6 Principal central and peripheral pathways controlling the bladder and sphincters.

As a postscript it should not be forgotten that urine is formed in
the kidneys and that their function in body sodium regulation is
extremely important for body fluid volume homeostasis. This reg-
ulation is now believed to be dependant on sympathetic control
of the three renal neuroeffectors in the blood vessels, the tubules,
and the juxtaglomerular granular cells. Abnormalities of these
autonomic control mechanisms can be a significant contributor to
the pathophysiology of clinically important disease states such as
hypertension and sodium-retaining oedema-forming conditions
(e.g. congestive heart failure) gives promise of future therapeutic
interventions [19].

A more comprehensive guide to management and neuroreha-
bilitation of the bladder (and bowel) can be found in Chapter 24.

Autonomic system disorders

Autonomic failure can be global or regional. When global, the
impairment can affect all aspects of function. Less commonly
ANS failure is confined to sympathetic or parasympathetic sys-
tems. The autonomic nervous system pathways are also inter-
rupted in other CNS disorders such as multiple sclerosis and also
particularly after spinal cord injury (SCI), resulting in regional
impairments. Depending on the level of cord injury, the ANS

innervation to various structures will be affected, resulting in
important clinical sequelae. Autonomic failure may be primary or
secondary, depending on whether an underlying cause from out-
side the autonomic system can be demonstrated.

Causes of autonomic failure

Primary autonomic failures includes those which are presumably
neurodegenerative, including multiple system atrophy (MSA),
pure autonomic failure, Parkinson’s disease (PD) with autonomic
failure, and dementia with Lewy bodies (DLB). There are links
between these conditions at a pathological level with the pres-
ence of alpha synuclein inclusion bodies. These inclusion bodies
are neuronal in the CNS in PD with autonomic failure and dif-
fuse Lewy body disease, neuronal within the peripheral nervous
system in pure autonomic failure, and glial in the CNS in MSA.
These primary forms of autonomic failure are now referred to as
autonomic alpha synucleinopathies.

MSA can be thought of as a spectrum of clinical disorders in
which there are shared pyramidal features and a variable degrees
of autonomic failure, cerebellar and Parkinsonian involvement.
Where cerebellar features dominate the term MSA-C is used.
Where Parkinsonian features are the more prominent the term
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used is MSA-P. MSA is a distinctive clinical entity with many
characteristic features including anterocollis, laryngeal spasm,
rapid eye movement sleep disorder and a tendency to take deep
sighing breaths. Patients are typically younger than in other pri-
mary forms of autonomic failure and progression can be rela-
tively rapid.

Pure (or primary) autonomic failure (PAF) can present in a sim-
ilar way to MSA but patients are likely to be older, there may be
a longer clinical history and evidence of more widespread degen-
eration will be absent. PAF has a relatively good prognosis and
although symptoms may become limiting in time there is, in con-
trast to MSA, little effect on overall life expectancy.

Autonomic failure is an important non-motor complication of
PD and in some cases can become a dominant clinical feature. The
prognosis will be better than in MSA. Autonomic failure can also
occur in DLB.

A summary of central nervous system disorders resulting in
autonomic dysfunctions is shown in Figure 10.8. As can be seen
from the figure, the autonomic sequelae vary according to the
anatomy and pathology of the disorder.

Secondary causes of autonomic failure are much more varied.
There are acute and chronic causes and they include treatable
conditions and conditions where autonomic failure is a fea-
ture of a serious associated illness that needs disease specific
management.

Secondary autonomic failure may present acutely or chroni-
cally. Causes of acute autonomic failure include paraneoplasia,

Level of Pathology Neurological Disease

Autonomic Alpha Synucleinopathies
Parkinsons
MSA

Q TAN VAN
Suprapontine
(LN ALY

Multiple Sclerosis
Cerabral Palsy
Cerebral Tumour

Stroke

Pure autonomic failure
Dementia with Lewy bodies

porphyria, Guillain-Barré syndrome, botulism, drugs, and auto-
immune ganglionic neuropathy. A more chronic form of sec-
ondary autonomic failure occurs with peripheral neuropathies.
Although some of autonomic involvement is present in many
neuropathies it is more pronounced in diabetic neuropathy, amy-
loidosis, and hereditary sensory and autonomic neuropathy type
IIT (Riley-Day syndrome). Table 10.2 summarizes the principal
causes of autonomic neuropathy.

Secondary causes of autonomic failure can present in similar
ways to primary causes. Clinical pointers might include a younger
age at presentation, a family history, clinical features of general-
ized neuropathy, impaired heart rate control where there is vagal
involvement, and impaired sweating of the extremities.

Our understanding of autonomic failures, whether through pri-
mary or secondary causes, and their clinical features and man-
agement, have advanced significantly during the last 30 years and
have become the subject of many excellent textbooks on this very
important aspect of medicine [20].

Assessment of autonomic function

Assessments of autonomic function include both quantitative and
qualitative testing. First line assessments include checking lying,
sitting, standing and postprandial heart rate (HR) and blood pres-
sures (BP). Other uncommon bedside stimuli that can be used to
assess for a rise in blood pressure during continuous blood pres-
sure monitoring include isometric exercise (sustained hand grip
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Fig. 10.8 Central nervous system disorders and autonomic sequelae.



Table 10.2 Causes of autonomic neuropathy

Ageing (postural hypotension and disordered thermoregulation are common
in the elderly)
Causes linked with systemic diseases:

Diabetic autonomic neuropathies

Alcoholic neuropathy

Subacute combined degeneration

Hepatic disease

Uraemic neuropathy

Amyloid neuropathies

Infectious causes:
Human immunodeficiency virus (HIV)
Lyme disease
Leprosy

Chagas’ disease

Toxic causes:
Vincristine
Cisplatin
Amiodarone
Pyridoxine overdose

Thallium poisoning

Immune-mediated causes:
Rheumaroid arthritis
SLE
Sjogren’s syndrome
Systemic sclerosis
Autoimmune thyroiditis
Neuropathy related to inflammatory bowel disease
Postural orthostatic tachycardia syndrome (POTS)
Guillain—Barré syndrome
Chronic inflammatory demyelinating neuropathy
Acute pandysautonomia
Acute cholinergic pandysautonomia
Eaton-Lambert syndrome
Holmes—Adie syndrome

Paraneoplastic autonomic neuropathy

Hereditary causes:
Anderson—Fabry disease
Hereditary types (I to V)
Tangier disease
Multiple endocrine neoplasia (type 2b)

SLE, systemic lupus erythematosus.

for 3 min), a cold pressor test (immersion of a hand in ice water
for 90 s), and mental arithmetic (with serial-7 or serial-17 subtrac-
tion), all of which stimulate sympathetic outflow and elevate blood
pressure in healthy patients. Multiple daily blood pressures or
24-48-hour ambulatory blood pressure monitoring examine for
diurnal fluctuation: A difference of >15 mmHg with either systolic
or diastolic blood pressure between daytime (awake) values and
night-time (sleeping) values could indicate presence of autonomic
neuropathy.
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More standardized autonomic testing may be performed to
assess the severity of the impairment and to help localize the parts
of the autonomic nervous system that are involved [21].

Assessment of cardiovagal
(parasympathetic) innervation

Heart rate (HR) response to deep breathing—this test approaches
the optimal test for cardiovagal function. Both the afferent and
efferent pathways are vagal. The end point is the maximal HR
variability obtained under laboratory conditions.

Valsalva ratio—this ratio is derived from the maximal HR gener-
ated by the Valsalva manoeuvre divided by the lowest HR fol-
lowing the manoeuvre.

HR response to standing or tilt table (30:15 ratio)—the initial HR
responses to standing consist of a tachycardia at 3 then 12
seconds followed by a bradycardia at 20 seconds. The initial
cardioacceleration is an exercise reflex, while the subsequent
tachycardia and bradycardia are baroreflex mediated. The 30:15
ratio (R-R interval at beat 30)/(R-R interval at beat 15), has been
recommended as an index of cardiovagal function.

These three tests evaluate cardiovagal function. They have a high
sensitivity and specificity and are simple, safe and cost-effective.
The tests are well standardized and reproducible, with a coeflicient
of variation of 20%. The confounding variables are well known for
response to deep breathing and the Valsalva manoeuvre but less
well known for the standing test.

Laboratory indices of adrenergic function—beat-to-beat blood
pressure (BP) responses to the Valsalva manoeuvre. The availa-
bility of a well-validated photoplethysmographic volume clamp
technique to measure beat-to-beat BP30-35 has permitted the
application of the well-known properties of the phases of the
Valsalva manoeuvre to the clinical laboratory. The test greatly
enhances the sensitivity and specificity of the laboratory evalu-
ation of adrenergic function. The test should be classified as an
established test.

BP response to sustained hand grip—sustained muscle contrac-
tion causes a rise in systolic and diastolic BP and HR. The
stimulus derives from exercising muscle and central com-
mand. Efferent fibres travel to the muscle and heart, result-
ing in increased cardiac output, BP, and HR. This autonomic
maneouvre has been adapted as a clinical test of sympathetic
autonomic function. BP is measured using a sphygmoma-
nometer cuff. The test is of limited sensitivity and specific-
ity. Confounding variables are not well known. It should be
regarded as an investigational test.

BP and HR responses to tilt-up or active standing—blood
pressure and heart rate response to standing. Supine and
tilted BP recordings, especially when supplemented with
beat-to-beat BP and HR recordings, can be used as an estab-
lished test.

Assessment of sudomotor function

Quantitative sudomotor axon reflex test (QSART)—measures
axon reflex-mediated sudomotor responses quantitatively and
evaluates postganglionic sudomotor function. Four regions are
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tested: forearm, proximal leg, distal leg, and dorsum of the foot.
Electrical stimulation (iontophoresis) is applied to the skin, and
the volume of sweat produced can be measured. The test has
a high sensitivity, specificity, and reproducibility, with a coef-
ficient of variation of 20%. Confounding variables are well
known. The test is straightforward and is an established test.

Thermoregulatory sweat test (TST)—is used to evaluate both
preganglionic and postganglionic thermoregulatory pathways
and function over the entire anterior body surface. It evaluates
the distribution of sweating by a change in color of an indica-
tor powder. The TST is now well standardized and has recently
been rendered semiquantitative and expressed as a percentage
of anterior body anhidrosis. The test has a high sensitivity. As a
stand-alone test, it has a low specificity, and limited information
is available on its reproducibility and confounding variables.
Combined with QSART, its specificity for delineating the site of
the lesion is greatly enhanced. The test has been in clinical use
for at least four decades. It is an established test. When evalu-
ated together in the same patient, TST and QSART can differen-
tiate preganglionic from postganglionic lesions

Sympathetic skin response (SSR)—this test can be used to iden-
tify indirect evidence of sweat production via measurement of
changes in skin conductance on the palm/sole in response to
an electrical stimulus. Brief electrical stimuli are administered
at intermittent intervals and a response is measured from the
hands or the feet, representing a change in skin resistance due
to sweating. The test is of relatively low sensitivity and uncer-
tain specificity and habituates. Its greatest advantage is its rela-
tive ease of performance. The test is of some value as part of an
autonomic battery. It is a commonly used test that will likely be
replaced by better tests such as the QSART or sweat imprint as
these become more conveniently available.

Quantitative direct and indirect test of sudomotor function (QDIRT)/
silastic sweat imprint—involves making a silicone impression of
a patient’s skin while sweating is induced by acetylcholine ionto-
phoresis. The presence of sweat droplets can be quantified in the
silicone cast, providing a marker of sudomotor function. The test
seems to be sensitive and quantitative. It is an established test.

Assessment of gastrointestinal function

Video-fluoroscopy—is useful in assessment of swallowing in the
presence of oropharyngeal dysphagia. A barium swallow study,
meal, and follow-through study are helpful in suspected upper
gastrointestinal disorders, though endoscopic assessment pro-
vides the opportunity for biopsy in particular situations, as well
as better visualization.

Oesophageal manometry—may be of value in disorders of motil-
ity and oesophagogastric function and gastric motility may be
assessed by using radioisotope methods and scintigraphic scan-
ning. Diabetic patients with symptoms of oesophageal dysmo-
tility have insufficient lower oesophageal sphincter relaxation
and a higher percentage of simultaneous waves detected, while
diabetic patients with cardiovascular autonomic neuropathy
have greater pathological simultaneous contractions. In cases
of small-bowel disorders suspected to be neurological in nature,
manometry may be of value in discriminating myopathic from

neuropathic disorders. Large-bowel dysfunction can be assessed
via measurement of transit time.

Anorectal manometry—is the most well established and widely
available tool for investigating anorectal function. Anal
sphincter tone can be quantified by anorectal manometry.
The anorectal sensory response, anorectal reflexes, rectal
compliance, and defecatory function are also assessed by
anorectalmanometry. Anal sphincter function is assessed by
measurement of resting sphincter pressure, squeeze sphincter
pressure, and the functional length of the anal canal. Changes
in anal and rectal pressures during attempted defecation are
also assessed, particularly useful in the diagnosis of dyssyner-
gic or obstructive defecation, a common cause of constipation.
Assessment of rectal sensation is useful in patients with faecal
incontinence or rectal hyposensitivity. The presence or absence
of the rectoanal contractile reflex and the rectoanal inhibitory
reflex is also documented. Rectal compliance is calculated and
reflects the capacity and distensibility of the rectum. Rectal
compliance is calculated by plotting the relationship between
balloon volume (dV) and steady state intrarectal pressure
(dP). The balloon expulsion test is used to assess rectoanal
co-ordination during defecatory manoeuvres. The test evalu-
ates a patient’s ability to expel a filled balloon from the rectum,
providing a simple and more physiologic assessment of defeca-
tion dynamics [22].

A guide to management and neurorehabilitation of the bowel (and
bladder) can be found in Chapter 24.

Assessment of urinary tract function

The urinary bladder has two functions, to store at low-pressure
urine from the kidneys and empty efficiently, that is leave no
residual that could lead to urinary tract infection. The neurogenic
bladder is optimally assessed for detrusor hyper-reflexia (neuro-
genic detrusor overactivity—NDO) and detrusor-sphincter dys-
synergia by urodynamics with sphincter electromyography or
more usefully, videourodynamics [13] (see Figure 10.7B).

A guide to management and neurorehabilitation of the bladder
(and bowel) can be found in Chapter 24.

Assessment of sexual function

Erectile and ejaculatory dysfunction are clinical complaints and
confirmed through history taking. Specific tests are not usually
indicated if diagnosis and aetiology are clear. Semen samples for
World Health Organization (WHO) analysis will be required if
male fertility is uncertain, and in patients with neurological com-
promise [23] (e.g. spinal cord lesions) these can be obtained usu-
ally by penile vibro-ejaculation or more invasively by ano-rectal
electrical ejaculation or aspiration.

Assessment of pupillary responses

Pupillometry measure changes in papillary response and is being
investigated at some institutions as a potential marker for auto-
nomic neuropathy [24].

Other specialized assessments

Neurophysiological tests of nerve conduction, spinal reflexes, and
electromyography can sometimes be very helpful to determine
the extent of preservation or damage to central and peripheral



Table 10.3 A summary of assessments of autonomic function

Assessment of
cardiovagal innervation

Heart rate response to:
Breathing
Valsalva manoeuvre

Standing or tilt table

Assessment of
adrenergic function

BP response to:

Valsalva manoeuvre
Sustained hand grip
Standing or tilt table

Quantitative sudomotor axon reflex test
(QSART)

Thermoregulatory sweat test (TST)

Assessment of
sudomotor function

Sympathetic skin response (SSR)

Quantitative direct and indirect test of
sudomotor function (QDIRT)

Assessment of
gastrointestinal function

Videofluoroscopy, barium swallow
Oesophogeal manometry

Gastric scintigraphy

Small bowel manometry

Transit time

Anorectal manometry

Assessment of
urinary tract function

Flowmetry, MSU, Standard urodynamics
with sphincter EMG or more ideally
video-urodynamics. Post void residual urine.

Asessment of sexual Specific lab assessment not usually necessary.

function Semen analysis required for fertility
assessment.
Assessment of pupillary Pupillometry

responses

Nerve conductions studies
and electromyography

Including quantitative sensory testing

MIBG cardicac scintigraphy
Cardiac PET and SPECT scanning

Imaging

Specific diagnostic
tests for underlying disorder

Ganglionic Ach receptor antibody
Imaging and other Ix to confirm MSA/PD etc
Shirmer test

Skin biopsy

MSU, mid-stream urine; MIBG, metaiodobenzylguanidine; PET, positron emission
tomography; SPECT, single-photon emission computerized tomography.

nerous pathways. Findings on nerve conduction studies (NCS)
and electromyography (EMG) can be normal in pure autonomic
neuropathies because the involved fibres are small myelinated and
unmyelinated fibres, which cannot be assessed with NCS or EMG.
However in autonomic neuropathies with concomitant sensory
neuropathy, absence of sensory potentials may occur. In auto-
nomic neuropathies with concomitant sensorimotor neuropathy,
marked loss of motor and sensory potentials is noted.
Quantitative sensory testing (QST) can be helpful in autonomic
disorders with sensory neuropathy. QST permits comparison of
sensory thresholds by using vibration and temperature percep-
tion to assess both large and small-fibre modalities. These patients
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typically have impaired thresholds for heat and pain, but vibration
and cool sensitivity may be normal.

Imaging by postitron emission tomography (PET), functional
magnetic resonance imaging (MRI) and types of computerized
tomography (e.g. peripheral quantitative computed tomography
pQCT) are becoming recognized not only for their benefit in
understanding neural mechanisms in the central nervous system
but also for the development of potentially useful diagnostic tech-
niques in autonomic disorders [25]. Improvements in resolution
(e.g. 4 Tesla MRI) may enable much more functional detail and,
together with sophisticated methods of analysis, the identification
of specific pathways in the CNS (e.g. tractography).

Specialist investigations are occasionally indicated in the
assessment of the cardiac effects of autonomic disorders. Reduced
sympathetic noradrenergic innervation has been seen in the left
myocardium by single-photon emission computerized tomog-
raphy (SPECT) and 23] or thoracic 6-('8F) fluorodopamine PET
scanning in patients with PD and postural hypotension. SPECT
and PET scanning may identify cardiac sympathetic dysfunction
in both type I and type II diabetes mellitus. MIBG (metaiodoben-
zylguanidine) cardiac-scintigraphy may also be helpful. Table 10.3
summarizes the assessment of autonomic function.

Clinical features and management

The clinical sequelae of autonomic dysfunction depends on the
extent of the dysfunction and whether the dysfunction is global
or regional. The following sections look at the specific effects of
autonomic dysfunction on different systems and discuss assess-
ment and management strategies [26]. Table 10.4 summarizes
the clinical features of autonomic dysfunction generally and
outlines the autonomic problems, assessment, and manage-
ment specifically after spinal cord injury are outlined later in
Table 10.8.

The management of primary chronic autonomic failure is symp-
tomatic, supportive and targeted to the particular pattern of fail-
ure present in an individual. In secondary causes there may also
be treatment of the underlying disease process. For example, if an
autoimmune neuropathy is present, attempted management with
immunomodulatory therapies should be considered. If diabetes
mellitus is the underlying cause, strict control of blood glucose
to prevent further worsening is essential. Following spinal cord
injury the management may be either supportive (in complete sta-
ble SCI) or may involve optimizing functional recovery.

Specific system disorders and
their management

Cardiovascular system

Bradycardia

Bradycardia, along with hypertension, may occur in cerebral
tumours and during autonomic dysreflexia in high SCI. In the lat-
ter, the afferent and vagal efferent components of the baroreflex
arc are intact, and the heart slows in an attempt to control the
rise in blood pressure. In phaeochromocytoma, bradycardia with
escape rhythms and atrioventricular dissociation may occur in
response to a rapid rise in pressure. In diabetes mellitus, the pres-
ence of a cardiac vagal neuropathy may increase the likelihood
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Table 10.4 Clinical Features of principal autonomic disorders

Primary autonomic
failure

Suggested if pyramidal features, cerebellar

involvement, parkinsonian features

Secondary autonomic
failure

Suggested if younger age, family history, features of
generalized neuropathy

Cardiovascular
symptoms and signs

Postural hypotension

Impaired heart rate control, particularly bradycardia
Baroreflex failure

Autonomic dysreflexia

Long-term cardiovascular disease

Paroxysmal sympathetic and motor overactivity
(‘storming’ after acquired brain injury)

Respiratory symptom & Relative bronchoconstriction

signs Increased secretions
Laryngeal spasm

Tendancy to deep sighing breathes

Sweating abnormalities  Increased sweating

Reduced ability to sweat (may result in hyperpyrexia)

Bladder dysfunction Voiding dysfunction
Urinary retention
Detrusor overactivity
Urinary incontinence

Detrusor sphincter dyssynergia

Gastrointestinal
dysfunction

Reflux oesophagitis, delayed gastric emptying
Constipation

Impaired control of evacuation

Incomplete evacuation

Incontinence

Sexual dysfunction Erectile dysfunction

Ejaculatory dysfunction

Impaired vaginal lubrication in females
Impaired orgasm

Impaired male fertility

of cardio-respiratory arrest during anaesthesia. Disorders of car-
diac conduction are common in Chagas’ disease and occur in
amyloidosis.

Severe bradycardia can occur in cervical cord injuries. The
inability to increase sympathetic activity is likely to contribute.
Cardiac dysrhythmias and cardiac arrest can occur leading to
baseline bradycardia. Disrupted sympathetic innervation after
SClI results in unopposed parasympathetic activity. The intact vagi
are sensitive to hypoxia and stimuli such as tracheal suction which
can induce bradycardia and cardiac arrest.

Bradycardia is more frequently encountered in the acute phase,
and is more severe in the first 2-6 weeks after trauma.

Management of bradycardia after SCI

There is limited data available regarding the optimal and best
treatment available for symptomatic bradycardia after SCI.
All data is based on case reports, case series and observational
studies. Atropine is generally recommended as the first-line
agent for bradycardia after cervical spinal cord injury. Atropine

should be kept readily available at the bedside at all times. Other
medications used include sympathomimetic agents such as
dopamine or epinephrine. The methylxanthine agents, includ-
ing aminophylline and theophylline, have been used effectively
for the management of refractory symptomatic bradycardia
when other agents have failed. In addition, there are reports
of methylxanthines used specifically as a successful first line
treatment for bradycardia associated with cervical spinal cord
injury.

Prevention of further episodes of bradycardia in patients with
frequent episodes is important. Strategies include optimizing
oxygenation, and prophylactic atropine for precipitating proce-
dures such as rolling or tracheal suction. There are reports on the
benefits of xanthine derivates as prophylaxis, although this is not
standard management.

Currently, there are no established guidelines regarding per-
manent pacemaker placement in this population. Permanent
pacemakers may still be considered in patients with refractory or
recurrent bradycardia however their implantation will have impli-
cations for future imaging (by MRI) and management as currently
functional electrical stimulation treatments are contraindicated
in individuals with implanted pacemakers [27].

Tachycardia

Rarely, autonomic disorders are associated with tachyarryth-
mias; In postural orthostatic tachycardic syndrome (POTS), the
tachycardia usually is associated with head-up postural change
and exertion. Tachycardia caused by increased sympathetic dis-
charge may occur along with hypertension in Guillain-Barré
syndrome and in tetanus. In phaeochromocytoma, it results
from autonomous catecholamine release and  adrenoceptor
stimulation [28].

Orthostatic hypotension (OH)

The management of orthostatic hypotension has both non
pharmacological and pharmacological aspects [29-31].
Non-pharmacological aspects include maintaining a good fluid
intake and ensuring adequate dietary salt. The action of drinking
an extra one to two glasses of water can have a significant benefi-
cial effect on systolic blood pressure. In patients with severe neu-
rogenic OH, intake of this volume led to an increase in systolic
blood pressure of more than 30 mmHg—plasma norepinephrine
(noradrenaline) in this patient group increased, and this vasopres-
sor response was almost completely abolished by intravenous gan-
glion blockade. Therefore, simply drinking water increases blood
pressure not only by increasing volume status, but also by increas-
ing sympathetic activity.

Education to understand factors likely to be associated with
lower blood pressures is also important. These include warm envi-
ronments, following large meals (known as ‘dumping’), following
alcohol, exercise, and medications with hypotensive effects. Blood
pressure can also be lowered by factors associated with elevations
in intrathoracic (e.g. coughing) and intra-abdominal (micturi-
tion/defaecation) pressures. Slow cautious movements between
different body postures should be emphasized. Encourage patients
to sit or lie down upon the initiation of orthostatic symptoms. The
head of the bed can be elevated so the patient sleeps at a 15-20°
angle to stimulate nocturnal mineralocorticoid release. Physical
counter-manoeuvres should also be attempted.The manoeuvres
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Symptoms or signs of AD

(eg Pounding headache, flushing, sweating
or blotching skin above injury level, pale,
cold, goosebumps below)

Check Blood Pressure

e Confirm Diagnosis (blood pressure greater than
200/100 or 20-30mm Hg higher than normal)

Sit the patient up — avoid lying down

/

For patients with Catheter:
e Empty leg bag and note volume
e Check tubing not blocked/kinked
o If catheter blocked remove and re-catheterise
using lubricant containing lidocaine

A 4

.

For patients without Catheter
o If bladder distended and patient unable to
pass urine insert catheter using lubricant
containing lignocaine

A 4

For faecal mass in rectum,

If bladder distension excluded - Gently examine per rectum.

e gently insert gloved finger covered in lignocaine jelly into
rectum and remove faecal mass

In adults, place sublingually:

If symptoms persist or cause unknown,
Give Nifedipine or Glyceryl trintrate (GTN).

e The contents of a 10mg sublingual Nifedipine capsule OR
e 1-2 GTN tablets or spray
Repeat dose can be given after 20 minutes, if symptoms persist

e Diazoxide 20mg bolus.

If BP remains high, then an IV hypotensive may be required:
e Hydralazine 20mg IV slowly OR

Continue to search for cause and monitor BP
May require management on high dependency unit if problem persists

Contact Spinal Cord Injury Centre for further advice

Fig. 10.9 Algorithm for the clinical features and management of autonomic dysreflexia (AD) in spinal cord injury.

include crossing the legs, squatting, and tensing the leg muscles,
abdominal muscle, buttocks, or whole body.

Compressive stockings should be used. The thigh-high moder-
ate compression stockings give the most benefit, although they
are difficult to put on and can be uncomfortable. Patients should
be strongly encouraged to use these as much as possible. Gentle
isometric exercises to help build up muscle tone is essential for
patients with orthostatic hypotension. Water aerobics, water jog-
ging, or gentle aerobic exercises may help or use of a recumbent
bicycle, to avoid putting them in a position where they may expe-
rience loss of consciousness or fall.

Pharmacological therapy of orthostatic intolerance should be
attempted in more difficult cases or when conservative therapy
is unsuccessful. Several medications are effective in controlling
orthostatic hypotension and include mineralocorticoids such as

fludrocortisone (50 to 400 pg daily) and adrenergic agonists such
as ephedrine (15-30 mg tds) and Midodrine (2.5-10 mg tds).
Care has to be taken with the use of sympathetomimetic agents
in patients where there is baroreceptor failure as extreme hyper-
tension can occur. Both of these medications may lead to supine
hypertension and a balance may be difficult to strike. Other
medications used, with some success include selective serotonin
reuptake inhibitors, phenobarbitone, erythropoietin (particu-
larly patients with diabetes who have anaemia and orthostatic
hypotension) and desmopressin acetate DDAVP (vasopressin).
Subcutaneous doses of octreotide 25 to 150 pg 30 minutes before a
meal may be used to reduce postprandial orthostatic hypotension.

A systematic review looking specifically at SCI patients [32] has
concluded there is no evidence on the effect of salt or fluid regula-
tion alone for OH management in SCI. Salt and fluid regulation
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was evaluated in combination with other pharmacological inter-
ventions and thus, the effects of salt and fluid regulation can-
not be determined. There is conflicting evidence that elastic
stockings/abdominal binders have any effect on cardiovascular
responses in individuals with SCI, although there is level 2 evi-
dence that pressure from elastic stockings and abdominal binders
may improve cardiovascular physiological responses during sub-
maximal upper-extremity exercises. Nevertheless most clinicians
continue to recommend these for initial management of postural
hypotension.

Functional electrical stimulation (FES) has been shown to be an
important adjunct treatment to minimize cardiovascular changes
during postural orthostatic stress and there is level 4 evidence that
80 sessions of active stand training improves cardiovascular con-
trol such as response to orthostatic stress after tetraplegia. Further
evidence for the role of physical interventions is likely to emerge.

Nitro-r-arginine methyl ester (L-NAME), in 2 studies,
L-threo-3,4-ihydroxyphenylserine (L-DOPS) in a case report and
ergotamine with fludrocortisone in a case report have been shown
to be of benefit. Further evidence for the role and effectiveness of
these, and other drugs, is required.

Autonomic dysreflexia (AD)

AD is a clinical emergency in individuals particularly with spinal
cord injury at or above the level of T6. An episode of AD is usually
characterized by acute elevation of arterial blood pressure (BP)
with bradycardia (occasionally tachycardia) [33]. Other clinical
features of AD are shown in Table 10.5 [34].

AD usually occurs as a result of noxious or potentially nox-
ious peripheral or visceral stimulation below the injury level and
affects individuals with lesions above the outflow to the splanch-
nic and renal vascular beds (T5-T6). AD is found in individuals
with both complete and incomplete injury. The incidence of AD
in individuals with SCI varies from 20 to 70% of the at risk SCI
population, regardless of age at injury.

Several factors that could trigger AD have been described in the
literature. Urinary retention from missed or blocked catheter is
the most common cause. Catheterization and manipulation of an

Table 10.5 Typical clinical features of autonomic dysreflexia

Sudden uncontrolled rise in blood pressure with other signs of sympathetic
overactivity:

# systolic pressures reaching up to 250-300 mmHg

¢ diastolic pressures reaching up to 200-220 mmHg,.

Other features of autonomic imbalance vary, but may include:
pounding headache

sweating or silvering

feelings of anxiety

chest tightness

blurred vision

nasal congestion

® 6 ¢ 6 0+ o o

blotchy skin rash or flushed above the level of their spinal injury (due to
parasympathetic activity

# cold with goosebumps (cutis anserina) below the level of injury (due to the
sympathetic activity).

indwelling catheter, urinary tract infection, detrusor sphincter
dyssynergia, and bladder percussion are also precipitating factors.
Faecal impaction and constipation may also trigger AD. Stimuli
that would be noxious if pain sensation was preserved, such as
bone fractures or abdominal emergencies, may also be triggering
factors. Sexual activity may induce AD in both sexes, and the risk
of AD during pregnancy and delivery is also increased. Iatrogenic
causes also occur such as cystoscopy, urodynamics, vibro- or elec-
troejaculation, as well as electrical stimulation of muscles [35].

The stimulation below the lesion level can induce a widespread
activation of the sympathetic nervous system demonstrated by an
increase in noradrenaline release. This induces vasoconstriction
in the muscle, skin, kidneys, and splanchnic vascular beds below
the level of injury. Baroreceptors are then activated by the result-
ant increase in arterial blood pressure and, as part of homeostasis,
act to reduce the effects of the vasoconstriction by reducing sym-
pathetic activity and increasing parasympathetic activity. This
results in dilation of vascular beds above the lesion level (with
intact central control) and a reduction in HR (vagal innervation
to the heart is unaffected by SCI).

Objectively, an increase in systolic BP greater than 20-30 mmHg
is considered a dysreflexic episode. Individuals with cervical and
high thoracic SCI have resting arterial BPs that are lower than
able-bodied individuals. As such, acute elevation of BP to normal
or slightly elevated ranges could indicate AD in this population.
Intensity of AD can vary from asymptomatic, mild discomfort
and headache to a life threatening emergency when systolic blood
pressure can reach 300 mmHg, and symptoms can be severe.

Untreated episodes of autonomic dysreflexia may have serious
consequences, including intracranial hemorrhage, cardiac com-
plications, retinal detachments, seizures, and death. During an
episode of AD, a significant increase in visceral sympathetic activ-
ity with coronary artery constriction can result in myocardial
ischaemia, even in the absence of coronary artery disease [36-39].

The identification of the possible trigger and decrease of affer-
ent stimulation to the spinal cord is the most effective prevention
strategy in clinical practice. Where this is not immediately pos-
sible then medication can be used to control the blood pressure
[40]. Nifedipine, nitrates, or captopril are most commonly used.
See Figure 10.9 for a management algorithm [26].

For further discussion on these aspects of autonomic dysfunc-
tion following, for example, spinal cord injury see the rationale
for additions to the International Standards for Neurological
Assessment [41, 42].

Sweating abnormalities
Hypohidrosis is usually seen below the level of lesion after SCI,
whereas hyperhidrosis may be present above as well as below
the level of lesion, and may be a sign of an ongoing pathological
process such as syringomyelia or autonomic dysreflexia, or may
accompany micturition and defecation. Hyperhidrosis may also
be present without any known cause. Patients who have lack of
sweat output need to be educated about the risk of heat intoler-
ance. They should be encouraged to avoid excessive and prolonged
heat exposure as they may have poor thermoregulation and be at
risk of hyperthermia.

For patients who have increased sweat output, several medi-
cations have been used, with varying effects. Botulinum toxin
has been used for focal hyperhidrosis. If patient’s symptoms are



more generalized, medications with anticholinergic action or side
effects may be tried. Clonidine has been used to treat hyperhydro-
sis after SCI [43-52].

Temperature dysregulations

Temperature dysregulation after SCI includes poikilothermia
(adopting the environmental temperature, e.g. becoming hypo-
thermic in cold conditions) and exercise-induced fever. Body
temperature is under direct autonomic control via hypotha-
lamic regulation. Peripheral cold and warm receptors project to
the hypothalamus via the spinal cord, although deep tempera-
ture sensors are also present. When core temperature decreases,
sympathetic (noradrenergic) mechanisms induce piloerection,
shivering, and vasoconstriction to produce body heat and shunt
blood away from the cool surface. Areas lacking connection
between the hypothalamus and the sympathetic system do not
mount this response. Given a large enough surface area lacking
these mechanisms, core temperature will decline. In practical
terms, individuals with lesions at T6 and above exhibit the prob-
lem, since a loss of descending sympathetic control of more than
half of the body is present [41]. Management relies on awareness,
prevention then correcting the temperature as much as possible.
One of the best ways for a person with a SCI to cool down is to
have a cold wet towel wrapped around the back of the neck. The
skin could also be damped down or sprayed with cool water to
allow water to evaporate from the skin, and cool the body. If a
person gets too cold, then layers of clothing and warm fluids
can bring the core temperature back up to normal. Occasionally
warmed, humidified oxygen, heated intravenous saline, warmed
blankets or heat lamps will be required although care must be
taken on insensate skin.

Respiratory system

The respiratory system, including the lung, respiratory muscles,
and neural control system, is a complex integrated physiological
system that is not yet fully understood. The respiratory system is
unique in that it must operate in a cyclical and highly coordinated
fashion for 24 hours per day in order to sustain life. Respiratory
complications continue to be one of the leading causes of morbid-
ity and mortality in people with SCI, especially among cervical
and higher thoracic injuries. The effects on lung mechanics are
outwith the scope of this chapter; however, SCI affects the auto-
nomic supply to the repiratory system, which has important clin-
ical consequences.

Interruption of the sympathetic innervation and unopposed
vagal activity results in increased secretions and heightened air-
way tone, with a reduction in baseline airway calibre i.e. relative
bronchoconstriction. This, in combination with the mechanical
difficulties of secretion clearance, results in the high incidence of
respiratory complications seen.

In studies, the majority of tetraplegics manifest non-specific
airway hyperreactivity following pretreatment with histamine,
methacholine, and ultrasonically nebulized distilled water. There
are several potential mechanisms for hyperresponsiveness in
tetraplegia including loss of sympathetic autonomic input with
relatively unopposed parasympathetic input, altered mechanical
lung properties with decreased deep breathing and ‘stretching’ of
airways, and non-specific airway hyperresponsiveness similar to
subjects with asthma.
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Schlero et al. [53] demonstrated a significant increase in air-
way calibre following inhalation of ipratropium bromide, an anti-
cholinergic agent, suggesting that reduction in airway calibre is
not due to acquired airway fibrosis stemming from repeated infec-
tions or to abnormal hysteresis secondary to chronic inability of
subjects to inhale to predicted total lung capacity.

There is some evidence to show that use of bronchodilators
(beta 2 agonists and anticholinergics) can elicit a positive response
in pulmonary function with bronchodilatation and normaliz-
ing of airway calibre. Bronchodilators can be recommended for
short-term use in patients with obstructive impairment. Further
research is required to understand the effects of brocnhodilators
on respiratory symptoms and complications [53-58].

The lower urinary tract and bowel

A guide to management and neurorehabilitation of the bladder
(and bowel) can be found in Chapter 24.

The gastrointestinal (Gl) system

Reflux oesophagitis, delayed gastric emptying, constipation,
impaired control of evacuation, and incomplete evacuation can
all occur as a result of autonomic dysfunction. Incontinence,
oesophageal dysmotility and delayed gastric emptying may occur
in up to 50% of diabetic patients. In particular, reports of abdom-
inal fullness predicted delayed gastric emptying [59]. Oesophageal
dysmotility, delayed gastric emptying, and autonomic neuropathy
correlate to disturbed glucose homeostasis [59]. Possible man-
agement for gastrointestinal autonomic neuropathy in patients
with diabetes may include aminoguanidine, which can prevent
diabetes-induced changes in nitric oxide synthase-related changes
in animal models of ileum autonomic neuropathy.

Damage to the nervous system has a large impact on func-
tion of the large bowel and maintenance of faecal continence.
Stool transit through the bowel may be slowed placing the indi-
vidual at high risk of constipation. Sensory and motor control
of the ano-rectum may be impaired leaving the individual with
reduced or absent voluntarily control of the process of defaeca-
tion. Most evidence for managing these problems is found in the
literature around spinal cord injury. With appropriate assess-
ment and evaluation, this knowledge can be applied to helping
individuals with bowel dysfunction due to other neurological
conditions.

A guide to management and neurorehabilitation of the bowel
(and bladder) can be found in Chapter 24.

Exemplar of specific conditions: stroke—
autonomic sequelae and management

Autonomic dysfunction is a common complication after acute
stroke [60] (see Table 10.6). The exact incidence and prevalence is
unknown. The dysfunction may be cardiovascular, thermoregula-
tory, or be of bowel, bladder, or sexual function.

Cardiovascular dysfunction after stroke

In terms of cardiovascular dysfunction, in one-study abnormal
scores on autonomic symptoms questionnaire were present in
72.7% of patients with ischaemic stroke [61]. It has been identi-
fied in 69.0% patients without carotid stenosis and 88.9% with
carotid stenosis [62] and cardiovascular autonomic dysfunction
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Table 10.6 A summary of autonomic sequelae in stroke

Cardiovascular regulation
Myocardial infarction

Cardiac arrhythmias
ECG-abnormalities

Hypo- and hypertonia

Decreased heart rate and blood pressure variability
Thermoregulation

Asymmetric sweating

Cold hemiplegic limbs

Urogenital regulation

Urinary incontinence and retention
Impotence and orgasmic disability
Gastrointestinal regulation
Gastroparesis

Stress ulcers

has been diagnosed in 31.8% of patients with abnormal sympa-
thetic skin responses in 81.8% of patients [62]

Some studies’ results point to gradual recovery of autonomic dys-
function within the first months following the acute phase [63, 64].
However in other study impairments persisted at 6 months after
stroke [65] and another suggests cardiovascular autonomic func-
tion is persistently deranged after stroke in older people [66].

The pathophysiology of the impairments is not fully under-
stood. Brainstem stroke, damaging the baroreflex relay nuclei,
is typically associated with baroreflex failure and blood pressure
instability [67], but acute ischaemic stroke also causes significant
damage to the cardiovascular autonomic system, manifesting as
abnormalities of heart rate variability [68], although interestingly,
patients with carotid stenosis show more severely impaired para-
sympathetic and sympathetic functions [62].

Baroreflex impairment has been demonstrated in acute ischae-
mic and haemorrhagic stroke [69-72]. The level of baroreflex
dysfunction does not appear to differ between ischaemic and
haemorrhagic stroke, although different pathophysiological
mechanisms may exist [73] and the associations between auto-
nomic function and early stroke outcome in different subtypes of
cerebral infarct have shown different autonomic function proper-
ties between acute large artery atherosclerotic infarction and lacu-
nar infarction groups [74].

There is increasing evidence that the central autonomic net-
work, including a hemispheric network, is involved [69] and, in
particular, the insular cortex seems to play a principal role in
modulating baroreceptor sensitivity [75-78].

In summary, several consequences of autonomic dysfunction
may impact on the pathophysiology and outcome following stroke
and Sykora et al. [79] hypothesize that autonomic dysfunction in
acute stroke, as expressed by decreased baroreceptor sensitivity,
may have effects on outcome via inadequate cerebral perfusion
due to the increased blood pressure variability and impaired cer-
ebral autoregulation, increased cardiovascular complications, and
secondary brain injury due to inflammation, hyperglycaemia, and
blood-brain barrier disruption.

Autonomic dysfunction in patients with stroke worsens their
health status and can induce life-threatening complications [61].

Disease manifestations that may indicate baroreceptor reflex
dysfunction, such as hypertensive crises or high blood pressure
variability, often accompany the acute phase of ischaemic or
haemorrhagic stroke [80]. Poor outcomes may be related to sec-
ondary brain injury, hyperglycaemia, immunosuppression, and
cardiovascular complications.

A significant and independent association has been demon-
strated between impaired baroreceptor sensitivity, blood pressure
variability, and short-term outcome in patients with intracerebral
haemorrhage [12]. Because cerebrovascular autoregulation seems
to be impaired in both acute ischaemic and haemorrhagic stroke,
fluctuations in blood pressure may significantly alter cerebral per-
fusion [81-83].

Autonomic impairment also potentially plays an important
role in non-haemodynamically mediated secondary brain injury
after stroke. A shift to sympathetic predominance has previously
been shown to be associated with proinflammatory cytokine pro-
duction, hyperglycaemia, and increased blood-brain barrier per-
meability. In turn, these mechanisms have been proposed to be
involved in secondary brain injury after stroke [79].

Autonomic shift to sympathetic overactivity has been repeatedly
observed in acute stroke. Sykora et al. [84] again hypothesize that
hyperglycemia in acute stroke relates to autonomic imbalance and
that the adverse effects on stroke outcome may be cross-linked. They
observed an association between hyperglycaemia and decreased
baroreceptor sensitivity in non-diabetic patients, suggesting that
hyperglycaemic reaction in acute stroke may reflect stroke-related
autonomic changes and suggest outcome effects of autonomic
changes and hyperglycaemia are interdependent, having the sym-
pathovagal imbalance as a common underlying mechanism. The
possible therapeutic relevance of this warrants further studies.

Autonomic abnormalities may predispose to infection and a
study [85] on the influence of lesion location within middle cere-
bral artery (MCA) territory on parameters related to activation
of sympathetic adrenomedullar pathway, immunodepression, and
associated infection suggests a specific role of the insular lesion in
the pathogenesis of stroke-induced sympathetic hyperactivation
and immunodepression.

Baroreflex impairment has been independently related to less
favourable long- and short-term outcomes after acute ischaemic
stroke or after intracerebral haemorrhage [72] and may be rele-
vant to the risk of all-cause and cardiovascular mortality in stroke
survivors at increased risk for developing cardiac complications,
and demonstrate a significantly higher cardiovascular morbidity
and mortality [79].

Existing knowledge about baroreflex dysfunction in acute
stroke raises questions regarding therapeutic implications.
Baroreflex sensitivity can be influenced by drugs, especially beta
blockers [86, 87], although several other drugs have been proposed
to enhance baroreflex sensitivity, including ketanserin [88] cloni-
dine, moxonidine, and mecobalamin [89, 90]. There is no good
clinical evidence yet that these medications will have a role in
management but further studies seem justified.

New devices to stimulate baroreceptors are emerging in the
treatment of chronic refractory hypertension. By stimulating
the carotid baroreceptors electrically, these devices ameliorate
baroreflex sensitivity and reduce hypertension [91], however, there
is no evidence as yet for their role after stroke.

The effects of body weight supported treadmill training (BWSTT)
[92] and Repetitive transcranial magnetic stimulation (‘TMS) of



the sensorimotor cortex on autonomic dysfunction have started to
be explored and may in the future have a role in promoting auto-
nomic function and managing autonomic dysfunction after stroke.

Bowel and bladder dysfunction after stroke [93]

Urinary and faecal incontinence are both common in the early
stages post-stroke; 40-60% of people admitted to hospital after a
stroke can have problems with urinary incontinence, with 25%
still having problems on discharge and 15% remaining incontin-
ent after 1 year. Increased age, stroke severity, the presence of dia-
betes, prostatic hypertrophy, pre-existing impairment in urinary
function, and the occurrence of other disabling diseases, increase
the risk of urinary incontinence after stroke.

Incontinence is a major burden on patients and carers.
Management of both bladder and bowel problems should be seen
as an essential part of rehabilitation. Acute use of an indwelling
catheter may facilitate management of fluids, prevent urinary
retention, and reduce skin breakdown in patients with stroke;
however, use of an indwelling urinary catheter greater than 48
hours post-stroke increases the risk of urinary tract infection.

Faecal incontinence occurs in a substantial proportion of
patients after a stroke, but clears within two weeks in the majority

Table 10.7 Stroke—bladder and bowel management [94]

Management of bladder and bowel after stroke: Recommendations from the
Royal College of Physicians (UK) National Guidelines 2012.

# All wards and stroke units should have established assessment and
management protocols for both urinary and faecal incontinence, and for
constipation in stroke patients.

& Patients with stroke who have continued loss of bladder control 2 weeks
after diagnosis should be reassessed to identify the cause of incontinence,
and have an ongoing treatment plan involving both patients and carers.

¢ The patient should:
« have any identified causes of incontinence treated
have an active plan of management documented

be offered simple treatments such as bladder retraining, pelvic floor
exercises, and external equipment first

«only be discharged with continuing incontinence after the carer (family
member) or patient has been fully trained in its management and
adequate arrangements fora continuing supply of continence aids and
services are confirmed and in place.

# All stroke patients with a persistent loss of control over their bowels
should:

« be assessed for other causes of incontinence, which should be treated if
identified

have a documented, active plan of management

«  bereferred for specialist treatments if the patient is able to participate
in treatments

only be discharged with continuing incontinence after the carer (family
member) or patient has been fully trained in its management and
adequate arrangements for a continuing supply of continence aids and
services are confirmed and in place.

# Stroke patients with troublesome constipation should:
+ have a prescribed drug review to minimize use of constipating drugs
+  be given advice on diet, fluid intake and exercise
be offered oral laxatives

« be offered rectal laxatives only if severe problems remain.
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of patients. Continued faecal incontinence is a poor prognostic
factor.

Constipation and faecal impaction are more common after
stroke than faecal incontinence. Immobility and inactivity,

Table 10.8 Summary of autonomic problems, their assessments and
management after SCI

Clinical problem Assessment Management
Bradycardia ECG cardiac Optimize oxygenation
monitor Atropine for acute episodes
Consider prophylactic
atropine for vagal stimulating
procedures
? Methylxanthine agents
Pacemaker only if refractory
or recurrent
Orthostatic hypotension  Lying/sitting/ Education on exacerbating
standing BP factors and prevention
measurement

Compressive stockings
Abdominal binder
Trial medications either

ephedrine, midodrine, or
fludrocortisone

Autonomic dysreflexia In patients with

injuries at/above T6

See Figure 10.9

BP measurement

Assess for cause

Education on effects and
preventative strategies

Exclude other
pathology, e.g.
Syrinx, autonomic
dysreflexia

Sweating abnormalities—
hyper or hypohydrosis
Consider medication,
e.g. clonidine

Consider botulinum toxin
if focal

Education/awareness/
prevention strategies

Temperature
dysregulation

Temperature
measurement

Cold towels/cool spray if
hyperthermic

Clothing, warm fluids if
hypothermic

Occasionally humidified
oxygen, heated intravenous
saline, warmed blankets if
more severe hypothermia

Chest
examination, Vital
capacity, PEFR if
able, SaO,, ABGs/
CXR if indicated

Impaired respiratory Oxygen/humidification

function beta-2-agonists and

anticholinergics

Manual therapy techniques
to promote sputum
clearance, increase ventilation
and reduce work of breathing

Urinary incontinence See Chapter 24 See Chapter 24
Constipation See Chapter 24 See Chapter 24
Faecal incontinence See Chapter 24 See Chapter 24
Impaired sexual function  See Chapter 24 See Chapter 24

ABG, arterial blood gas; BP, blood pressure; CXR, chest X-ray; PEFR, peak expiratory flow rate.
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inadequate fluid or food intake, depression or anxiety, a neuro-
genic bowel, constipating side effects of medications, impaired
sensation, lack of transfer ability, and cognitive impairments
may each contribute to this problem. Goals of management are
to ensure adequate intake of fluid and fibre and to help the patient
establish a regular toileting routine. Bowel training is more effec-
tive if the routine is consistent with the patient’s previous bowel
habits. Stool softeners and laxatives may be helpful. Trans-anal
irrigation may be considered if conservative management is
unsuccessful [94]. Table 10.7 summarizes the bowel and bladder
management after stroke and Table 10.8 summarizes autonomic
imparments and management after SCI.

Conclusions and future directions for
neurorehabilitation

Autonomic failures are a feature of many neurological conditions,
which can last a lifetime and be exacerbated by further medical
complications in the ageing process. There is a need for improv-
ing the detection and diagnoses of these failures as well as finding
new and inventive therapies to overcome them for better neurore-
habilitation. Conservative approaches and minimally invasive
therapies are gaining favour in practice, but surgical interventions
continue to be necessary in some cases.

In diagnostics there have been many significant advances of
which neuroimaging is perhaps the one that will take us well into
the future. Recent functional imaging studies have, for example,
helped us to identify brain and spinal cord structures that are con-
cerned with particular vegatative functions including the control
of cardiovascular arousal mechanisms [95] and more recently,
central control of the bladder [96].

CNS areas that exert particular autonomic control, including
central as well as peripheral pathways may then become the targets
for various interventions including smart drugs and devices. An
example of the latter is the use of conditional neuro-stimulators
which only apply their stimulation when abnormal activity such
as neurogenic bladder overactivity (detrusor hyper-reflexia) is
detected and then suppressed (conditional neuromodulation) [97].

In medical therapies there are bound to be much further
advances in pharmacological agents that can more precisely tar-
get specific organs and their autonomic nervous control to effect
benefit. Medical device delivery of drugs that are now widely used
in spasticity control (e.g. baclofen pumps) are now being adapted
to deliver drugs for long-term pain management [98] and the
potential for targeted delivery in other areas of the central ner-
vous system are possible, including those controlling autonomic
function. Furthermore, these types of drugs may work better in
combination with other therapies involving implantable neuro-
stimulators which could be used to promote drug action by stimu-
lating the autonomic pathways in the targeted areas.

Neurophysiological approaches using devices to promote resto-
ration of autonomic function are gaining prominence in neurore-
habilitation. There is deep brain stimulation for various conditions
and some of these techniques are having considerable success
including benefits for autonomic function; for example, in PD deep
brain stimulation has also been shown to have a beneficial effect in
suppressing associated urinary bladder overactivity [99]. During
recent years the emphasis in neurophysiological approaches has
been to develop non-invasive therapeutic interventions such as
brain and spinal cord stimulation using transcranial magnetic

and direct current stimulation (TMS and TDS respectively). The
techniques of repetitive forms of TMS (rTMS) are believed to have
an impact on influencing neuroplasticity such that it could have
therapeutic benefits in the future [100].

Unlike the expected potential of TMS as a therapy, physiother-
apy techniques, such as pelvic floor muscle training for improved
bladder and bowel control are already demonstrating tangible
benefits in conditions such as multiple sclerosis [101] and stroke
[102]. Again, these therapies probably result from being able to tap
into the neuroplasticity within the pathways of the ANS. Along
with physiotherapeutic approaches there has been much research
into psychosocial or behavioural therapies for ANS conditions
such as those involving the cardiovascular system. However, it
appears that such therapies are more concerned with preventa-
tive measures rather than addressing cardiovascular failures per
se [103], but for those patients with an established cardiovascu-
lar disease then a multifactorial lifestyle intervention is recom-
mended [104].

Finally, there is the exciting development of possible biological
solutions to neuroprotection, neural repair and neuroregeneration
of central and peripheral pathways following disease or trauma. In
spinal cord injury, for instance, the biological approach to restor-
ing lost function is often termed ‘the cure’ and although there have
been significant experimental advances made over approximately
the last three decades, mainly in the field of restoring locomotor
function, the so-called ‘cure’ remains elusive. This is especially
true for autonomic dysfunction where only recently have scien-
tists begun to take a broader interest in these aspects of experi-
mental scientific research in spinal cord injury [105]. It remains
to be seen how much of this translates generally into developing
newer techniques in neurorehabilitation.
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CHAPTER 11

Functional recovery in CNS
disease: impact of animal models

Steffen Franz, Andreas Hug, and Norbert Weidner

Introduction

Animal models are crucial for the understanding of elemen-
tary mechanisms and the natural/interventional course of dis-
ease. Moreover, regulatory authorities like the Food and Drug
Administration (FDA) or the European Medicines Agency (EMA)
demand safety analyses of potential therapeutics in animal mod-
els. Despite extensive preclinical research efforts in the field of
central nervous system (CNS) diseases, a large translational gap
still remains between ‘effective’ preclinical and actual clinical
treatment interventions.

In the clinical setting, functional recovery after CNS damage
is conceptualized by the interplay of multidimensional factors
in order to restitute/compensate disability by intra-individual
(neurological recovery, psychological status/coping strategies)
as well as extra-individual (supporting aids, human resources,
financial resources, health care system infrastructure) means [1].
With respect to clinical translation, this multidimensional con-
ceptualization of functional recovery discloses the difficulties and
limitations of animal research. While animal models are certainly
suitable to investigate elementary concepts of pathophysiologi-
cal recovery mechanisms at the somatic level (cellular/subcellu-
lar, basic behavioural analyses), other intra- and extra-individual
dimensions, as previously described, can hardly be mimicked. For
example, the level of somatic functions by applying the National
Institutes of Health Stroke Scale (NIHSS) or the assessment
of activities of daily living (ADL) and mobility, reflected by the
Barthel ADL Index in the stroke setting cannot be replicated in
small animals.

Traumatic spinal cord injury (SCI) and ischaemic stroke are
acute onset CNS disorders with a high ratio of long-term disabil-
ity [2, 3]. SCI and stroke have in common that they have an acute
onset of the primary injury followed by distinct mechanisms of
secondary damage [4, 5]. Both conditions are routinely treated
with a defined standard of care.

With respect to novel treatments there are fundamental dif-
ferences. In ischaemic stroke the main focus is currently on the
development of so called neuroprotective therapeutic interven-
tions, which aim at the restriction of injury to the brain by pre-
venting neuronal cell death. The region of interest in this context
is represented by the so called penumbra, an area surrounding
the core of the lesion. Over the years more than 1,000 preclinical
studies have been completed. The majority of them indeed showed
functional benefits in relevant animal models of ischaemic stroke.

Nevertheless, until today, albeit the conduction of almost 200
clinical trials, not a single neuroprotective therapy has shown
superior outcome [6].

In contrast, in SCI the most promising focus has been on neu-
roregenerative strategies. These approaches aim at the stimula-
tion of injured axon pathways to reconnect CNS regions rostral
and caudal to the injury site. Destroyed CNS tissue is replaced by
factor-, cell- or biomaterial-based interventions [7, 8]. In SCI this
approach was spurred by early studies showing that the failure of
injured mammalian CNS axons to regrow in the adult can be over-
come by introducing an axon growth conducive environment into
the injured spinal cord [9]. In subsequent years many preclinical
strategies were developed, which were reported to promote struc-
tural and functional recovery mostly in spinal cord injured small
animals. Paralleling translational efforts in ischaemic stroke, all
of those studies, be it factor- or cell-based, failed to demonstrate
efficacy in human SCI (for review see [10, 11]).

The fact that SCI and stroke are different in many aspects—
affection of spinal cord versus brain, mainly traumatic versus
solely cardiovascular aetiology or mainly axonal versus combined
cell body and axonal damage—allows us to investigate whether
the failure to identify effective therapies represents a disease-
specific or a higher-order error. In other words, we want to iden-
tify either individual factors of the respective disease responsible
for the poor translational success or more general problems of
similar neurological disease entities, which prevent prediction
of therapeutic efficacy in human individuals. To achieve this,
aspects influencing the predictive value of preclinical models in
stroke and SCI will be analysed in this chapter: (1) the choice of
animal species including preferred gender and age; (2) the disease
mimicking intervention, (3) the consideration of standard thera-
pies within preclinical models; (3) the accurarcy in translating
preclinically assessed therapies into the clinical trial; and (4) the
coherence of structural and functional outcome parameters in
preclinical models and disease.

Factors related to the animal model

Choice of experimental animal

Animal size

Preclinical stroke and SCI research is almost exclusively performed
in small animals such as rats and mice [12, 13]. Recent guidelines
for stroke therapy trials reccommend that in case a given treatment



is effective in rodents, the effectiveness still needs to be replicated
in gyrencephalic models like cats, pigs or non-human primates
prior to the start of the clinical trials [14]. In stroke, which affects
in particular the cortex and thus higher cognitive functions, a
gyrencephalic model is important. In SCI, spinal cord dimensions
(human spinal cord including the lesion area is at least 10 times
larger than rat spinal cord) demand the use of an animal species,
which at least approaches the dimensions of the human spinal
cord. Until now there are only very few examples of large animal
studies, which were translated into a clinical trial. The neuropro-
tective agent NXY-059 was investigated in a primate middle cere-
bral artery occlusion (MCAO) model [15] and was investigated in
a clinical trial, which again failed to demonstrate efficacy of the
drug [16, 17]. An antibody against the myelin component Nogo
was reported to be effective in a monkey lateral cervical spinal
cord hemisection model [18], which eventually served as the basis
for a first in man open-label multicentre clinical study. The publi-
cation of the results of this study is still pending.

Taken together, official recommendations in stroke and SCI
research [19, 20] strongly recommend the use of large animals
based on theoretical considerations, which have yet to demon-
strate their usefulness on the way to successful clinical translation.
In particular, species-specific ethical issues such as appropriate
animal husbandry and financial resources required to set up an
approppriate infrastructure for large animal reseach have to be
considered [21, 22].

Animal age

Stroke is a disease of the elderly population. Cofactors pronounced
in the elderly population such as multimorbidity and impaired
translation of neurological recovery into function tremendously
influence the outcome [23]. In contrast, most experimental stroke
models do not sufficiently account for age. Even more, mainly
young inbred healthy male animals without comorbidities are
preferably investigated (Table 11.1). Rodent models for aged ani-
mals or animals with other relevant cardiovascular risk factors
like hypertension exist, however, they did not provide the preclin-
ical basis for translation into the clinic so far [24].

In traumatic SCI—paralleling findings in stroke—the recov-
ery of sensorimotor function correlates inversely with increasing
age with regard to recovery of function (e.g. locomotor function)
[25]. However, considering the average age at traumatic SCI onset

Table 11.1 Lesion models versus human disease characteristics
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(between 30 to 38 years of age; [26]), the typical animal age in pre-
clinical studies reflects the clinical situation better. Widely used
inbred female rodents are typically 10 to 12 weeks of age, which
corresponds to 16-18 years of age in humans [27] (Table 11.1).

Animal gender

Gender preferences exist in both stroke and SCI animal models.
While epidemiological data suggest that stroke is a relatively bal-
anced disorder in terms of gender distribution (28), male animal
models are usually employed in preclinical studies (Table 11.1).
It is known that important pathophysiological processes vary
depending on the gender. For example, the infarct size in female
mice is smaller than in males [29], which additionally illustrates
potential gender biases.

In SCI, the predominant gender is the complete opposite pre-
clinically and clinically. In animal models female rodents are pre-
ferred, since manual bladder emptying in females is facilitated due
to obvious neuroanatomical advantages (Table 11.1). Clinically,
many more male individuals suffer from traumatic SCI with a
male to female ratio of up to 6.7:1 [26]. The female rodent prefer-
ence might lead to false positive functional outcome assessments,
since female rats have been shown superior spontaneous recovery
following spinal cord contusion compared to male rats [30].

Strain/species

Depending on the species and strain, vascular variations (anoma-
lies in the circle of Willis) have been described, which differen-
tially affect the susceptibility to a given stroke model. Hence,
different neurological/functional deficits might arise despite the
application of the same stroke model [31-33]. Therefore, the com-
parability of interventional effects between identical stroke mod-
els but different small animal strains is limited (Table 11.1).

In small animal SCI models substantial differences have
been reported in terms of morphological changes at the lesion
site. Mice lack cystic cavity formation at the lesion site [34, 35],
whereas rats—paralleling pathological findings in primates and
human subjects—develop typical cystic lesion defects. Such spe-
cies differences can have profound implications. As an example,
PTEN (phosphatase and tensin homolog) inactivation in mice,
which activates the intrinsic axon regrowth capacity, promotes
axon regrowth across the non-cystic lesion site [36]. In the clin-
ical setting such an approach would not yield structural and

Stroke sCl
Small animal Human Small animal Human
Age 8-16 weeks, corresponds to Mean age 69 10-12 weeks, corresponds to mean age 45"

16-18 years of human age

1618 years of human age

Gender Predominantly male Female: male ~ 1:1 Predominantly female Female: male ~ 1:3.5°
Lesion type LOCAL vessel occlusion Thromboembolic occlusion Knife transection or contusion ~ Contusion or long-term compression
Lesion

Level/region  Middle cerebral artery Multifocal

Severity Extensive

variable, mostly circumscribed

Thoracic level™ Cervical: thoracic level = 1: 1"

Predominantly incomplete Complete: incomplete ~ 1:1.2"

*Based on ‘European Multicenter Study about Spinal Cord Injury (EMSCI)' data set (2001-2012) (Rupp, unpublished data).

**Related to contusion injury/only few models use cervical contusion injury.
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consecutive functional improvement without combinatorial treat-
ment approaches aiming for cyst replacement. Furthermore, the
choice of the animal strain can influence the observed functional
outcome (Table 11.1). Sprague-Dawley rats for instance regain
quicker and superior locomotor function following contusional
SCI, compared to Long-Evans rats [37].

Other strain/species dependent differences have to be consid-
ered in respect to neuroanatomy, neuroplasticity and neuroim-
munological diversity, which may dfferentially affect functional
outcome after SCI [38-43].

Lesion model and severity

Lesion model

In stroke and SCI, two principal types of lesion models are typi-
cally applied. First, more artificial lesion models, which do not
really represent the pathophysiology of the respective disease
entity. However, they are justified since they allow to address
specific basic scientific questions. For instance, can target rein-
nervation—as a prerequisite for functional recovery in complete
SCI—be achieved at all in a wire knife partial spinal cord tran-
section model? Second, lesion models do exist that mimic the
human disease as close as possible. Such a lesion model, for exam-
ple embolic artery occlusion in stroke, is employed to get as much
confidence as possible that an experimental paradigm is likely to
work after translation into the clinical setting [33].

Ischaemic stroke is a heterogeneous disease with respect to
aetiology. Typically, a brain-supplying vessel is occluded by
either thrombotic or embolic mechanisms causing focal cerebral
ischaemia to the brain. Several experimental procedures have
been established to mimic the different clinical stroke aetiologies
in animals [44]. Those range from highly artificial photothrom-
botic stroke in rodents over selective thermocoagulation of blood
vessels in squirrels to clinically relevant models such as embolic
artery occlusion models using homologous clots [44-46]. Since
most of these preclinical studies failed in terms of clinical transla-
tion, the question arises, whether the applied stroke models do
sufficiently resemble the clinical situation [47, 48] (Table 11.1).

Compared to the human situation, CNS lesions in animal
models are considered to be rather uniform and homogeneous.
However, a hypothetical power calculation for the widely applied
intraluminal MCAO filament (suture) model in mice with an
occlusion time of 60 minutes [49] gives a different impression.
Due to collateral blood vessels from the anterior and posterior
circulation, infarct volumes are highly dependent on the con-
comitant occlusion or patency of these collaterals. In the setting
of collateral vessel patency the mean infarct volume was 49.2 mm?3
with a standard deviation of 17.2 (Leach correction). Assuming
that a new therapy would lead to an infarct volume reduction of
10%, a sample size of 205 animals per group would be necessary
(double-sided alpha error rate of 0.05, statistical power of 0.8,
t-test for independent groups).

In the clinical setting, most spinal cord injuries occur via a blunt
trauma to the spinal cord, leading to the combination of a contu-
sion/compression injury [50, 51]. Preclinically, partial to complete
knife/scissor transection as well as contusion/compression are in
use (Table 11.1).

Transection SCI models do only reflect human pathology in
very few instances [52, 53]. However, these models allow analysing

fundamental pathophysiological mechanisms and generate very
limited interindividual lesion size variability. Transection models
are well suited to investigate axonal regrowth and sprouting [54].
Over many years, it was proposed but never demonstrated that
regenerative approaches aim for reinnervation of target neurons,
which requires both long-distance axon regeneration and proper
target recognition. Therefore, a highly artificial rat cervical lesion
model was established, where the dorsal columns containing the
ascending proprioceptive projections were transected close to the
target neuron area in the medulla oblongata—the nucleus cunea-
tus. Indeed, combined cellular transplantation and neurotrophin
overexpression promoted axon regrowth across the lesion site
and proper target reinnervation [55], including recovery of func-
tion [56]. These studies provided for the first time the proof of
principle that target reinnervation can be achieved after experi-
mental SCI.

Overall, rat thoracic weight drop contusion injury models
closely mimic morphological, neurophysiological, and functional
changes described in the human situation [57]. Even though con-
tusion/compression injuries to the spinal cord are induced by
means of a clip, forceps or an inflated ballon with a defined force
[58-63], the heterogeneity between lesioned animals is much
higher compared to transection SCI, since they are very sensitive
to differences in velocities of impact [59, 64].

The choice of the lesion model also affects the incidence of typ-
ical SCI-related complications. For example, a hemisection model,
as opposed to a contusion spinal cord injury, has been shown to
promote the occurrence of neuropathic-pain related parameters
(allodynia). This needs to be considered, when side effects, such
as neuropathic pain, are evaluated after an experimental therapy
administration [37].

Lesion severity
The clinical heterogeneity of stroke, especially with respect to
infarct size is not only relevant for the lesion and neurological def-
icit itself, but also for ensuing complications (immunodepression,
infectious complications) [65]. With respect to the clinical trans-
lation of immunological consequences however, rodent models
are only of limited usefulness due to phylogenetically different
immunological responses [66]. Moreover, other prognosis relevant
complications like hypertension, hyperglycemia or fever are only
incompletely modeled by most experimental stroke studies [33].
While in clinical stroke infarcts are usually small in size (4.5-
14% of the ipsilateral hemisphere), most experimental rodent
stroke models generate rather large infarcts with sizes up to 55%
of the hemisphere [67] (Table 11.1). These models might be of value
for the analysis of fundamental disease mechanisms. For an anal-
ysis of interventional treatment effects others than decompressive
surgery, these large infarcts are unsuitable. In the clinical set-
ting comparable infarct volumes would lead to space-occupying
malignant infarcts with mortality rates up to 80% [68], unless a
life-saving decompressive hemicraniectomy is performed [69].
Unlike stroke models, rat contusion SCI creates lesion dimen-
sions, which are in relation to the size of the spinal cord compara-
ble to human SCI. Paralleling pathological findings in the human
injured spinal cord, the gray matter is severely affected with a vari-
able degree of white matter sparing. In contrast to human SCI,
which affects ventral and dorsal white matter equally, rat contu-
sion SCI primarily lesions the dorsal white matter [53] (Table 11.1).



In SCI, the degree of disability and secondary complications are
critically influenced by the neurological level of injury. In humans
the majority of injuries occur at cervical level [26, 70], which are
accompanied by many potentially disease-modifying complica-
tions (respiratory failure, infections, pressure sores). In contrast,
the majority of preclinical studies prefer thoracic SCI, since due
to severe immobility and respiratory problems complete cervical
SCI cannot be handled in the preclinical setting (Table 11.1).
Incomplete cervical contusion SCI models with clinically observ-
able functional deficits, such as forelimb/hand motor deficits or
autonomic dysfunction, have been established, but only to a lim-
ited extent [71, 72].

Factors related to therapy
Standard of care therapy

The only available FDA-approved treatment of acute ischaemic
stroke, which improves functional outcome, both on the level of
body function and the level of activities, is intravenous throm-
bolysis with alteplase (tissue type plasminogen activator) within
4.5 hours after stroke onset [73-75]. Why other preclinically
promising intravenous thrombolytics failed, remains a matter of
debate [76-78]. With respect to functional recovery, the start of an
early on and ongoing neurorehabilitation programme remains the
mainstay of treatment after ischaemic stroke [79-81].

Given these two proven strategies to improve functional recov-
ery in ischaemic stroke (reperfusion therapy and neurorehabili-
tation) (Table 11.2), there is a need for their implementation in
preclinical work. Novel treatment strategies need to demonstrate
additional benefit before implementation in the clinical setting,
where established therapies will be administered.

In the rodent experimental setting, rehabilitation strategies
might exhibit a couple of dissimilarities compared to the clinical

Table 11.2 Standard of care and experimental therapy
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situation. While formal forelimb training in rodents improves
skilled reaching [82-84], forced use paradigms established for
upper limb rehabilitation in chronic clinical stroke [85-87], might
lead to the exacerbation of infarct size and worsening of behav-
ioural tests if initiated too early [88-90]. Vice versa, when started
too late, beneficial effects might be missed due to the rapid spon-
taneous recovery or reduced efficacy of a delayed rehabilitative
intervention, respectively [91-93].

After spinal cord trauma, an effective causal treatment like ves-
sel recanalization in ischaemic stroke is not available. Operative
and non-operative interventions for spine stabilization are widely
accepted among clinicians albeit missing scientific evidence
[94, 95] (Table 11.2). The main goals of spinal surgical interven-
tions (decompression, stabilization) are to reduce pressure and/
or improve perfusion of the injured cord and to allow rehabilita-
tion in patients as soon as possible [96]. It has yet to be confirmed
whether spine stabilization or timely surgical spine decompres-
sion improves the outcome after traumatic spinal cord injury [97].
Preclinical studies dedicated to investigate beneficial effects of
early decompression suggest an improved outcome [98]. Almost
all SCI models—except for the ballon compression model—
require laminectomy before the actual SCI lesion, which can be
considered as a potential outcome influencing prophylactic neu-
roprotective measure. Therefore, decompression as it is applied to
human subjects is not reflected properly as standard care treat-
ment in small animals. Only few animal studies investigating
regeneration promoting tools included spine stabilization into
their standard therapeutic regimen [30, 45, 99].

Uncertainty also exists with respect to early and high dose
methylprednisolone treatment after traumatic spinal cord injury,
leading to ambiguity in current clinical guidelines [100-102].
According to a recently published survey around 50% of acute
SCI patients still receive high-dose steroid treatment in Germany

Stroke scl
Animal Human Animal Human
Standard of care ¢ None ¢ Thrombolysis ¢ Laminectomy before contusion ¢ Laminectomy subsequent to

¢ Decompressive
hemicraniectomy in

malignant cerebral infarction

¢ Management of risk factors/

complications

# Rehabilitation

# Postoperative manual bladder concusion/compression

evacuation and prophylactic *
antibiotic treatment .

Spinal fixation

Management of risk factor/
complications

¢ Permanent/intermittent
catheterization

¢ Rehabilitation

Experimental therapy

Timing of therapeutic ~ @ Drug administration ~  Drug administration

intervention frequently frequently delayed between
immediately 4—6 h post ischaemia onset
after induction of
ischaemia

Prolonged interval between
injury and administration of
drug/cells

¢ Drug administration/cell .
transplantation usually within few
days after injury

Route of administration # Frequently systemic &

iv./i.p. administration

Frequently systemic i.v.
administration

Drug frequently administered
not locally

# Frequently drug administration .
locally at injury site

¢ Cell transplantation without ¢ Cell grafting under ultrasound
imaging guidance into lesion guidance around lesion centre
centre
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[103]. While there might be a slight treatment effect for improved
sensory-motor function in the very acute phase of up to 8 hours
after injury, adverse events like infectious complications are
doubtlessly increased with methylprednisolone treatment [100].

Standard procedures during the post-acute stage of SCI are
based on rehabilitative concepts to restore independence to
a maximum level. Depending on the lesion level and severity,
existing sensorimotor dysfunction will be restored or compen-
sated. Albeit missing evidence for individual rehabilitative con-
cepts, lesions of the autonomic nervous system, in particular
neurogenic bowel and bladder dysfunction, require significant
therapeutical attention. Regulation of bowel evacuation and han-
dling of voiding dysfunction thus represent standard therapeuti-
cal targets in clinical routine, which are yet rarely introduced
into preclinical studies evaluating regenerative approaches
[104, 105]. Preclinical evidence emphasizes that the combination
of a regenerative therapy with specific rehabilitative measures
may impair functional outcome, if not synchronized properly
[105]. Accordingly, regenerative strategies considered for clinical
translation should be evaluated in combination with rehabilita-
tive interventions.

Experimental therapies

In order to allow optimal predictability of a targeted
neuroprotective/-regenerative therapy, respective modes of drug/
cell administration have to be harmonized as close as possible.
Timing of therapeutic intervention in relation to the lesion time
point represents a highly relevant issue in the translation of a
given therapeutic intervention.

Timing of therapeutic intervention

Neuroprotective therapies in ischaemic stroke target early patho-
physiological events (excitotoxicity, inflammatory changes, neural
apoptosis, free radicals, calcium influx). Therefore, short intervals
between disease onset and drug administration are considered to
be critical in neuroprotective therapies following the theme ‘time
is brain’. In preclinical studies, this prerequisite has been met
(Table 11.2). However, clinical studies investigating the efficacy of
neuroprotective agents following cerebral ischaemia, frequently
struggle with the timely drug administration. For example, the
free radical scavenging drug NXY-059 was applied within 4 hours
after stroke onset [106], whereas respective clinical trials allowed
to administer the drug within a 6 hour time frame [16, 17].
Preclinical and clinical assessment of another free radical scav-
enger—Tirilazid—yielded even more pronounced differences with
respect to treatment delay (10 minutes in preclinical experiments
versus 5 hours in the clinical trial) [107].

Cell-/biomaterial-, soluble drug- or gene therapy- based
neuroregenerative therapies should ideally be applied within a
narrow time frame after SCI. Depending on the particular ther-
apeutic intervention, the time frame compared to neuroprotec-
tive strategies is not as critical in respect to the time post injury.
Nevertheless, in order to increase the predictability of clini-
cal efficacy, preclinical and clinical treatment windows should
be matched as close as possible (Table 11.2). Looking at solu-
ble factor based regenerative therapies, which were translated
into clinical trials, significant discrepancies between preclini-
cal and clinical drug administration are apparent. A dura-
permeable formulation of C3-transferase—BA-210—aiming

for Rho-inactivation was applied locally immediately after
injury, whereas in the clinical trial a treatment delay between
7.83 and 146.1 hours was reported [108]. In case of specific
antibodies aiming to eliminate axon growth inhibitory effects
of the myelin-associated protein Nogo, the differential treat-
ment delay in preclinical versus clinical studies was even more
pronounced. Preclinical studies investigated structural and
functional effects of respective antibodies only resulting from
drug administration immediately post SCI [109]. In the clinical
trial, antibodies were then applied in a time frame up to 28 days
post injury [110]. Looking at logistically challenging cell-based
regenerative studies the maintainance of a proper treatment
interval is even more difficult. An ongoing clinical trial inves-
tigates allogenic fetal derived neural stem cells in the subacute
phase of SCI between 3 months and 1 year after injury [111].
In contrast, respective preclinical studies administered the cells
9 days after contusion SCI in mice [112]. Applying autologous
cell transplantation based therapies represents the most difficult
strategy in terms of timely therapeutic intervention. Cells need
to be harvested from patients’ tissue samples, isolated and prop-
agated in culture to be transplanted back into the patient. Most
preclinical studies aiming at autologous transplantation mimic
this rather complex cell preparation procedure by substituting
syngenic cells. A study in spinal cord injured rats has provided
proof of principle that within an 8-week time frame autologous
neural progenitor cells can be isolated and propagated in suf-
ficient quantities from small subventricular zone biopsies and
transplanted into the spinal cord lesion site eliciting substantial
structural repair [113]. Whether a comparable time frame is fea-
sible for autologous transplants in the clinical setting remains
to be demonstrated.

Therapy administration route

In experimental and clinical stroke neuroprotective treatment
administration routes are rather homogenous. The majority of
clinical trials follow the preclinical administration strategy—usu-
ally systemic i.v., i.p. or s.c. treatment. For example, the neuro-
protective drugs Tirilazad and NXY-059 were both investigated
primarily after i.v. infusion in rats [107, 114]. Correspondingly, in
respective clinical trials the study medication was also adminis-
tered iv. [16, 115].

In contrast, in SCI, relevant differences do exist with respect
to the therapy administration route. Preclinical studies inves-
tigating the regenerative capacity of anti-Nogo antibodies
applied the drug continuously either intrathecally remote
from the lesion site (respective antibody secretion by hybri-
doma cells implanted intracerebral [116]) or at the lesion site
[18, 117]. In contrast, in the respective clinical trial anti-Nogo
antibodies were applied either continuously intrathecally via a
lumbar catheter or as repetitive bolus injection also via lum-
bar intrathecal injection. Indeed, the pharmacokinetics in
terms of drug distribution after intrathecal or intracerebral
and local spinal versus lumbar infusion (in human subjects)
have yet to be determined. Lumbar intrathecal bolus injections
have not been evaluated in small animal studies investigating
anti-Nogo administration after SCI (Table 11.2). Regarding
cell-based local transplantation strategies, cells are frequently
transplanted into the area of the spinal cord lesion without
exact non-invasive identification (magnetic resonance imaging



(MRI), ultrasound) of the lesion boundaries in preclinical
studies (Table 11.2). Clinical trials aiming at translation of
respective cell-based therapies, increaslingly employ ultra-
sound guided injection of cell grafts into the rostral and caudal
boundaries of the lesion cyst [118-120].

Factors related to outcome parameters

Outcome in CNS disease is determined by both, true recovery
(axonal regrowth and sprouting) as well as compensation mecha-
nisms (e.g. compensatory movements in order to improve skilled
reaching). Standard behavioural tests in the clinical as well as
in the preclinical setting are usually not suited to discriminate
between true recovery and compensation (Table 11.3). Depending
on the mode of action of new treatment interventions, correct out-
come parameters need to be chosen.

Ideally, relevant animal models should not only reflect neuro-
nanatomical and physiological changes (level of somatic func-
tions), but in addition further aspects such as ADL in order to
serve as useful predictors of therapeutic efficacy in CNS disease.
Outcome parameters for small animals, which correlate with
ADL, have yet to be developed. Meaningful outcome param-
eters in animal models need to reflect the expected mode of
action by the treatment under investigation as close as possible.

Table 11.3 Outcome measures in animal models and humans
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For example, treatments with potential effects on upper extrem-
ity sensorimotor function including fine motor control in
humans are not properly reflected by BBB locomotor assessment.
Assessment of fine motor skills in rodents is quite challenging,
considering the fact that corticospinal projections in lysence-
phalic rodents are different from those in gyrencephalic humans
[40, 121]. Therefore, species-specific neuroanatomical/-physio-
logical differences represent a major obstacle in the translation of
potential treatments.

Assessment of structural changes

In ischaemic stroke, the final infarct size or reduction of final
infarct size, which can be analyzed postmortem by histology or
non-invasively in the living animal by MRI, represent the most
frequently applied structural outcome measures in preclincal
models, targeting the effects of neuroprotective therapies (Table
11.3). The infarct size can easily be quantified by the given meth-
ods in any species and it correlates moderately to strong with
short- and long-term clinical outcome [122-126]. The gold stand-
ard for this rather crude morphological analysis in animal models
is still postmortem histopathology [127] (Table 11.3). But recently,
MR stroke imaging has become a robust tool for the intravital
measurement of infarct size, even in small animals [128, 129].
Hence, serial correlations with behavioural outcome measures

Stroke scl
Small animal Human Small animal Human
Neurological impairment ¢ None ¢ Standardized neurological ¢ None + Standardized neurological
examination (NIHSS) examination (ISNCSCI)
Functional impairment
Locomotion ¢ Rotarod Repetitive task training ¢ BBB ¢ Walking Index for Spinal
¢ Foot-fault test Several walking tests # Footprint analysis Cord Injury (WISCI)
* Step test * Beam walking ¢ Spinal Cord Independence
_ i Measure (SCIM)*
¢ Kinematics
Hand/Arm Function ¢ Cylinder rearing test Repetitive task training ¢ Forelimb reaching ¢ GCraded Redefined
¢ Montoya Staircase test Assessment of Strength,
Sensibility and Prehension
(GRASPP)
Independence ¢ Morris Watermaze Barthel Index ¢ None * SCIM™
test (examining spatial RenlkA
memory/learning)
Patient-reported outcome
Quality of Life ¢ None Several assessments available ¢ None ¢ Several assessments
available
Neurophysiology ¢ None None ¢ Somatosensory evoked ¢ Somatosensory evoked
potential (SSEP) potential (SSEP)
¢ Transcranial motor evoked @ Transcranial motor evoked
potential (TcMEP) potential (TcMEP)
Imaging + Histology MRI + Histology ¢ MRI

¢ Small animal MR

* Domain ‘Mobility’.

** Domain ‘Self-Care’ and ‘Respiration and Sphincter Management'.
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are possible in rodents and non-human primates [130, 131]. The
advantage of infarct size assessment is that non-invasive MRI can
easily be translated from the animal study to the clinical trial.
However, can it really be expected that a given neuroprotective
treatment saves brain tissue as whole or would such a treatment
rather protect defined neuronal populations, which are most
likely not visible by just measuring the infarct size? Or in other
words, is MRI infarct size assessment just not sensitive enough to
detect neuroprotective therapy related changes?

Mere infarct size measurement does not specify the underly-
ing mechanisms with respect to true neurological recovery ver-
sus behavioural compensation. In the animal setting for example,
treatment with an enriched environment leads to a better func-
tional outcome despite the induction of approximately 8 % larger
cerebral infarcts [132]. Underlying mechanisms of these at first
sight inconsistent effects remain obscure.

In SCI structural outcome assessment following a therapy aim-
ing for neuroregeneration is more diverse. Several histopatho-
logical methods exist to analyse axonal regrowth and sprouting
after experimental SCI. Axons can be visualized and quantified
via immunohistochemistry, anterograde and retrograde tracing
of motor, sensory and autonomic pathways [133-136]. However,
as already mentioned, axon regrowth does not necessarily mean
re-establishment of neuronal connections, which have been inter-
rupted. Few studies actually show reinnervation of previous neu-
ronal targets [55, 56]. Furthermore, myelination and the status
of oligodendroglial survival/replacement can be assessed ultras-
tructurally [137-139]. Of course, such a structural post mortem
assessement is not applicable to clinical trials. Here, non-inva-
sive visualization of the human spinal cord is exclusively based
on MRI, which can also be employed for in vivo small animal
imaging [140, 141]. MRI technology has advanced tremendously
within the last decade and it is in principle capable of detecting
changes related to axon integrity (diffusion tensor imaging) and
myelination status (magnetization transfer ratio). However, these
sequences cannot yet be applied to the spinal cord, where sur-
rounding bone structures, metal artefacts resulting from spine
stabilization and respiration associated motion artefacts impede
specific structural analysis. As in ischaemic stroke, MRI can
visualize the lesion size in both experimental and human SCI. In
general, the correlation between the lesion size detected with MRI
and functional outcome is rather poor [142, 143]. But, as already
mentioned, metal artefacts due to spine stabilization in most
instances heavily restrict the analysis of the lesion area.

Assessment of functional changes

In clinical reality, it is not a structural surrogate readout parameter
that is essential for the patients. Instead, it is a clinically meaning-
ful functional improvement. Several preconditions are essential
for an accurate measurement of functional outcome in the clinical
as well as in the preclinical setting. (1) Test validity: does the test
measure what it is alleged to measure? (2) Test reliability: does the
test produce similar results under consistent conditions? (3) statis-
tical methodology: selection of a correct statistical model.

For the clinical setting of acute ischaemic stroke, validated test
instruments exist to measure functional outcome on the body
level (NITHSS) as well as on the activity level (modified Rankin
Scale [mRS], Barthel Index) (Table 11.3). As a surrogate marker

for functional outcome in the clinical setting, stroke volume is a
reliable and major predictor for both the body function level and
activity level [144-146]. For estimation of the functional outcome,
the time course of spontaneous recovery, which takes a period of 3
to 4 months in humans, needs to be taken in to account [147, 148].
For details on spontaneous recovery, its mechanisms and restora-
tive therapies see: [149, 150]. In addition, compensatory move-
ments in the animal model (rat) improve functional activity
scores for forelimb function without true neurological improve-
ment [151, 152]. Thus, understanding recovery and compensatory
mechanisms might be relevant for future designs of treatment
interventions [153].

Outcome scores/analyses should be applied according to the
anticipated mode of action of the new treatment. While for an
‘all or nothing’ treatment like thrombolysis a dichotomized out-
come scale (favorable versus unfavorable according to the mRS)
might be appropriate, this approach appears to be rather inappro-
priate for a supposed neuroprotective agent [154, 155]. In other
cases again, it might be wise to choose an activity-level based or a
body-level based outcome test, respectively.

In the clinical setting robust baseline scores are available for
SCI. These are reliable predictors for final outcome [156-159].
However, in the experimental setting similar behavioural scores,
indicating the completeness of the lesion at baseline are missing
(Table 11.3). Such scores would not only be helpful in the experi-
mental setting to improve baseline risk stratification, but might
also be beneficial with respect to clinical translation (functional
versus structural completeness).

The most important clinical assessments in SCI are the
‘International Standards for Neurological Classification in Spinal
Cord Injury (ISNCSCI)’ of the ‘American Spinal Injury Association
(ASIA) and the ‘Walking Index for Spinal Cord Injury (WISCI),
as well as the ‘Spinal Cord Independence Measure (SCIM),
respectively [160-162] (Table 11.3).

For the most commonly used animal experiments (rodent
models) mainly open-field behavioural assessments like BBB
and BMS scores are applied [163, 164]. These scores were devel-
oped and validated for the analysis of hindlimb locomotor func-
tion in rats and mice. Main problems of the tests are the lacking
rater-objectivity and the nonlinear/discrete distribution of the
test results. Moreover, there is no clear consensus on how much
difference in the BBB score from baseline is a meaningful change
with respect to clinical translation. Thus, there is a need for more
objective functional tests with transferability or rather compara-
bility to the clinical setting [165-167]. Even more differentiated
tests with improved inter-rater reliability, more detailed covering
of changes in functional performance and more objective evalu-
ation of different locomotion parameters, such as the ‘Ladder
Beam Walking Task’ in mice [168] or the ‘CatWalk-Assisted
Gait Analysis’ in rats [169], do eventually represent poor surro-
gates for the actual used clinical outcome parameters. Recently,
sophisticated treadmill approaches were added to the repertoire
of functional outcome/gait analysis assessments in rodents [170,
171]. Notwithstanding the fact that the latter assessments con-
cern quadrupeds, one might draw a parallel to clinically used
gait analysis concepts [172, 173]. Even though, a systematic tran-
sitional evaluation of these tests as surrogate markers has not yet
taken place.



Since the majority of clinical spinal cord injuries are located at
cervical level with consecutive upper extremity dysfunction, cor-
responding functional assessment of forelimb function in respec-
tive animal models represents a challenging task. Effects on fine
motor skills are modest and hard to assess in rodents and there-
fore of limited sensitivity regarding the translation into the clini-
cal setting [142, 174]. Generally used assessments in animals are
gross sensorimotor skill tests like the ‘forelimb reaching task’,
meanwhile refined by differentiated video motion analysis to
identify compensatory movements of spinal cord injured rat [175-
179]. Skilled forelimb reaching is also reflected by the ‘Montoya
Staircase Test’ and the ‘Cylinder Rearing Test’, which have
been used in several models of CNS diseases including SCI [72,
180, 181]. Whether non-human primate models suffice to close the
translational gap remains to be evaluated [22].

In the clinical context, the Graded Redefined Assessment of
Strength Sensibility and Prehension (GRASSP) has been estab-
lished to assess upper limb function in tetraplegic patients in a
standardized fashion [182, 183].

Reliable assessment tools for autonomic dysfunction (bladder,
bowel, cardiovascular and sexual function), which substantially
affects quality of life in SCI subjects, receive increasing atten-
tion both in the preclinical and clinical setting in recent years
[184, 185]. However, the predictive value of such assessments still
needs to be investigated.

Neurophysiological measurements, in particular
somatosensory-evoked potentials (SSEP) and motor-evoked
potentials (MEP) allow objective assessment of long distance
neural connectivity in animals as well as in patients [186, 187]
(Table 11.3). Even so, the translatability of preclinical neuro-
physiological findings into the clinical setting has not been dem-
onstrated yet.

Summary and conclusion

With the use of preclinical models, substantial knowledge about
fundamental CNS disease mechanisms (degeneration, regenera-
tion, inflammation) and potential modes of action of treatments
has been gathered for spinal cord injury and ischaemic stroke
over the past decades. Nevertheless, the output in terms of suc-
cessful clinical translation of promising preclinical research
results is poor [4, 11,188-193]. And this is despite joined efforts
in both diseases to define the most important criteria, which
have to be considered in order to substantially increase the like-
lihood that a given preclinical therapy will successfully trans-
late into a clinically approved treatment. Already 10 years ago,
first recommendations based on meta-analysis of existing pre-
clinical studies—so called Stroke Treatment Academic Industry
Roundtable (STAIR)—were presented in ischaemic stroke. [14,
19]. In SCI, guidelines for the conduct of clinical trials have also
been established [159, 186, 194, 195]. In terms of preclinical stud-
ies, a survey in the scientific community investigating the most
relevant factors of preclinical studies and recommendations for
the optimal conduct of preclinical experiments has recently been
published [196].

In the following, we summarize pitfalls of stroke and SCI dis-
ease models, which can be considered as either disease-specific or
systematic.
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Disease-specific pitfalls in stroke

1. Regarding the investigation of neuroprotective therapies in
ischaemic stroke, particular concerns are focusing on the choice
of structural outcome parameters. Most preclinical studies
report successful neuroprotection as soon as a reduction of the
infarct volume (determined by histology or MRI) is detected.
However, this approach is rather crude, since neuroprotective
interventions primarily aim to protect neurons and not the entire
neuropil. Moreover, in due consideration of neuroanatomic
aspects, it cannot be translated one to one into a correspond-
ing structural analysis in human subjects. In SCI, in recent years
more and more efforts have been made to detect mechanisms
of given neuroregenerative approaches such as reinnervation,
which are likely to account for functional recovery [55, 56].

2. Compared to SCI, the discrepancy in terms of average animal
age and average age of patients is much more apparent in stroke.

3. The ischaemic territory (middle cerebral territory) is rather
uniform throughout the majority of preclinical studies. In SCI,
awider variety of lesion levels (cervical or thoracic) and severity
(incomplete versus complete) are available in the experimental
setting.

Disease-specific pitfalls in SCI

1. Potential pitfalls particularly relevant for SCI concern the
animal size in the context of axon regeneration. Axons have
to regrow over much longer distances in humans to promote
reinnervation compared to small animals. In neuroprotective
therapies in stroke the issue of animal size is less relevant.

2. Another issue in SCI relates to the timing of the therapeutic
intervention. Neuroprotective therapies in stroke models are
applied immediately after induction of the ischaemia. Likewise
in humans, the goal is to initiate the respective therapy within
an early time window after the ischaemia. In neuroregenera-
tive approaches for SCI, timing is still less stringent in both
animal models and clinical trials. In most regenerative therapy
approaches, the application of the drug, cell or biomaterial fre-
quently needs time (surgery required, cells need to be delivered/
prepared). Furthermore, it is not precisely known, which time
point of intervention in animal studies translates into corre-
sponding time points in humans.

3. The route of therapy administration (soluble factors and cell
transplantation) in preclinical SCI studies is frequently not
properly translated into respective clinical trials. In ischaemic
stroke, both preclinical and clinical therapies are consistently
applied systemically (mostly i.v.)

Unspecific pitfalls

1. In SCI, functional outcome assessments almost completely
neglect the field of autonomic dysfunction (neurogenic bowel
and bladder or sexual dysfunction), since respective functional
outcome tools are rather complex to implement or have not yet
been developed. In ischaemic stroke, assessments investigating
higher cognitive function—frequently contributing substan-
tially to disability—are missing.
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2. In terms of the predictive value, both stroke and SCI employ
highly controlled, homogenous, mostly inbred-strain based
animal populations, which do not reflect the clinical situation.

3. Comorbidities are not properly addressed in both animal mod-
els. In stroke, diabetes and hypertension that could influence
the outcome of stroke significantly, do not play a role in respec-
tive animal models. In SCI, additional polytrauma associated
lesions such as fractures, organ damage (e.g. lung contusion)
and secondary complications in the acute situation (e.g. pres-
sure sores, pneumonia) are not considered in animal models.
Undoubtedly, these aspects can hardly be introduced into pre-
clinical models.

4. Both SCI and stroke models employ uniform lesion mecha-
nisms, which do not adequately reflect the aetiology of these
diseases in humans. In stroke, primary large and small ves-
sel occlusions as well as arterial embolisms cause ischaemic
events. However, only vessel occlusion models are used as
reliable stroke model. Traumatic SCI, both in humans and in
the animal model, is characterized by mostly blunt forces. In
humans, there is a mixture of longer lasting compression (bone
fragments are dislocated into the spinal canal) and short last-
ing contusion (e.g. in elderly patients with spinal stenosis). In
the majority of the animal models, reflecting the clinical situ-
ation as close as possible, the spinal cord is contused without
longer-lasting cord compression.

5. Gender preferences, which can be observed in both diseases
(male in stroke, female in SCI), can easily be adjusted in future
preclinical trials. Standard of care, which can positively and
negatively influence the outcome, is mostly neglected or at least
not controlled for in stroke and SCI models. Vessel recanaliza-
tion and all other measures applied in stroke units and rehabili-
tation centres are in most instances not part of preclinical
stroke models. Properly timed decompression, spine stabiliza-
tion, bladder/bowel management and rehabilitation measures
are in most instances not part of preclinical SCI models.

6. Large animal models are desirable for both disease entities.
However, to date only few published studies exist in this con-
text. This is understandable considering ethical issues, financial
restrictions and large animal numbers that are needed to get
statistically relevant results.

Taken together, issues inherent to disease models, as well as
higher-level pitfalls independent from the disease model, sup-
port the notion that animals fail to closely reflect the respective
human disease entities stroke and SCI. Even if these factors were
identified, they could not always be addressed in the preclinical
setting. Therefore, preclinical models can at best provide proof
of principle that a neuroprotective or neuroregenerative therapy
will be effective. Specific attention should be paid to the detec-
tion of underlying structural mechanisms of recovery and robust
and reproducible functional improvement in respective animal
models. A provocative conclusion would be to proceed from the
culture dish straight to the patient, employing animal models
only for safety and pharmacokinetic analysis. However, this is
not a realistic approach, which would find acceptance within the
basic and clinical science community. As mentioned, there is still
significant room for improvement. Current and future preclini-
cal neuroprotective and neuroregenerative therapy investigations

need to demonstrate whether published requirements [14, 19, 52,
109, 197-199] will help to substantially enhance the predicitive
value of preclinical experiments.
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CHAPTER 12

Animal models of damage, repair,
and plasticity in the brain

Andreas Luft

Introduction

Successful therapies in medicine are based on a thorough under-
standing of their (patho-) physiological mechanisms. In neu-
rorehabilitation, mechanistic insights were achieved through the
advancement of the neurosciences and have provided mechanis-
tic explanations for some therapeutic approaches that originated
from experience—‘post-hoc’ so to say. Still, much is unknown.

Animal models complement the study of human physiology
because they allow for the use of methodologies that cannot be
used in humans. Differences in anatomy and physiology between
humans and animals, however, limit the interpretability and
applicability for human medicine. Since most of these methods
are invasive, ethical questions need to be looked at carefully.
Knowledge gains must potentially be substantial to justify the
use of animals. In rehabilitation and recovery sciences, so little is
known about the brain’s potential for recovery and the best ways
to exploit this potential that animal experiments are necessary.

Why animal models

In the past, experience and observation served as a basis for
the development of neurorehabilitation therapies. While this
is certainly a valuable strategy, it falls short of the translational
approach in which a physiological mechanism provides the idea of
a therapeutic intervention and serves as a surrogate marker for its
optimization. Constraint-induced movement therapy was devel-
oped based on monkey experiments showing that the non-use of a
deafferentiated limb can be reversed by restricting the movement
of, that is, immobilizing, the intact limb [1]. Deeper insights into
the neurophysiology can only be reached by using animal models.

Animal models are also needed to test invasive interventions
such as drugs [e.g. 2] or brain stimulation especially invasive
brain stimulation [e.g. 3]. Such methods have not yet entered the
clinical routine of stroke rehabilitation but are effective treat-
ment approaches in extrapyramidal movement disorders such as
Parkinson’s disease or tremor. Without the evidence from animal
experimentation would human use be difficult to ethically justify.

Animal models carry a decisive advantage, that is, their homo-
geneity. The optimal model has the least interindividual variabil-
ity that is related to methodology, for example, to the size of the
brain lesion or the genetic background of the animals. This homo-
geneity allows to detect effects of interventions that are rather
small and that would require large human samples and lengthy

and costly clinical studies. This methodological advantage of ani-
mal models may help to identify drug side effects on neuroplas-
ticity—that is drugs that reduce or interfere with learning and
recovery processes. Stroke patients receive a multitude of medi-
cations against seizures, depression, hypertension, agitation etc.
Some of these drugs—based on their pharmacological action—
potentially reduce neural plasticity, as it may be the case for the
antiepileptic levetiracetam [4]. If these drugs had dramatic effects
of recovery, their detrimental action would probably have been
noticed clinically. More likely, however, these effects are small and
may add up to explain why some patients recover better then oth-
ers. Such small effect sizes are easier to detect in animal models of
neuroplasticity that use a surrogate marker instead of behavioural
recovery as their outcome measure.

Whether animal models are also apt to investigate mechanisms or
efficiency of motor training methods is questionable. The neuroanat-
omy of the rodent motor system and the movement patterns used
by rats are substantially different from humans, which limits com-
parability. Non-human primate model may be required to explore,
for example, the neurophysiology of robot-assisted motor training.
Non-human primates are able to be trained in a task-related manner
after experimental stroke similar to humans [5].

Why not—limitations of animal models

While we argued above that homogeneity is an advantage of
animal models as compared with human studies, it is also their
most significant disadvantage. Human stroke is largely variable—
factors contributing to this variability are the site of the brain
lesion, stroke aetiology, deficit severity, comorbidity, social factors,
cognition, and likely other unknown factors. Many of these factors
interact with each other, for example the presence of aphasia
with the relationship to the caregiver/spouse and depression. An
influence of these factors on recovery is likely [6]. Animal models
cannot simulate such complex situations, which limits their
comparability to humans.

Because most models of post stroke recovery use rats, differ-
ences in neuroanatomy need to be considered. The rat’s motor sys-
tem is substantially different from the human motor system: It is
unclear whether the separation between primary motor, premotor
cortex, and supplementary motor area also exists in the rat [7]. In
the rat, primary motor and somatosensory cortex overlap, whereas
in humans they are separated [8]. In rats subcortical regions play a
bigger role in motor control. This is why behavioural deficits after
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Table 12.1 Ischaemic stroke models

Model

Pro

Con

Middle cerebral artery
occlusion (MCAQ)

# suture/thread reversible
occlusion

# distal MCAO via
craniotomy

¢ thromboembolic
occlusion with
microspheres or
thrombotic emboli

Pathophysiology
comparable to human
stroke, technically
simple (except distal
MCAO)

# Variable lesion
size (especially in
thromboembolic
models)

+ Subarachnoid
haemorrhage in
10-20% of cases

# Permanent ligation
of ECA for suture
insertion produces
mastication deficits
with subsequent
weight loss

# Involvement of
hypothalamus
(except distal MCAO)
produces hyperthermia
exacerbating cell death.

Multiple vessel occlusion
(both carotid arteries,
cortical MCA)

Similar to MCAO
but produces
smaller lesions

Craniotomy with
increased preparation
time, injury and surgery
related morbidity/
mortality

Focal interruption of
cortical blood supply

Small cortical lesions

Variable lesion size
depending on individual
vascular anatomy

Endothelin-1 injection
(vasoconstrictor)

¢ Focal well-defined
lesions

# Deep (lacunar)
lesions possible

Side effects of endothelin
include facilitation of
axonal sprouting and
astrocytosis

Questionable
comparability to human
with respect to (especially)
early course/recovery

Photothrombosis

+ Focal, well-defined
lesions

# Technically simple
and noninvasive

Microvascular occlusion
with lack of penumbra
and concomitant
formation of vasogenic
and cytotoxic oedema

Questionable
comparability to
human with respect to
(especially) early course/
recovery

a cortical lesion are often small and only detectable in sensitive

motor tests [9, 10].

The interpretation of movement deficits related to a brain lesion

also has to consider the innate movement patterns of the animal.
Rats are quadripedal and typically utilize their forelimbs in a
bilaterally symmetrical fashion. Humans, in contrast, are bipedal
and therefore require a more sophisticated motor control of bal-
ance. Upper extremity movement in humans are mostly uni-
lateral and if they are bilateral then both arms/hands are used
in a cooperative manner, for example while opening a bottle
[11]. Rats can perform unilateral movements but they have to

slowly acquire and train these movements [12]. Considering that
pre-existing knowledge of a task influences its recovery [13], the
fact that most movements that serve as a measure for recovery
are new to the rat while humans aim to recover motor tasks that
they had performed thousands of times before, can limit rat-to-
human comparability.

One more difficulty in rodent models of stroke recovery is
related to the ischaemia model itself.

Models of experimental brain injury

Several methods exist for inducing ischaemia in the brain of mice
or rats and each has its own advantages and disadvantages [14]
(Table 12.1). Most models involve cortical or cortical+subcortical
strokes. Occlusion of the middle cerebral artery (MCAO) by
using a filament inserted through the internal carotid artery,
ligating the artery or injecting embolic materials is commonly
used. MCAO-induced lesions vary in size [14]. Other models
like photothrombosis (Figure 12.1) or intra- or epicortical injec-
tions of endothelin-1, a vasoconstrictor that produces reversible
ischaemia for up to 3 hours, produce more homogeneous lesions,
but are pathophysiologically distinct from human stroke. A sub-
stantial proportion of strokes in human affect solely subcortical
white matter and/or basal ganglia—the typical lacunar strokes.
Rodent models of subcortical stroke use stereotactic injections of
endothelin-1 into the internal capsule [15] or into the subcortical
white matter [16].

Apart from brain ischaemia models, recovery has also been
studied in models of traumatic brain injury [17, 18]. The typical
model involves a controlled cortical impact performed by cylinder
that is driven by a linear velocity transducer [19].

Comparing learning and recovery

Studies on learning and memory have revealed many processes
involving lasting reorganization of neural networks, termed plas-
ticity. In particular, paradigms of motor learning were found to
be associated with synaptic [20] and structural plasticity in motor
cortices [21]. Because neural reorganization has been found dur-
ing recovery [22] and learning, it is assumed that both processes
share similar mechanisms. Behaviourally, learning and recov-
ery share a dependency on training and training intensity [23].

Fig. 12.1 Example of a cortical lesion in rat produced by photothrombosis.
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Despite these similarities, a convincing proof that learning and
recovery share a common mechanism is still lacking.

Animal models of learning

Learning and memory have been extensively investigated in ani-
mal models. While in humans, the distinction between explicit
and implicit learning is well established—‘explicit’ referring to
hippocampus dependent memorization of contents of conscious
experience, ‘implicit’ referring to the unconscious learning of pro-
cedures or movements—it is less clear in animals. Spatial learning
in a maze depends on the hippocampus [24, 25]. Motor learning
such as the learning of a skilled forelimb task depends on motor
cortex and striatum [26-28], but not on hippocampus [29].
Because brain ischaemia models in rat mainly injure cortex
and basal ganglia, recovery research has focused mainly on motor
tasks. Complex movements are sensitive measures of functional
deficits induced by cortical lesions. Recovery of motor perfor-
mance has been compared to the healthy learning of these tasks.
Skilled forelimb reaching is the motor skill learning model most
often used. The rat learns to reach for a food pellet that is placed
outside the cage through a slit in the cage’s wall. The animals usu-
ally require several training days to reach a performance plateau.
This task depends on protein synthesis in motor cortex [27] and—
to a lesser extent—in basal ganglia [26]. It involves synaptic plas-
ticity in motor-to-sensory cortex transcortical projections [20].
During learning of the reaching movement motor cortex repre-
sentation maps are transiently modified [30, 31]. Learning is also

Table 12.2 Motor test (learning) paradigms

Model Pro Con

Sensitive to deficits
induced by small cortical
strokes affecting the
motor system

Pellet or pasta reaching
task, including staircase
reaching

# Requires pre-learning
over several days to
learn to task

# Achangein
movement strategy is
not recognized

Skilled walking tests
(beam, ladder, rotarod,
rotating pole)

Simple set up involving # Involves whole
short learning to plateau body movement
performance programme,
including balance,
locomotion
under subcortical/
extrapyramidal and
brainstem control

¢ Quick learning to
plateau performance
renders studies on
learning processess
difficult

Forelimb adhesive tape
removal test

# Requires no special
equipment

A change in movement
strategy is not

¢ Cood quantification recognized

via time attending to
stimulus (=tape)

Robotic manipulandum  Precise quantification via
several parameters that

are sensitive to learning

¢ Complex setup

¢ Long pre-training
times

associated with synaptogenesis (structural plasticity) in motor
cortex [32]. Learning to reach depends on acetylcholine [33] and
dopamine [34, 35] to be released in motor cortex during train-
ing. The reaching task is sufficiently complex to induce learning
over several days which is an advantage when trying to augment/
reduce learning by certain interventions.

Alternative motor skill learning paradigms are pasta reach-
ing [36], rotarod [37], acrobatic walking tasks [37-39], staircase
reaching, in which rats reach for food pellets from different dis-
tances—the greater the distance reached from, the better is the
performance in this task [40]. The sticky tape test, in which an
animal has to remove a piece of tape attached to the forelimb, is
sensitive to somatosensory deficits [41]. For a summary of motor
paradigms see Table 12.2.

Animal models of plasticity

The term ‘plasticity’ has been used for a variety of phenomena
that represent lasting modifications to neural structure or func-
tion. ‘Lasting’ in this context can refer to several minutes or to a
lifetime. Functional plasticity typically means the change of syn-
aptic strength between neurons. Changes in synaptic strength
can be mediated by different cellular modifications, such as
receptor trafficking, changes in dendritic spines, or synaptogen-
esis. The latter two may also be regarded as structural plasticity.
The term structural plasticity also refers to processes that involve
architectural modifications of neuronal circuits especially the
growth of new fibres as measured, for example, by increased den-
dritic branching.

Animal models offer the opportunity to directly investigate
the processes of functional or structural plasticity. Long-term
potentiation (LTP) of synapses is often used as a measure of func-
tional plasticity. LTP can be induced by costimulation of two input
projections to a neuron or by high-frequency stimulation of one
projection. The responses of this neuron are then amplified and
this amplification persists for several hours or days.

In motor cortex slices, LTP can be observed on the population
level—that is in field potentials recorded from motor cortex dur-
ing sensory cortex stimulation. LTP can be induced by a high
frequency burst of stimuli [42]. This form of LTP is used during
motor skill learning [20, 43]. LTP in motor cortex can also be
observed by recording single neurons [44, 45].

Dendritic spine formation [46] and dendritic branching [21] in
motor cortex in response to motor training can be seen as evi-
dence for structural plasticity.

Animal models of recovery

Animal studies investigating interventions in the acute phase of
stroke usually determine lesion volume and parameters of behav-
ioural recovery as their measures of outcome [14]. Examples are
the cylinder test, in which the symmetry of forelimb use is meas-
ured while the rat is exploring a cylindric cage from inside, or
the sticky tape test in which the time required to remove a sticky
tape from the forepaw is recorded. Complex walking tasks like the
rotarod test, beam, or ladder walking are used to assess gait.
Tasks like the cylinder test are highly dependent on motivation,
fear, and novelty of the environment, hence assessing compound
deficits going beyond the motor domain. The motor assessments
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Fig. 12.2 Typical learning and recovery curve of a skilled forelimb reaching task. The rat learns over a period of 8 days to reach for a food pellet with the forepaw. The

photothrombotic lesion to the forelimb area of the caudal motor cortex induces a decline in reaching performance. Performance then recovers over the course of

7-14 days (with permission from [13]).

are composed of movement patterns that are novel and not derived
from the rat’s daily life. The tasks are complex and are learned
over several training sessions (days). As a consequence, repeated
exposure will induce learning that confounds the assessment of
recovery—that is, one cannot discern whether an improvement
after a brain lesion is related to recovery of motor function or it is
a consequence of the learning of the task.

Because recovery processes that are often non-linear, it is man-
datory to use several (more than two) repetitions of an assessment
of motor function. Repeated testing assumes high test-retest reli-
ability of the assessment. Task learning reduces reliability. The
solution is to over-train the task before lesioning the brain—that
is, to train for a sufficient amount of time so that performance
reaches a plateau. Based on this plateau one can then determine
the lesion-related deficit and subsequent recovery identified by an
improvement in performance.

The task that is most often used for assessing recovery of motor
function after stroke is the skilled forelimb reaching task [12].
A lesion to the forelimb area of the caudal motor cortex (e.g.
induced by photothrombosis) produces a decline in performance
which subsequently recovers over a period of 10-14 days to reach
nearly pre-stroke levels (Figure 12.2) [13]. Alternative tasks are the
opening of sunflower seeds [47] or the staircase reaching task [40,
reviewed in 48].

One general problem exists with all these paradigms of
post-stroke recovery. They cannot differentiate between the assess-
ment of motor function and training. If the animal is exposed to a
task several times to assess a deficit at different time points during
recovery, repeated testing itself is a form of rehabilitative training.
Hence, one cannot separate spontaneous from therapy-induced
recovery. This differentiation may be irrelevant for testing drugs
or supportive interventions such as brain stimulation, but, a com-
parison of different training methods will be difficult. Testing the
latter hypothesis would require that assessments do not interfere
with the training and that the effectiveness of the training meth-
ods to be tested is substantially larger than the training effects
mediated by the assessment. Otherwise, the assessment-induced
training will occlude the effect of the training methods in focus
and no difference will be found.

Another difficulty relates to the limited sensitivity and the large
variability of motor tasks such as skilled reaching. A rat can suc-
cessfully reach for a food pellet by using different motor strategies.
Hence, the outcome criterion ‘pellet successfully reached’ can be
achieved in different ways. Some animals simply alter their motor
strategy after a stroke coping with a deficit to reach as many pel-
lets as before. Only a video-based movement analysis can then
discern different motor strategies, but is difficult to analyse [10].
Alternatively, a robotic sensorized manipulandum can be used
[49, 50]. This manipulandum records the kinematics and forces
during reaching and pulling to allow for an improved evaluation
of the changes occurring during recovery (see Video 12.1 in the
online material).

In humans, implementing and integrating improvements in
motor function into daily life is often a problem. This problem
cannot be addressed in animal models as long as motor tasks
that are irrelevant for the rat’s daily life are used. The problem
occurs already before: a small cortical lesion does not induce
a noticeable deficit in the rat’s home-cage behaviour. Larger
lesions, however, lead to major disability and discomfort. Many
animals die or are not motivated for training or behavioural
assessment.

2% Video 12.1 Rodent robotic manipulandum ETH Pattus.
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Conclusions and outlook

Animal models offer the only possibility to reach a deeper under-
standing of the neuronal processes that underly recovery and
rehabilitation, but, they have clear limitations in the comparabil-
ity to humans.

Animal models allow the direct exploration of functional and
structural plasticity processes during recovery. Novel therapies
to improve plasticity and recovery can (should) only be devel-
oped and be mechanistically explained by using animal models.
Whether interventions that successfully improve recovery in ani-
mals also work in humans, however, is unpredictable.

To date, most interventions in neurorehabilitation are insuffi-
ciently understood. To move the field forward, answers need to be
found as to why certain interventions work in some patients bet-
ter than in others, as to why certain elements of therapy are more
effective than others, and what prerequisites a patient must have
to benefit from an intervention. To resolve these questions, more
basic science in animals and humans is necessary.
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CHAPTER 13

Animal models of damage, repair,
and plasticity in the spinal cord

V. Reggie Edgerton, Roland R. Roy, Daniel C. Lu, and

Yury Gerasimenko

Enabling motor control via neuromodulation
of the spinal cord networks

A series of experiments conducted over the last several decades
have revealed important physiological principles of the neural
networks in mice [1, 2], rats [3-12], cats [13-16], and humans [17-
20] that control posture, locomotion, and even voluntary control.
Some rather subtle adjustments in how different network prop-
erties can be modulated to dramatically improve motor func-
tion after paralysis have been identified when these principles are
merged into a comprehensive synergistic strategy. These principles
also suggest that a paradigm shift in present-day concepts regard-
ing the neural control of movement should be considered. More
specifically, those properties that are of fundamental importance
in achieving functional recovery as demonstrated in several ani-
mal models of spinal cord injury include the following: (1) exten-
sive plasticity among the spinal networks can persist for prolonged
periods after an injury; (2) an important component of this plasti-
city is that the spinal networks can learn a motor task and it learns
what is practiced—a clear example of activity-dependent plasti-
city; (3) relatively non-specific signals projecting into the spinal
networks can trigger very complex motor behaviours, including
postural regulation and stepping at different loads, speeds, and
even directions; (4) those signals triggering such complex behav-
iours can be generated or facilitated by different modes of electrical
stimulation and by pharmacological modulation; and (5) sensory
information (e.g. proprioceptive and cutaneous inputs), can serve
as the controller in generating relatively fine and complex motor
tasks in the absence of any supraspinal input.

While the properties listed have emerged over a period of sev-
eral decades, there have been two seemingly relatively subtle dif-
ferences not previously fully recognized that have resulted in what
might be considered a paradigm shift in thinking about the mech-
anisms that control motor function. First, it only has been recently
fully recognized that the spinal circuitry itself, without any assis-
tance from input from the brain, has the capability to serve as the
sole source of control of a wide variety of motor tasks that can
be performed by the hindlimbs when the spinal cord circuitry is
sufficiently neuromodulated to an appropriate level of excitabil-
ity. Recognition of this capability has clear implications to how
the nervous system controls movement normally, that is, in the

non-injured state. Second, we have identified multiple strategies
to neuromodulate the spinal circuitry within the relatively nar-
row range of excitability necessary to enable the spinal circuitry to
process complex ensembles of motor-task specific proprioceptive
and cutaneous information, as well as enabling residual descend-
ing networks that traverse a ‘complete’ spinal cord injury to serve
as a source of volitional control of movement. For example, the
application of electrical, pharmacological, and/or sensory stimu-
lation can induce locomotor-like movements, even after a severe
spinal cord injury. It is within this critical window of net excit-
ability of the spinal cord that the sensory input can function as the
source of movement control without any supraspinal input.

The importance of the sensory system in modulating postural
or locomotor movements has been known from the early stud-
ies focused on the neural control of movement [16, 21, 22]. Only
recently, however, has it been clearly demonstrated that the pattern
of dynamic sensory input can provide an ensemble of information
from multiple sensory receptors to inform the spinal networks of
what mechanical events have just occurred (‘feedback’) and what
is expected to occur subsequently (‘feedforward’). Thus the key
concept underlying the ability to realize significant improvement
in motor function after paralysis is that the spinal networks can
be neuromodulated using a range of interventions such that the
spinal circuitry becomes enabled to generate complex movements
using intrinsic control mechanisms as long as the physiological
state of the spinal networks remain within a critical range of excit-
ability [23, 24].

Electrical enabling motor control (eEmc)

The experiments performed by Shik and colleagues [25] more
than four decades ago provided data that formed a substantial
part of the foundation for the concept of automaticity in the neu-
ral control of posture and locomotion. They demonstrated that
tonic stimulation of selected areas of the brainstem, now known
as the mesencephalic locomotor region (MLR), in an acutely
decerebrated cat could induce stepping on a treadmill belt over a
range of speeds. Details of the characteristics of the stepping were
a function of the precise site of stimulation, the intensity of stimu-
lation, and the sensory information from the hindlimbs. One of
the major points from these studies is that a simple tonic stimu-
lus can induce a complex motor behaviour (stepping). These data
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also provided an important clue as to the degree to which details
of posture and locomotion are defined by the spinal circuitry.
Subsequently, Grillner and Zangger [26] demonstrated that the
functionally isolated lumbosacral circuitry of a mammal could
generate rhythmic, coordinated output of flexor and extensor
motor nerves for hours. This was shown in adult, acutely spinalized
cats with the hindlimbs functionally deafferented (curarized) and
by providing a pharmacological stimulus (L-dopa and nialimide)
presented systemically. Immediately following these experiments
Edgerton and colleagues [27] performed the first series of experi-
ments designed to begin to determine the interneuronal basis of
this complex locomotor rhythmicity. These experiments dem-
onstrated that interneurons throughout the dorsal, middle, and
ventral laminae of the grey matter of the lumbosacral spinal cord
were active in a precise and consistent rhythmic pattern, with each
interneuron having a unique on/off and frequency modulation.
The main result from these experiments was that there was an
expansive network of neurons that participate in ‘fictive locomo-
tion’ in a large mammal even in the absence of any sensory input.
Since that time hundreds of experiments have been performed in
attempts to determine the mechanisms of the underlying motor
rhythms generated by the spinal cord in mammals commonly
known as central pattern generation [16, 28-33].

While our understanding of some of the basic mechanisms of
central pattern generation has advanced considerably, there has
been relatively little progress in understanding how this network
of neurons that can generate this motor rhythmicity also can pro-
cess infinite complex patterns of sensory information associated
with posture and locomotion [20, 34, 35]. Furthermore, the ability
to translate important observations derived from central pattern
generation experiments to humans has been relatively slow. This
limitation largely has been associated with the inability to per-
form the necessary critical experiments under in vivo conditions
in adult mammals. An objective of the present chapter is to sum-
marize some of the new approaches that have made it possible to
partially overcome some of these limitations from the perspective
of studying adult systems in vivo with the possibility of translating
the findings to human subjects with severe paralysis due to spinal
cord injury. To give some insight as to the progress to date we are
presenting examples of several types of experimental interven-
tions that show promise toward translation in developing reha-
bilitative procedures to facilitate recovery of motor and autonomic
function after a spinal cord injury in human subjects.

eEmc of the lumbosacral spinal cord

eEmc of the lumbosacral spinal cord is one intervention that has
been shown to have considerable potential in facilitating recovery
of significant levels of motor, and to some extent autonomic, func-
tion. For example, highly coordinated locomotor patterns can be
generated in decerebrated cats by tonically electrically stimulat-
ing the dorsum of the lumbosacral spinal cord as demonstrated
initially by Iwahara and colleagues [36]. Since that study this
preparation has been examined more extensively using electro-
magnetic as well as electrical stimulation [37] showing that highly
coordinated, full weight-bearing stepping over a range of speeds
and loads can be performed with epidural stimulation at any of
several locations along the spinal cord, for example stimulation at
a cervical level (Figure 13.1A). A further important observation is
that epidural stimulation can have the same effect after an acute

(A) Decerebrated cat eEmc (5 Hz) at C3-C5

Bic(L)
Tric(L)
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Tric(R)
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(B) Spinal rat eEmc (40 Hz) at L2-S1
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Fig. 13.1 Locomotor-like EMG patterns induced by epidural stimulation (eEmc)
in a decerebrated cat (A) and in an adult complete spinal cord transected rat
(~T8) 6 weeks after injury (B) are shown. In the decerebrated cat eEmc (5 Hz,
pulse duration of 0.5 ms, and 20-100 pA) at a cervical level (spinal cord level
C3-C5) induced and facilitated quadrupedal stepping movements in the
forelimbs and hindlimbs (A). Rhythmic alternating EMG activity in selected
hindlimb muscles induced by eEmc (40 Hz) at spinal cord levels L2 and ST is
shown for a complete spinal cord transected rat (B). The bottom trace in each
panel indicates the stimulation frequency. Abbreviations: Bic, biceps; Tric, triceps;
St, semitedinosus; TA, tibialis anterior; MG, medial gastrocnemius; Sol, soleus;
(R), right; (L), left.

Modified from Bogacheva et al. [37] and from Gad et al. [96].

or chronic mid-thoracic complete spinal cord transection in cats
and rats when stimulation was applied at the lumbosacral region
of the spinal cord (Figure 13.1B). These figures illustrate how mod-
ulation of the cervical and lumbosacral circuitry by stimulating
electrically can facilitate highly coordinated locomotor patterns
in spinal cord injured mammals.

Pharmacological neuromodulation (fEmc)

It is very clear that monoaminergic neurotransmitter systems
play an important role in the control of posture and locomotion.
Some examples of how the modulation of different monoaminer-
gic receptors impact locomotor function is shown in Figure 13.2.
eEmc applied at L4-L5 (5 Hz, 80-100 pA) in decerebrated cats
routinely elicits coordinated hindlimb stepping on the moving
treadmill belt with robust alternating flexor-extensor electromy-
ography (EMG) bursts (Figure 13.2A) and weight-bearing step-
ping with plantar foot placement. After ketanserin (a blocker of
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Fig. 13.2 The effects of monoamine drug administration on the stepping pattern induced by eEmc in a decerebrated cat (A, B) and in an adult complete spinal cord
transected rat (C, D, E) are shown. EMG recordings from selected hindlimb muscles of a decerebrated cat are shown during quadrupedal stepping at 0.3-0.4 m/s
induced by eEmc alone (A) or by eEmc plus ketanserin (a blocker of 5-HT, receptors) administration (B). Note that administration of ketanserin markedly reduces the
EMG bursting in all muscles. The effects of eEmc alone (C), eEmc in the presence of 5-HT, , , agonists (8-OHDPAT and quipazine) (D), and eEmc in the presence of a
5-HT, antagonist (ketanserin) (E) on the kinematics and EMG activity in selected hindlimb muscles of a spinal rat are shown. The stick figures in C, D, and E illustrate

a single stance and swing phase for each of the three experimental conditions. Below these stick figures the x—y trajectories of the paw for multiple cycles are shown.
VL, vastus lateralis; LG, lateral gastrocnemius; ES, electrical stimulation. All other abbreviations are the same as in Figure 13.1. Horizontal bars show the stance (including

drag) phase of each step cycle (in C, D, E).
Modified from Gerasimenko et al. [97] and Musienko et al. [42].

5-HT, receptors) administration, the EMG activity is depressed
(Figure 13.2B) and only weak rhythmic movements without plan-
tar foot placement are observed. eEmc (40 Hz) at L2 and S1 in
spinal cord transected rats initiates EMG bursting patterns in the
hindlimb muscles with partial, but limited, body weight support
(Figure 13.2C). Simultaneous activation of 5-HT, , (8-OHDPAT)
and 5-HT, (quipazine) receptors results in a significant increase
in proximal extensor and flexor muscle EMG activity compared
with stepping enabled by eEmc alone (compare Figure 13.2C and
D). Administration of ketanserin significantly reduces exten-
sor activity and consequently severely impairs stepping (Figure
13.2E). These results demonstrate how the spinal circuitry output
can be modulated pharmacologically and how these pharmaco-
logical effects interact with eEmc.

The efficacy of fEmc also has been shown in spinal animals.
Adult cats were spinally transected at the T12-T13 junction and
then trained to stand for 30 minutes per day for 12 weeks [38].

These spinal cats that were trained to stand could support their
body weight using their hindlimbs for prolonged periods, but
stepped very poorly (Video 13.1). The administration of strych-
nine (a glycinergic receptor antagonist) induced full-weight bear-
ing stepping in the hindlimbs within 30-45 minutes (Video 13.2).

Electromagnetic stimulation (emEmc)

The cervical and lumbosacral circuitry of decerebrated cats
(Figure 13.3A, B) and the lumbosacral circuitry in non-disabled
human subjects (Figure 13.3C, D) are highly responsive to elec-
tromagnetic stimulation. One of the more unique features of
emEmc is that cyclic activity can be initiated within the first
stimulation pulse. This immediate response contrasts with that
shown with application of mechanical vibration of muscles and
tendons in humans [38]. This immediate response demonstrates
that a single electromagnetically generated pulse can result in a
critical level of excitatory input to the interneuronal networks that
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& Video 13.1 After a complete transection of the spinal cord at a mid-thoracic
level, the animal was trained to stand for 30 minute a day over a period of three
months. At that point the animal had learned to successfully stand, but it was
unable to generate any load-bearing stepping movements.

From the Edgerton Neuromuscular Research Laboratory (UCLA, USA) and courtesy of Ray
de Leon and Roland R. Roy.

excites multiple motor pools in a highly coordinated fashion. An
example of the effects of emEmc in an uninjured subject without
(Video 13.3) and with (Video 13.4) mechanical vibration is shown
in Videos 13.3 and 13.4.

The observations of facilitating stepping pharmacologically via
neuromodulation of the lumbosacral spinal circuitry in the cat and
by electromagnetic and sensory stimulation in humans and cats
provide examples of how animal models can provide the rationale
and experimental strategy for examining similar approaches that
could be successfully developed for the clinic.

Transcutaneous electrical stimulation (pcEmc)

Application of electrical pulses generated with electrodes placed
cutaneously over selected cervical, thoracic, and lumbosacral
spinal segments, depending on the motor function of interest, is
another intervention that shows considerable potential as a means
of neuromodulating spinal networks. This technique appears to
be capable of generating and facilitating motor responses similar
to those elicited via epidurally placed electrodes. Although the
amount of current that is necessary to generate motor effects is
greater with pcEmc than eEmyg, it is highly significant that at least
some of the motor effects can be realized using a completely non-
invasive strategy. Examples of how pcEmc can affect lower limb
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2 Video 13.2 Thirty minutes after being administered a modest dose of
strychnine, which blocks inhibition and thereby facilitates activation, the animal
was able to generate full weight-bearing stepping over a range of speeds when the
hindlimbs were placed on a moving treadmill belt. This video demonstrates the
potential of the spinal circuitry controlling the lower limbs to be activated using a
pharmacological intervention (strychnine) from a totally non-functional state for
stepping to a fully functional circuitry. This effect lasts for 30 to 60 minutes.

From the Edgerton Neuromuscular Research Laboratory (UCLA, USA) and courtesy of Ray
de Leon and Roland R. Roy.

movement in an uninjured subject and in a completely paralysed
spinal cord injured subject are shown in Figure 13.4.

While each of these interventions shows considerable promise
as a tool that could be used to facilitate recovery of motor func-
tion after a spinal cord injury, all of them are in the early stages of
development technically and in understanding the new physiology
that is emerging from these neuromodulatory techniques. Some
of the more notable observations from experiments studying the
neuromodulation of sensorimotor spinal circuits using electrical
stimulation and/or pharmacological neuromodulation are:

1. Atthe higher levels of excitation via neuromodulatory interven-
tions the end result tends very strongly to be a locomotor-like
pattern characterized by alternating flexion and extension of
the ipsilateral and contralateral limbs.

2. On the other hand, and more importantly from a clinical trans-
lation point of view, when more modest levels of neuromodu-
lation are imposed in severely paralysed animals and humans
the networks intrinsic to the spinal circuitry and minimal
residual brain-spinal cord connectivity that may remain can
serve to control functionally useful movements. This has led to
the ‘enabling’ concept, which means that the spinal circuitry
can be neuromodulated in a way that enables the individual to



CHAPTER 13 ANIMAL MODELS OF DAMAGE, REPAIR, AND PLASTICITY IN SPINAL CORD

(A) Decerebrated cat emEmc (5 Hz) at C3-C5 ®)
90
Bic(L) a
) T
Tric(L) 7
Bic(R) g 110
g
Tric(R) 70
. N AVIVAVLY,
=
TA(L
L ° 9
>
L S OISR AN N
1sec =
120 3 sec
Uninjured subject emEmc (5 Hz) at T11-T12
© | ()
emEmc
RF(R) nu-
Hip(R)
BF(R)
Knee(R)
BF(L)
0.1 mV
Knee(L) ‘
NI 26 —
SEMS 1all 1 1 1

5 sec

Fig. 13.3 Locomotor-like EMG patterns (A, C) and lower limb kinematics (B, D) induced by electromagnetic stimulation (emEmc) in a decerebrated cat (A, B) and a
non-injured human subject (C, D) are shown. emEmc (5 Hz, 0.3-0.5 tesla) at C3—C5 in a decerebrated cat induces stepping-like EMG patterns in selected forelimb and
hindlimb muscles (A) and coordinated joint movements (B) during quadrupedal stepping. The y-axis units are in degrees. emEmc (5 Hz, 70% maximum, i.e. ~1.8 tesla) at
T11-T12 in a non-injured human subject induces stepping-like EMG patterns in selected lower limb muscles (C) and coordinated joint movements (D) under gravity-
neutral conditions. RF, rectus femoris; BF, biceps femoris; MTP, metatarsophalangeal. All other abbreviations are the same as in Figure 13.1 and Figure 13.2.

Modified from Bogacheva et al. [37] and Gorodnichev et al. [98].

.

B

2 Video 13.3 Activation of the lumbosacral spinal cord of an uninjured & Video 13.4 A combination of vibration (60 Hz) of the quadriceps muscles
individual when placed in a gravity-neutral apparatus enables the lower limbs and electromagnetic stimulation at 5 Hz at vertebral level T12 is imposed on the
to move in a step-like manner. The subject is asked to relax and to not move his subject showing an additive effect of sensory and spinal stimulation. Involuntary
legs. Step-like movements were initiated by stimulating directly (electromagnetic locomotor-like movements were generated, suggesting that coordinated bilateral
stimulation) at 5 Hz at vertebral level T12. oscillatory movement of the lower limbs can be induced when the lumbosacral
This work was conducted in collaboration with Y. Gerasimenko, (Pavlov Institute of spinal circuitry is activated sufficiently.

Physiology, Russia) and R. Gorodnichev (Velikie Luky State Academy of Physical Education This work was conducted in collaboration with Y. Gerasimenko (Pavlov Institute of Physiology,

and Sport, Russia). Russia) and R. Gorodnichev (Velikie Luky State Academy of Physical Education and Sport, Russia).
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Fig. 13.4 Kinematics and EMG features reflecting locomotor-like patterns induced by transcutaneous electrical stimulation (pcEmc) in a non-injured subject (A) and a
motor complete spinal cord injured subject (B) are shown. Angular movements at the hip, knee, and ankle joints and representative EMG activity in selected lower limb
muscles bilaterally during involuntary locomotor-like activity induced by pcEmc (30 Hz) applied at the T11-T12 vertebral level (A) or at the L1-L2 vertebral level (B). The
lower limbs of these subjects were suspended in a gravity-neutral position as in Figure 13.3C. Amplitude calibration values in (B) are expressed in mV.

Modified from Gorodnichev et al. [99] and data from the spinal cord injured subject is unpublished.

initiate and generate a motor task as desired, and not as defined
by a specific stimulation pattern that imposes a specific motor
response at a specific time. This new source of control can be
from peripheral sensory input to the spinal cord or from newly
emerged voluntarily controlled descending pathways.

3. The success of enabling spinal circuits electrically is highly
dependent on the fine-tuning of the levels of current, frequency
and shape of the electrical pulses, and the spinal segment sites.

4. There appears to be a considerable ‘enabling’ potential when
stimulating at levels considerably below motor threshold.

Synergism of Emc and sensorimotor training

Concepts of Emc

As a first general principle in rehabilitative efforts to recover
sensorimotor function it is important to engage the relevant
spinal cord circuits. To re-engage these circuits after prolonged
periods of paralysis one or more neuromodulatory interven-
tions are needed to achieve an enabling physiological state. As
noted earlier the ability to use stimulation (electrically and/
or pharmacologically) of the spinal cord circuitry to induce
stepping has been known for decades. Less attention has been
given to the control of posture and even less to the importance
of the spinal cord circuitry in the control of voluntary move-
ment. Initial evidence for enabling was reflected in experiments
where sensory input was observed to vary the motor response
to brainstem stimulation [25]. This idea, however, remained
submerged for decades with a primary focus on inducing step-
ping via spinal cord epidural stimulation and stimulation of the
mesencephalic locomotor region. Several changes in this focus
were necessary to reach the current state of the concept of Emc
of the spinal cord, with the idea of neuromodulation coming
to the forefront. Via mechanisms still not fully understood the

physiological state of the spinal circuitry can be modulated to a
state that falls within a relatively narrow window of excitability.
Sensory input can reach the crucial interneurons that actually
control posture and locomotion dynamically from millisecond
to millisecond. The higher the level of stimulation above the
motor threshold, the greater the motor response is. The conse-
quences of a larger motor response is that it is inversely related
to the ability to capitalize on the potential for sensory control—
that is the ability to have an enabling or facilitating effect as
opposed to an inducing effect leaving the sensory system with
no ‘say-so’ as to what the motor response will be. Although the
difference in the source and level of stimulation is a nonfactor
by design in studies of central pattern generation, experiments
that integrate sensory input into a central pattern generation
similar to that occurring under in vivo conditions seems almost
necessary to effectively translate these basic biological con-
cepts to enabling motor control of multiple motor tasks after a
severe spinal cord injury in animal models and now in humans.
Inducing activity to enable or facilitate movement by engaging
the multiple mechanical receptors associated with limb move-
ment, as well as engaging the seemingly little residual descend-
ing motor projections below the lesion that may be greater than
generally recognized, provides a newly realized strategy for suc-
cessful rehabilitation [19, 39-43].

For performance of a motor task to improve first there must
be engagement of the neural networks necessary to perform that
task—the residual networks after prolonged dysfunction must be
re-engaged. This can be accomplished using a number of neuro-
modulatory strategies. An additional physiological component of
successful rehabilitation must be that the networks that generate
a motor task can learn to perform that motor task when they are
engaged repetitively over a period of minutes, days, or months. In
effect, the appropriate spinal networks must be able to adapt and,
more specifically, learn. It is clear from decades of experiments
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that the spinal networks can learn to perform specific motor tasks
without any supraspinal input [13, 14, 44-50].

The power of proprioception and sensory input

The importance of sensorimotor spinal networks in the con-
trol of movement has been viewed as a reflex phenomenon. This
oversimplified concept was modified to some degree with the
realization of central pattern generation. As the concept of cen-
tral pattern generation became so dominant the other capabili-
ties of this circuitry has largely been unexplored. It is gradually
becoming clearer that it is not only, or even primarily, the ability
of the central pattern generator to induce alternating flexion and
extension in a rhythmic manner that is important, but its abil-
ity to interpret complex sensory ensembles from multiple recep-
tors located throughout the hindlimbs in real time [43, 51]. This
interpretation includes the ability to make appropriate decisions
to activate and inhibit those networks within the spinal cord that
generate well-coordinated movements and correct responses to
perturbations.

Can the spinal cord interpret load
bearing-related sensory input to
balance and maintain equilibrium
during postural and locomotor tasks?

Until recently there was no strong evidence that the lumbosacral
circuitry had any ability to sustain equilibrium and balance during
posture or locomotion. We have performed a series of experiments
over the last few years that demonstrate very clearly that decere-
brated cats have the ability to generate useful corrective responses
that help to maintain posture and to maintain the position of the
hindquarters in a state of equilibrium during full weight-bearing
locomotion when the lumbosacral spinal cord is receiving eEmc
at the segments (Figure 13.5). Even when the hindlimbs collapse
when stepping on a treadmill belt (Figure 13.5A), the hindquar-
ters can regain full weight-bearing stepping and sustain sufficient
equilibrium of the hindquarters so that stepping can be sustained
over a period of minutes [52]. Although these data cannot exclude
sources of control involving the brainstem given that the animals
were decerebrated and not spinalized, more recent data demon-
strate qualitatively similar but less robust responses in chronic
spinal cats (Musienko et al., unpublished observations). In addi-
tion it has been reported that chronic spinal cats can learn to stand
without assistance for up to 20 minutes [13].

Potential effects of neuromodulatory
interventions and training regimens in
regaining ‘autonomic’ function after

a spinal cord injury: An integrative
physiological response

The level of automaticity within the autonomic nervous system is
more evident than in the somatic motor system. Therefore, hypo-
thetically, these autonomically controlled functions would seem
to be a viable target for neuromodulation post-injury. In some
ways, however, it may be more complicated because of the exten-
sive functional interconnections of multiple autonomic as well

as motor systems. The neurotransmitter systems for autonomic
control differ from those of the motor system and mainly involve
sympathetic and parasympathetic networks. Common medi-
cal complications secondary to spinal cord injury are orthostatic
hypotension, autonomic dysreflexia, and bladder dysfunction (i.e.,
detrusor sphincter dyssynergia) due to interruption of the balance
between the sympathetic and parasympathetic outflow of the spi-
nal cord. Interestingly, improvements in autonomic function, par-
ticularly in bladder function, after eEmc and motor training have
been observed [19, 53, 54]. Therefore, we will focus the discussion
on bladder function to serve as an example of how some auto-
nomic function may be regained after a spinal cord injury using
neuromodulatory strategies.

Because a component of micturition is normally under volun-
tary control, the lower urinary tract requires complex efferent
pathway interactions via the autonomic (mediated by sympathetic
and parasympathetic nerves) and somatic (mediated by pudendal
nerves) systems [55, 56] (Figure 13.6). The thoracolumbar cord
produces sympathetic innervation, while the sacral cord produces
parasympathetic and somatic innervation. A spinal cord injury
above the lumbosacral cord disrupts control of voiding via central,
volitional inputs. It also alters the status of micturition centres in
the cord that initially produce an areflexic bladder with urinary
retention. After a period of recovery, there is development of auto-
matic/reflexive micturition and neurogenic detrusor overactivity
mediated by spinal micturition circuits [57]. The volume and rate
of urine flow is poor because of the often coincident contractions
of the bladder and the urethral sphincter (detrusor-sphincter
dyssynergia).

The sacral spinal micturition circuitry has been studied in
cats with complete paralysis. In this model, neurogenic detru-
sor overactivity mediated by heightened C-fibre activity has been
observed. Clinical evidence suggests this mechanism also may
exist in humans. Therapies to improve bladder function may have
to re-set C-fibre tone to a pre-injury level. In rats, post-injury neu-
roplasticity has been associated with nerve growth factor (NGF) in
the bladder and spinal cord [58-60]. Additional neuromodulatory
factors TRPV1 [61], P2X3 [61] and/or the sensory neuropeptides
substance P and calcitonin-gene-related peptide [62], may play a
role in the transition from areflexia and retention shortly after
injury to automatic/reflexive voiding in chronic injury. An under-
standing of how these established signaling systems could be used
to mediate improvements in bladder function with neuromodu-
latory interventions may be a productive approach in regaining
some bladder control [19, 53, 63]. Although there are a variety
of stimulation techniques that are in current use to regain some
improvement in bladder function, they almost all involve some
surgical procedures, such as denervation of selected nerves and/
or dorsal roots. The existing devices produce a subset of the mic-
turition behaviour but do not result in enduring plastic changes
to the circuitry that allow patients to become device independent.
Peripheral nerve stimulators have been used with variable success.
For example, the Finetech-Brindley posterior/anterior stimulator
often is accompanied by dorsal root rhizotomy. These surgical
interventions in themselves have permanent effects on other auto-
nomic functions such as the loss of sexual function. Recent devel-
opment of a closed-loop neuroprosthesis interface that bypasses
the volitional or supraspinal input measures bladder fullness
through implanted afferent dorsal roots into microchannel
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Fig. 13.5 Weight-bearing hindlimb stepping facilitated by eEmc at L4-L5 (5 Hz) in a decerebrated cat and the adaptive postural responses when initiated from a
collapsed position. Stick diagrams (60 ms between sticks) of joint movements after the initiation of eEmc during the transition from sitting to standing and for the
initial step cycle swing (light green) and stance (grey) phases. crest, iliac crest; mtp, metatarsophalangeal (A). Correlation for the average left vs. right total ground
reaction force (GRF) within the entire duration of the stepping trial for ten experiments in seven cats (P < 0.01) (B). Cumulative right and left pelvis displacements
plotted in order of occurrence (grey line) or randomized (Monte Carlo 500 times, light green line) (C). No correlation exists when all right and left lateral displacements
are randomized with respect to their order of occurrence (D). EMG recordings from the MG and TA muscles bilaterally, GRFs bilaterally, and vertical and lateral pelvis
displacements during stepping with the pelvis restrained by clamps (restrained stepping), collapse due to the release of the clamps (shaded area), and stepping during
recovery from collapse (unrestrained stepping) (E). Stick diagrams (50 ms between sticks; swing (light green), stance (black), and collapse (dark green)) for the same

step sequences shown in (E) (F).
Modified from Musienko et al. [52].

electrodes that interpret sensory activity related to bladder full-
ness. Continence was established with a high-frequency depo-
larizing block to the ventral roots in spinal rats, while bladder
emptying was accomplished by low-frequency stimulation of
ventral nerve roots [64]. While promising, the viability of this
chronically implanted dorsal root-microchannel electrode sys-
tem in humans has yet to be established. Furthermore, the above
strategies focus on modulating and controlling the peripheral
nerve activity rather than restoring the normal bladder spinal
and supraspinal circuitry. In contrast, rats subjected to epidural
stimulation and motor training have restored micturition func-
tion without the need for bladder expression (54) and subjects
implanted with an epidural stimulator demonstrated improved
volitional control of bladder function without catheterization
after daily repetitive stimulation over a period of months [19, 65].
Such a phenomenon may be occurring by activating dormant
residual pathways or reorganization of existing supraspinal path-
ways, such that the coordinated events responsible for micturition

are restored. Another possibility is that the stimulation lowers the
threshold of activation of the interneuronal networks necessary
for bladder control. Further studies are necessary to elucidate the
mechanism of eEmc enabled micturition function after a spinal
cord injury. Given the interest in the last few years of the potential
of eletroceutical interventions and the importance of recovery of
bladder control in a variety of neural disorders, it is almost certain
that new and probably successful strategies will be developed to
address this important problem.

Reorganization of supraspinal and spinal
networks and sensory motor learning
after a spinal cord injury

Numerous studies have demonstrated extensive reorganization
of supraspinal and spinal circuits in response to a spinal cord
injury, progressive neuromotor diseases, and during the process
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Fig. 13.6 Elements of micturition control: (1) Voluntary control of the
external urethral sphincter is via the pudendal nerve. (2) Involuntary control of
micturition requires that the internal urethral sphincter be relaxed via pelvic
nerve parasympathetic tone. (3) The state of the bladder is modulated by
sensory projections that synapse locally and project centrally. (4) Involuntary
control also requires hypogastric nerve sympathetic activity for increasing

the bladder wall (detrusor) and decreasing the internal urethral sphincter
tone. Local circuits (highlighted in dark green) that can modulate micturition
are found at the sacral (5) and thoracolumbar (6) levels. Both interact in a
coordinated fashion to receive supraspinal input (black line, 8) to maintain
continence or control of micturition. Injury can affect descending input or
tone to render it to a subthreshold level. Electrical stimulation (eEmc, 7) can be
used to activate the local spinal circuits and unmask descending spared axons
and to activate micturition volitionally.

of recovery, whether it be spontaneous or driven by some spe-
cific intervention. These network reorganizations have been
documented with behavioural, pharmacological, anatomical, and
biochemical evidence [16, 31, 32, 39, 66-76]. A challenge that is
increasingly obvious is how to coordinate supraspinal and spinal
reorganization to regain some level of integration of consciously
and the more automatically performed motor tasks largely gener-
ated by the spinal circuitry [77]. For example we know that the
spinal circuits below a complete spinal cord lesion can undergo
changes sufficient to generate very effective loadbearing stepping
forward, backwards and sidewards [4, 12] and to adjust the acti-
vation patterns of motor pools to accommodate varying loads
[78-80]. We also know that the spinal circuits can balance the
hindquarters during standing and even during stepping without
input from the brain [13, 14]. On the other hand it is not known
whether supraspinal networks can reorganize without some con-
comitant plasticity occurring in the spinal networks.

Intuitively, it would seem likely that use-dependent engage-
ment of supraspinal and spinal networks simultaneously, as might
occur when a severely injured individual is consciously attempt-
ing a movement such as stepping, would be necessary for the two
networks to function as a larger, single functionally synergistic
network. In this case it seems that the subject’s volitional effort is
more likely to become integrated with the more automatic aspects
of the control of movement. It is difficult to comprehend the com-
bination of biological events that must occur for the reorgani-
zation of the supraspinal and spinal networks related to motor
control, and the reintegration of these two networks to reach a
functionally useful state. The fact that this level of reorganization
seems to occur in laboratory animals [5, 11, 81] and in humans
[19, 82] seems even more overwhelming considering that the com-
binations of pathways and circuits involved are not the same as
they were before the injury or even after the injury and before any
adaptive processes have been initiated [83].

Mechanisms of supraspinal-spinal
functional reconnectivity after a

spinal cord injury

There are multiple repair strategies possible to regain recovery of
motor function. One presumed and commonly viewed strategy
is that descending and ascending pathways can be reestablished
with an emphasis on the corticospinal tract. For this reparative
process to be functionally successful several events must occur. In
humans, axons would have to project for long distances in most
cases (i.e., 5 to 20 cm in adults). These axons then must function-
ally reconnect to those interneurons and motoneurons that con-
trol the coordination among those motor pools, performing an
infinite number of movements differing from millisecond to mil-
lisecond kinetically and kinematically. This process seems highly
improbable given the number of newly formed connections that
must occur directly or indirectly over multiple spinal segments. It
appears, however, that this kind of growth and reorganization may
not be necessary to regain significant levels of function [5, 19, 84].
It seems that the descending supraspinal pathways can eventu-
ally find novel input to propriospinal networks that can carry
out the functions necessary for recruitment and coordination of
motor pools required for successfully generating volitional motor
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commands [19]. Whatever the mechanistic strategy, it is almost
certain that some degree of formation of new control circuits
occurs over time with one of the underlying means of network
reorganization being the strengthening and weakening of specific
sets of synapses within a network via some activity-dependent
phenomenon.

The fineness of the control is likely to become functionally more
meaningful when some critical level of new supraspinal-spinal
connectivity has occurred. There is considerable experimental
evidence consistent with an alternative reparative strategy that
seems to be more feasible. This repair strategy consists of establish-
ing new interconnections in the region of the injury when some
supraspinal-spinal connectivity remains. This condition seems
to exist in many human patients, even when clinical assessments
indicate complete paralysis [85-87]. If a critical level of new func-
tional interconnections at the point of injury persists even when
there is a severe impairment, perhaps this residual connectivity
combined with the formation of new functional synaptic connec-
tions can provide a greater level of intrasegmental and interseg-
mental connectivity to the more or less intact residual networks
distal to the lesion. It seems that supraspinal input can trigger
highly functional motor tasks if proprioception and cutaneous
sensory input from the limbs can be engaged to control the details
necessary to achieve meaningful movements. Experimental mod-
els supporting this conceptual framework have been derived from
the insight gained from central pattern generation experiments
(28], and in vivo experiments in which animals regain significant
locomotor function after transection of some corticospinal path-
ways that reach a functional target directly or indirectly via the
brainstem [5, 88].

This segmental reorganization strategy has gained further
support from recent experiments in which individuals with
motor complete paralysis have recovered volitional control of
movements of all joints of the lower limbs in the presence of
eEmc [19]. Within a matter of days or weeks of training for a spe-
cific motor task with eEmc for about 1 hour per day these indi-
viduals have recovered significant levels of control of movement
with regard to the timing of the effort, rate of force developed,
and the level of force that can be generated at individual joints.
When individuals with motor incomplete, but severe, paralysis
are given instructions to move a specific joint, there often is a
mass action simultaneous response of flexor and extensors of
both legs, indicating a significant loss of the ability to activate
and coordinate the desired motor pools needed to generate the
intended motor event [89, 90]. The most probable explanation for
the newly realized volitional function is that most of the details
of the neural pathways generating the volitional demands are in
the spinal circuitry. Thus, perhaps the supraspinal signals can
be general as long as there is access to the fine control potential
intrinsic to the spinal circuitry—that is the combination of pro-
prioceptive and cutaneous input is a central component of the
networks underlying fine motor control.

Spinal circuitry reorganization

The potential for reorganization of spinal circuits completely inde-
pendent of supraspinal influence has been shown in numerous
experimental models. This learning-related phenomenon reflects
the reorganization potential for performing behaviours ranging

from a spinal rat learning to control paw position to avoid shock
to spinal cats learning to stand and step and to avoid obstacles and
other mechanical perturbations during stepping [13, 14, 44-50].
Biochemical adaptive events associated with spinal cord injury
and subsequent network reorganization associated with inhibi-
tory processes after the loss of supraspinal input and its return
to near normal levels after stand and step training have been
reported [3, 69, 75, 91-93]. Several experiments have shown that
the number and kind of interneurons activated during stepping
are reduced in spinal animals that have been trained to step and
the number of interneurons activated is indirectly related to the
skill level regained in stepping after a complete spinal cord tran-
section (i.e., fewer neurons are activated in the animals having the
greatest skill in stepping [4, 8]).

Hypothetically, after a severe spinal cord injury and after newly
acquired supraspinal input to the spinal circuitry, there will have
been significant and permanent changes in the way the two net-
works interact. Each network will have experienced extensive
reorganization [94]. The challenge is to provide a mechanism for
these two sources of control to find new solutions, that is to acti-
vate novel combinations of neurons to generate movements that
may not have been within their domain in the non-injured nerv-
ous system. After an injury there is a ‘new’ nervous system. Novel
combinations of neurons can be engaged to generate a motor
task that normally would not have occurred in the absence of an
injury.

Outlook

The content of this chapter on models of spinal cord injury has
focused on a wide range of experimental strategies using princi-
pally mice, rats, cats, and humans. This focus is primarily because
these are the animal models that have most recently contributed
to the evolution of the concepts associated with spinal cord neu-
romodulation. It is fair to say that virtually all of the neuromodu-
latory concepts discussed and the demonstrations of how these
concepts are now being applied to humans with a severe spinal
cord injury were derived almost solely from this range of animal
models. The underlying biology that has led to these concepts,
however, is based on studies using even a wider range of differ-
ent animal models over a period of decades. Although we have
not discussed any of the basic findings from the lamprey model
[95], this particular early vertebrate model has served as the core
of much of the ideas discussed in this chapter. Obviously loco-
motion in the lamprey and humans differs substantially at the
‘systems’ level, but there are remarkable similarities at the syn-
aptic, cellular, and subcellular levels, and even to some degree at
the systems level that have provided the basic biological core of
the more complex integrative systems in humans and other mam-
mals. The concept of automaticity at its most basic level certainly
can be attributed to the concept of central pattern generation, a
phenomenon that occurs in multiple physiological systems and
in virtually all multi-cellular organisms. As we learn more about
the basic principles controlling the multiple and highly integrated
systems in mammals under in vivo conditions there undoubtedly
will be the emergence of experimental models focusing on species
other than those that might be popular at that particular time.
An example of this has been the recent emergence in the use of
the miniature pig model, the principal reason being the need for
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an intermediate-sized mammal in developing new technologies
that can be applied in efforts to translate basic findings from, for
example, the mouse-to-human. The use of any of these animal
models does not imply that the experimental results will be iden-
tical in the laboratory animal being tested compared to that in
human subjects. In fact, in some cases these results can be very
misleading if improperly interpreted as being comparable. The
view of the present authors is that progress in the development of
new strategies to enhance recovery from paralysis using humans
as the only experimental subjects is a far less effective strategy
than using a wide range of species for testing specific basic neural
control mechanisms, some of which are highly likely to result in
effective translation from animal models to the human. The suc-
cess of this approach is likely to become even more effective as our
technology improves so that more fundamental questions can be
addressed with little or minimal adverse or disruptive effects on
human subjects.

Conclusion

This chapter summarizes some of the basic experiments related
to neuromodulation of the spinal circuitry using techniques
that can generate immediate and/or long-term effects on mul-
tiple physiological systems. This neuromodulation can be
generated using several different techniques to modulate the
spinal circuits electrically (e.g., applying AC currents, elec-
tromagnetic), pharmacologically (e.g., using monaminergic
agonists), and using specific sources of artificially imposed
sensory input to the spinal cord or the sensory input gener-
ated by proprioceptive and cutaneous receptors when move-
ments are being generated. In effect, under normal conditions
supraspinal centres, including all of the sensory systems being
processed by the supraspinal centres, also are continuously
modulating the spinal circuitry. This modulation of the spinal
circuitry essentially determines how and when it will respond
to a particular stimulus or ensemble of stimuli. It appears
that the spinal circuitry can be effectively neuromodulated to
improve motor function in large part because of the intrinsic
automaticity of the spinal circuitry. This automaticity provides
the spinal circuitries with the ability to make decisions related
to the appropriate activation of selected spinal networks based
on the processing of proprioceptive and cutaneous information
in real time in an animal or human injured to the extent that
there is no remaining supraspinal input. The challenge contin-
ues to be to determine the extent to which it is possible to take
advantage of this automaticity to regain motor and autonomic
function after a severe injury or progressive dysfunction of the
nervous system. The results reported herein provide exam-
ples suggesting that perhaps this potential has been generally
underestimated.
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CHAPTER 14

Stem cell application
in neurorehabilitation

Sebastian Jessberger, Armin Curt, and Roger Barker

Introduction

Over the last 30 years major advances have been made in the field
of neural restoration and this includes not only better strategies
for endogenous repair but also the ability to actively intervene
through neural grafting, for example (see Table 14.1). This revolu-
tion stems from a better understanding of the processes underly-
ing intrinsic repair, the realisation that endogenous processes such
as neurogenesis still occur in the adult mammalian brain [1], and
that neurotrophic factors can be used to encourage cell survival
and fibre outgrowth in diseased cells within the central nervous
system (CNS). In addition, we now recognise that some cellular
transplants can survive in the adult CNS and make and receive
connections with functional benefits to the grafted animal. In
this chapter we explore various aspects of these processes includ-
ing the role of adult neurogenesis in health and disease as well
as the cell-based approaches that have been used to treat a whole
variety of CNS disorders but especially Parkinson’s disease (PD)
Huntington’s disease (HD) and spinal cord injury (see Table 14.2).

Basic biology of stem cells

Endogenous neurogenesis in the adult
mammalian brain

It has been a long-held concept in the neurosciences that the gen-
eration of neurons tapers off with the end of embryonic develop-
ment. For decades the leading opinion in the field was that the
adult mammalian brain is not capable of generating new neurons
throughout life due to the absence of any neurogenic, dividing
cells—neural stem cells (NSCs). It was assumed that the neuronal
networks and circuitries in the mature CNS are too complex to
allow for the maturation and integration of newborn neuronal
cells. Thus, the most common strategy to ameliorate disease
symptoms and promote rehabilitation in the context of neuropsy-
chiatric disease was to pharmacologically treat abnormalities in
transmitter networks and enhance functional plasticity within
the surviving networks and brain areas. However, the concept
that the adult brain loses its capacity to regenerate was challenged
in the mid 1960s, when the first experiments suggested that there
may be proliferating cells in the restricted areas of the adult brain
that appeared to have the potential to generate new neurons [2, 3].
In these pioneering studies by Altman, Kaplan, and others, radio-
actively labelled thymidine was used to visualize proliferating

cells doubling their DNA content prior to cytokinesis. However,
at this time it was technically extremely difficult to truly confirm
that: (i) a cell is newborn and (ii) differentiates into a neuron.
However, the idea that the adult brain may even be capable of gen-
erating new neurons was fuelled by the findings that cells could
be isolated and propagated in vitro that showed NSC properties
meaning that these cells were able to self-renew and to generate
neurons in the culture dish [4]. This technical breakthrough, lead-
ing to the acceptance that neurogenesis occurs in the mammalian
brain throughout life, came with the use of thymidine-analogues
(such as bromodeoxyuridine; BrdU) that could be visualized using
antibodies in combination with techniques to label neuronal cells
using confocal microscopy (e.g. [5]).

With this strategy—that was later complemented using spe-
cific retroviruses that selectively label dividing cells and their
progeny and transgenesis-based approaches—two main neuro-
genic regions in the adult mammalian brain could be identified:
the subventricular zone (SVZ) lining the lateral ventricles out of
which newborn cells migrate along the rostral migratory stream
(RMS) towards the olfactory bulb (OB) where they differentiate
into several types of mostly gamma-aminobutyric acid (GABA)
ergic olfactory neurons, and the subgranular zone (SGZ) of the
hippocampal dentate gyrus (DG) where exclusively glutamatergic,
excitatory granule cells are generated [6]. In these two neurogenic
areas, NSCs (with certain astrocytic properties) that are largely
quiescent (i.e. do rarely divide) under normal conditions, give rise
to more proliferative progenitors that generate new, immature
neurons [7]. These new neurons mature structurally and function-
ally over the course of several weeks before they integrate into the
pre-existing neural circuitries in the OB and DG. Interestingly, the
functional properties of young, immature neurons substantially
differ from their older progeny that are generated during embry-
onic development. These newborn cells are much more excitable
and display a higher degree of plasticity which is believed to be the
reason why the adult brain invests in the energetically demanding
exercise of supporting these two neurogenic (and highly plastic)
regions [7].

Notably, the number of neurons generated is not static but
rather is dynamically regulated. Positive stimuli, such as physi-
cal exercise and environmental enrichment, strongly enhance the
number of newborn neurons, whereas negative regulators such as
stress and aging substantially decrease neurogenesis [7]. Initially,
based on these correlative data, it was hypothesized that adult
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Table 14.1 Approaches to cell-based repair of the CNS

Approach

Advantages

Disadvantages

Example

Promotion of intrinsic
repair through
increased neurogenesis

Uses an innate system so is more
physiological
No tumourigenic potential

Neurogenesis is only found at a few restricted sites in the
adult CNS

Limited capacity to upregulate this process

Depression

Exogenous transplants
of cells

Many choices in terms of cell that can
be used each with their own merits
Unlimited supply in theory

Many different cell types can be
generated to treat multiple different
conditions

Ethical concerns with some cell sources

Tumourigenic and cell proliferation/migration concerns
with some cell types

Immunogenic problems with using non-autologous cells;
Risk of infection with cultured cells

Limited ability to get cells to truly adopt phenotype needed

Parkinson’s disease
Huntington’s disease

Spinal cord injury

Often need to be delivered by invasive neurosurgical
procedure with all the risks associated with it

Direct transdifferentiation of cells
in situ

No cell injections needed

Ability to do this effectively and therapeutically is unproven

Parkinson’s disease

May damage or kill cells

neurogenesis may be not only important for physiological brain
function but may also contribute to certain disease processes—
for example, in the context of affective disorders such as major
depression, as well as neurodegenerative disorders [8]. Indeed,
in mouse models of stress and depression it could be shown that
certain antidepressants strongly enhanced neurogenesis and
that their behavioural effects depend on this pharmacologically
enhanced neurogenesis [9]. Besides, a contribution of altered or
failing neurogenesis to certain disease processes, the identifica-
tion of endogenous NSCs also opened up the possibility of acti-
vating and recruiting NSCs or their neuronal progeny to lesioned
or injured brain areas to replace lost neurons: for example, in the

Table 14.2 Disorders of the CNS being considered for neural repair

Inborn errors of metabolism/myelination

# Bacttens' diseases; Perlizeus Merzbacher

Neurodegenerative disorders

¢ Parkinson’s disease; multiple system atrophy; Huntington’s disease;
motorneuron disease

Neuroimmunological disorders
& Multiple sclerosis

Vascular diseases/disorders

# Stroke

Traumatic injuries

# Spinal cord injury
Neuropsychiatric conditions

¢ Depression

Other

# Epilepsy

# Retinal disease/macular degeneration

context of ischaemic stroke. Thus, targeting endogenous NSCs
that generate new neurons throughout life presented a novel treat-
ment option to improve or restore brain function in a number of
CNS diseases and disorders.

Exogenous stem cells for neural repair

There have been numerous experimental attempts, as well as in
the clinic, over the last decades to replace lost neurons not only by
mobilizing endogenous NSCs but also by transplanting exogenous
cells with the capacity to produce new neurons into the diseased
or injured brain. For example, fetal progenitors have been used to
replace lost dopaminergic neurons in the context of PD (see later).
However, it became evident soon on that heterogeneity of clinical
response and difficulties in standardizing cell isolation and cell
quality made it extremely challenging to use fetal human progeni-
tors as a standard treatment option to replace dopamine-based
pharmacotherapy. Thus, new cellular sources had to be identified
and developed that could restore and replace specific neural struc-
tures lost to brain injury/degeneration.

Much hope to find a reliable source for neuronal cell replace-
ment was invested in human embryonic stem cells (ESCs). ESCs
are derived from the inner cell mass early during embryonic
development, and represent a cell type that shows pluripotency—
which means that these cells are capable of generating all tissues
of the organism besides the trophoblast—along with the capac-
ity for almost indefinite self-renewal. Notably, there has been
substantial progress over the last decades to develop protocols to
direct ESCs toward specific neuronal lineages, such as dopamin-
ergic neurons (e.g. [10]). Furthermore, the protocols have been
substantially improved to reduce the risk of transplanting undif-
ferentiated, and thus dividing, ESCs that have the potential to
form tumours within the transplanted tissue, so called teratomas.
Nevertheless, the clinical use of ESCs is still challenged by ethical
concerns (given that human ESCs are derived from the progeny of
in vitro fertilized oocytes) and the fact that transplanted ESCs are
non-autologous transplants, requiring at least a certain degree of
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immunosuppression to prevent rejection of the transplanted tis-
sue by the host.

Given these limitations, the discovery that virtually every
somatic cell can be reprogrammed to adopt a pluripotent state
by introducing defined transcription factors opened novel pos-
sibilities for patient-specific cell replacement strategies. These
cells, called induced pluripotent stem cells (iPSCs), can be easily
generated from each individual (e.g. by a simple skin biopsy and
isolating fibroblasts that are then subjected to reprogramming)
yielding an isogenic and patient-selective source for therapeutic
cell replacement strategies [11].

In the following sections we will briefly review the evidence that
altered neurogenesis in the adult brain contributes to neuropsy-
chiatric disease processes and how the mobilization of endoge-
nous or the use of exogenous, transplanted stem cells may provide
novel treatment options in the context of neurodegeneration, spe-
cifically in PD and HD, as well as other CNS disorders such as
spinal cord injury.

Therapeutic targeting of neural stem
cells in neuropsychiatric disease

Adult hippocampal neurogenesis
and affective disorders

Affective disorders such as major depression represent a major
social and financial burden to Western societies, given their
high prevalence. Even though a number of classes of antidepres-
sant drugs have been in clinical use for decades, there remains
a substantial fraction of patients with therapy-resistant disease,
indicating the need to (i) better understand the aetiology and
neural consequences of affective disorders and (ii) develop novel
treatment strategies. One of the key risk factors (besides age, see
‘Age-associated cognitive decline’) to develop affective disorders
is stress, which was found to dramatically reduce neurogenesis
[12]. In combination with the findings that a structural hallmark
of patients suffering from depression is a reduction of hippocam-
pal volume as measured by non-invasive imaging approaches,
this initiated a large number of studies aiming at understanding
a potential link between the onset or maintenance of affective
disorders and adult hippocampal neurogenesis [9]. Strikingly, a
number of antidepressants such as selective serotonin re-uptake
inhibitors (SSRIs) enhance the number of neurons generated and
depend at least partially on neurogenesis for their efficacy (e.g.,
[13]. Supporting the potential contribution of failing neurogen-
esis to the depressive disease process has been the fact that many
antidepressants show a latency of 2 to 4 weeks between being
taken and having a therapeutic effect—a time that may reflect the
antidepressant-induced generation, maturation, and functional
integration of newborn neurons [9].

However, genetic enhancement of hippocampal neurogenesis
turned out to not be sufficient for theirdirect mood-regulating
effects, even though this needs to be studied in more detail [14].
Furthermore, more studies are required that investigate if new
neurons directly affect mood or are only indirectly contributing to
affect through modulation of hippocampus-dependent cognition.
In summary, it seems reasonable to speculate that neurogenesis
in the adult hippocampus represents a novel therapeutic target to
ameliorate disease symptoms in major depressive disorders. On
the other hand, it is unlikely that hippocampal neurogenesis is the

major and sole cause whose alterations may lead to or, if phar-
macologically targeted, cure depression. Most importantly, more
evidence needs to be produced that neurogenesis may indeed be
affected in patients suffering from affective disorders.

Age-associated cognitive decline
and reduced neurogenesis

Ageing is associated with a substantial decline in several cogni-
tive domains that may eventually lead to impairments in activi-
ties in daily living [15, 16]. Interestingly, the number of neurons
that are generated in the adult hippocampus (and SVZ/OB sys-
tem) dramatically decreases with advancing age (without coming
to a complete stop) [1, 7]. Furthermore, the number of neurons
born in older age does correlate with the performance of rodents
on hippocampus-dependent learning tasks [17]. Thus, it has been
speculated that hippocampal neurogenesis may be a critical
mediator of cognition with aging. This idea has been supported
for example by imaging-based findings in humans that the first
structure showing functional and structural alterations in cog-
nitively challenged, aged individuals is indeed the hippocampal
dentate gyrus [18]. In addition, known regulators of neurogenesis,
such as running and environmental enrichment, have turned
out to be effective in enhancing neurogenesis in aged rodents,
which was again associated with improved performance in
hippocampus-dependent learning tasks [19, 20].

Current projects aim to elucidate the cellular and molecular
mechanisms that are responsible for the age-dependent drop of
neurogenesis. Furthermore, it remains unclear if enhancing neu-
rogenesis is sufficient to ameliorate cognition in advanced age. Be
that as it may, the observed association between cognitive decline
and decreased neurogenesis suggests a mechanism at least par-
tially explaining the drop in hippocampus-dependent cognition
with old age.

Altered neurogenesis in epilepsy

Besides the aforementioned diseases that reduce the amount
of neurons, there are also disease states that at least transiently
enhance the number of neurons generated. For example it has
been shown that neurogenesis is dramatically enhanced in rodent
models of temporal lobe epilepsy (TLE) [21]. Notably, not only the
number of neurons generated is enhanced: epileptic activity also
leads to ectopic migration of newborn granule cells into the hilar
region of the dentate gyrus and the aberrant formation of hilar
basal dendrites that form ectopic synapses and potentially impair
proper synaptic transmission and connectivity within the dentate
circuitry [22, 23]. Strikingly, it has also been shown that ectopic
neurogenesis is sufficient to drive epileptogenesis, further sup-
porting the findings that enhanced, but massively altered neuro-
genesis in the context of TLE, is potentially a contributing disease
factor [24]. However, neurogenesis may not only be involved in
the establishment of epileptogenic circuitries as it has also been
shown that in more advanced or chronic disease stages, neuro-
genesis is strongly downregulated and may represent one factor
responsible for cognitive decline that is commonly observed in
patients affected by chronic or therapy refractory forms of TLE
[25]. Thus, drugs aiming to enhance neurogenesis in the context
of affective disorders or ageing may also turn out to be effective in
ameliorating cognitive symptoms in advanced stages of TLE by
increasing the number of newborn granule cells.
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This has been also aimed for in animal models of TLE, through
the transplantation of exogenous NSCs into the epileptic hip-
pocampus. First results are promising, even though the inva-
siveness and associated risks when considering the next steps in
taking such a strategy into the clinical setting are substantial [26].

Stem cell-based therapeutic approaches
in Parkinson’s disease

PD is a common neurodegenerative disorder of the CNS that affects
about 1 in 800 people and typically presents around 70 years of age.
It has as part of its core pathology the loss of the nigrostriatal dopa-
minergic neurons and the formation of alpha synuclein-positive
Lewy bodies. However, in recent years a number of fundamental
new concepts have emerged with respect to PD:

(1) The disease process is not restricted to dopaminergic nigros-
triatal neurons but involves many sites within the brain and
even neurons outside of the CNS (e.g. in the enteric nervous
system) [27].

(2) PD is not simply a disorder affecting motor control but
embraces a range of non-motor features, some of which may
even precede the onset of the movement disorder (so-called
prodromal or promotor PD) [28].

(3) The disease process may even begin in the periphery and
then spread into the CNS with alpha synuclein behaving in a
prion-like fashion [29].

(4) Whilst the pathogenesis of the disease process may involve
protein spread, it is still unknown why people develop PD in
the first place although there is now substantial evidence to
show that there are major genetic risk factors for getting it
[30]. This includes heterozygote mutations in genes coding
for glucocerebrosidase (GBA), the gene that leads to the auto-
somal recessive condition Gaucher’s disease [31].

(5) There are now a large number of Mendelian forms of PD
described, some of which resemble idiopathic PD both clini-
cally and pathologically [30].

(6) Idiopathic PD is heterogeneous and the basis for this may
relate to common genetic variants that are also linked to the
risk of getting it in the first place [32, 33].

All of this has had implications for the use of stem cells in the
study and treatment of PD in two main ways;

(i) Disease modelling using iPSCs, typically from patients with
Mendelian forms of PD or stem cell lines transfected by the
gene of interest [34].

(ii) The fact that neural grafting with dopaminergic cell trans-
plants will only help some patients with PD and then only some
of their symptoms and signs—in other words it will never be a
treatment for all patients with PD but will only deal with their
dopaminergic responsive clinical features [35].

PD disease modelling

iPSCs derived from patients offer a powerful in vitro disease model
as these should carry the identical cellular pathological features
of the disease in that patient [36]. However, there are a number

of key assumptions with this approach. First, that any pathology
seen in neurons so derived after a few days or weeks in culture is
disease relevant and speaks to the pathology seen in the CNS of
the patient that has taken decades to develop. Second, it assumes
that the disease process is cell autonomous, as the only cells being
studied are the neurons so generated, and it does not, and cannot,
interrogate how different cellular players may talk to each other
in the disease process (e.g. the role of inflammation). Third, the
reprogramming of the cells may remove some of the age-related
factors that are critical in the development of PD, given this is the
biggest risk factor for PD. Finally, it has to be shown that the neu-
rons so produced are truly authentic neurons of the type wanted.
This is especially true for dopaminergic neurons as there are at
least 10 subtypes of dopaminergic neurons in the adult brain (A8-
A17) [37], all of which show specific electrophysiological, neuro-
chemical, and transcriptional profiles and only some of which are
lost in PD [38].

Despite a number of obstacles, several groups have produced PD
patient-specific inducible dopaminergic neurons [ iDA ] derived
from iPSCs and early studies found that the differentiated cells
did not show any disease-related phenotype [39]. In addition it
was noted that residual transgene expression in virus-carrying
iPSCs influenced their molecular properties, which has led to the
use of derivation methods free of reprogramming factors in the
modeling of human disease. Subsequently, it has been shown that
iDA derived from iPSCs do display specific PD pathology using
cell lines from patients with sporadic and LRRK2-associated PD
[40]. As with the earlier study [39], no difference was observed
between the iDA from PD patients and controls in the differentia-
tion efficiency, morphology and phenotype after 30 days in cul-
ture. However, long-term culture (<75 days) of iDA derived from
sporadic PD cases revealed altered morphology, with a decrease in
the number and length of neurites and an increased susceptibil-
ity to degeneration. iDA from PD patients also exhibit defective
autophagosome clearance [39].

While the vast majority of PD cases are idiopathic (>95 %), sev-
eral causative genes have been identified in families harbouring
mendelian forms of the disease [41]. So far, five PD-related genes
have been studied using iPS cell technology including neurons
derived from patients carrying mutations in the SNCA, glucocer-
ebrosidase, Leucine-Rich Repeat Kinase-2 (LRRK2), phosphatase
and tensin homolog (PTEN)-induced putative kinase 1 (PINK1I),
and Parkin genes. All of these have shown some pathological
changes, although they are often subtle and their relevance to the
disease process in the affected patient is unclear.

In recent years, neurons differentiated from iPSCs whilst pro-
viding new insights into the cellular mechanisms involved in the
pathophysiology of PD, have also been considered for transplan-
tation. However, concerns remain with respect to their safety,
mainly due to their proliferative, tumorigenic potential [42]. To
overcome this issue, several groups have developed methods that
allow direct conversion of human differentiated somatic cells,
such as fibroblasts, into functional neurons avoiding any interme-
diate pluripotent state. The first study to do this converted mouse
embryonic and postnatal fibroblasts into functional neurons by
the overexpression of three transcription factors (Ascll, Brn2, and
Mytll) [43]. Subsequently, human fibroblasts have also been suc-
cessfully converted into functional neurons by overexpressing the
same transcription factors [44] and this has now also been done in
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disease conditions (e.g. Alzheimer’s disease patients [45]). For PD,
obviously making dopaminergic neurons would be of interest and
it has been shown that the addition of two transcription factors
specific to the dopaminergic lineage (Lmxla and FoxA2), along
with the three original factors, is sufficient to generate dopaminer-
gic-like neurons [44, 46]. However, the gene expression profiles of
these reprogrammed DA neurons differed significantly from pri-
mary midbrain DA neurons in these studies and so more recent
attempts to generate iDA-like midbrain dopaminergic neurons
have used six reprogramming factors (Ascll, Pitx3, Nurrl, Lmxla,
Foxa2, and Enl), as well as the patterning factors Shh and FGF8
[47]. While these iDA expressed many of the relevant markers of
dopaminergic neurons, the cells only partially restored dopamine
function in vivo, and have failed to exhibit similar levels of mid-
brain transcription levels to those found in embryonic or adult
midbrain dopamine neurons [47]. More recently, a combination
of five transcription factors (Ascll, Pitx3, Nurrl, Sox2, and Ngn2)
generated iDA that further provided benefit when grafted in the
6-hydroxydopamine [6-OHDA ] rat model of PD, suggesting that
these reprogrammed cells display functional midbrain dopamin-
ergic neuronal properties [48].

Because the direct conversion does not go through a prolifera-
tive state, the quantity of neurons that can be obtained is limited
by the accessible number of fibroblasts used as starting material
for conversion. Nevertheless, direct conversion of the patient’s
fibroblasts into relevant neuronal subtypes is very promising for
disease modelling and may even ultimately have a role in neural
grafting.

Neural transplantation

The core loss of the dopaminergic neurons in PD coupled to the
response of patients to dopaminergic drugs led in the 1980s to the
idea that this condition could be treated through the transplanta-
tion of dopaminergic cells into the diseased basal ganglia. This
initially involved autografts of the catecholamine-rich adrenal
medulla, although the results were generally disappointing both
experimentally and in patients. It was therefore not long before
this approach was superseded by transplants of fetal ventral mes-
encephalic (VM) tissue [49]. This approach involves harvesting
the dopaminergic neurons from the developing ventral midbrain
and then grafting them into the site where dopamine normally
works, namely the striatum. Experimentally, it was shown that
this approach worked well when the cells were harvested at the
time they normally develop (E13-14 in rats and mice; 6-8 weeks
post conception in humans) as the grafted cells could survive,
make, and receive connections from the host brain and release
dopamine in a regulated manner with functional benefits to the
grafted animal. It was on this background that open label studies
were undertaken in patients with PD both in Europe and the US.
These studies showed that some patients could derive long-term
benefit from these grafts and that these clinical improvements
correlated with F-dopa-positron emission tomography (PET)
imaging showing evidence of dopamine cell survival at the site
of implantation. A correlation that was confirmed in a few post
mortem studies [50]. The success of this approach gave confidence
in some quarters to push on and undertake more rigorous double
blind placebo controlled trials even though the results from the
open-label studies had been variable and the optimal way of giv-
ing the therapy not resolved [51].

These two double-blind placebo-controlled trials that were pub-
lished in 2001 and 2003 showed that the therapies were ineffective
in so much as they failed to deliver on their primary end point
[52, 53]. Furthermore, significant numbers of patients developed
involuntary movements in the absence of L-dopa but in the pres-
ence of the graft; so-called graft-induced dyskinesias. Thus, in
many eyes it was shown that this approach did not work, produced
side effects, and subsequently it was also shown that the trans-
plants even develop the pathology they are designed to treat [54].

However, a more critical review of the trial data leads one to
a rather different conclusion, which is that the fetal VM grafts
can work very well in some patients and that understanding why
this is the case, will determine whether this whole approach has
a future (reviewed in [55]). However, the use of human fetal tis-
sue as the source of cells for grafting is clearly not possible in the
long term, for a range of ethical and practical reasons, and as such
there is a need to find a more ethically acceptable, readily available
source of dopaminergic neurons for grafting [56] (see Table 14.3).

One such cell source is ESCs [57]. However, the use of these
cells has been hampered by problems of cell overgrowth; immune
rejection, and the ability to truly direct them into authentic nigral
dopaminergic neurons. Of late though advances have been made
in this area with the production of large numbers of A9-looking
nigral neurons, which can survive grafting in animal models of PD
with functional benefits and no tumour formation [10]. However,
even these cells whilst looking very promising fail to grow axons
to the extent that fetal dopaminergic neuroblasts do, and they are
also, of course, not free of ethical concerns. As an alternative iDA
generated from iPSCs derived from patients’ skin fibroblasts are
very appealing candidates [58], not only because they circumvent
ethical issues but exclude the risk of immune rejection. One other
benefit in using iPS cells is the possibility of rejuvenating the cells
from an aged patient and thus eliminating the pathologies asso-
ciated with ageing to restore tissue proliferation and function.
The potential of iDA derived from iPS cells for cell replacement
therapy has been assessed [59], and whilst encouraging the data is
less robust than that seen in ESC-derived dopaminergic neurons.
More recently, it has been shown that differentiated inducible neu-
rons [iN] and iDA can have effects in the 6-OHDA lesioned rat,
but the effects are modest at best with the cells not looking like
mature nigral neurons [46].

Stem cell-based therapeutic approaches
in Huntington’s Disease (HD)

HD is an autosomal dominant disorder in which the abnormal
gene codes for a mutant huntingtin protein that is expressed in
every cell of the body. The disease typically presents in mid-life
with a combination of motor, cognitive, and psychiatric problems,
and it then progresses over a 20-25 year period to death [60].
The pathological changes become more widespread with disease
progression, and whilst it was initially thought that the striatum
was the main site of pathology in early HD, this view is in need
of qualification based on the results of recent studies in early
and premanifest HD [61]. These studies have shown that whilst
the striatum is an early site of pathology, many other areas are
affected, which is important given that the transplant approach to
HD has only concentrated on repairing the medium spiny output
neurons of the striatum.
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Table 14.3 Types of stem cells being considered for neural repair

Type of stem cell Advantages

Disadvantages

Embryonic stem
(ES) cells

Easy to grow
Easy to manipulate

Unlimited supply

Ethical concerns with their derivation
Tumour formation
Ability to truly differentiate them into appropriate progeny

Immunogenicity

Inducible pluripotent Allows for autologous grafting

stem (iPS) cells Relatively easy to grow to large numbers

Capacity to correct genetic defects in them

Tumour formation
Problems due to reprogramming
Ability to truly differentiate them into appropriate progeny

Immunogenicity

Neural precursor

cells (NPC) in brain

No tumour risk

Allows for autologous grafting if using adult NPC

Ethical concerns with their derivation if derived from fetal or ES source
Limited expansion and manipulation compared to ES/iPS cells
Ability to truly differentiate them into appropriate progeny

Immunogenicity

Bone marrow derived
stem cells

Allows for autologous grafting
No tumour risk
No ethical concerns

No immunogenic concerns

Limited expansion possible

Ability to truly differentiate them into appropriate neural cells is
debatable

In the 1980s-1990s (before the gene for HD was discovered and
thus the advent of HD transgenic mice) it was shown experimen-
tally that grafts of fetal striatal tissue placed in the excitotoxic
lesioned striatum could survive, differentiate, receive, and make
synaptic connections with the host brain and restore behaviour
(reviewed in [62])—results which have been less impressive in
transgenic animal models of disease [63].

Thus based on the work in the non-transgenic models of HD,
early clinical trials were done using human fetal striatal allografts
in patients with mild to moderate disease. This was most notably
done in the US and Europe and showed mixed results [64].

In the first major study to report, the French group found that
three of their five grafted patients showed some transient benefits
and that these were linked to evidence of metabolic activity at
the site of transplantation [65]. This was followed by a negative
study from the group based in South Florida where they found
no benefit in any of their patients [66]. This transplant trial used
a different approach with respect to the tissue dissection and this
could help explain why they did not find any benefits. Interesting
of late though, there has been work showing that the grafts in
these patients have pathology resembling that seen in the host
HD brain [67]. Other studies, most notably one in the UK, have
tended to show that the approach using the current protocols are
largely unsuccessful [68], although occasional successes have been
seen in individual cases [69]. This variability is now being further
explored in a large clinical study in France.

Whilst it is unclear whether fetal striatal allografting is useful
and even sensible in HD, it has nevertheless led many to look at
making striatal output neurons from stem cell sources for pos-
sible use in this way. Whilst to date the number of studies doing
this have been limited, it is encouraging that the ability to make
these cells is possible and that they do have some benefits in ani-
mal models of HD [70. 71].

An alternative use of these cells is to study disease pathogenesis
in much the same way as has been done in PD. Thus, work has

been done using stem cells transfected with part of the mutant
huntingtin gene and more recently neurons derived from iPS cells
from HD patients have been produced [72]. This has helped con-
firm some of the key steps in the disease process, and whilst these
cells have not as yet been thought of as being useful in autograft-
ing therapies, this may evolve if the technologies for correcting
gene defects can be perfected.

Finally, the ability to use stem cells to repair the brain from
within has always held great attraction since it was first shown
that adult neurogenesis occurs in the mammalian brain. In the
case of animal models of HD it has been shown that abnormalities
exist in hippocampal neurogenesis and this may account for some
of the cognitive and affective aspects of the disease [73, 74]. Whilst
the basis of this and its relevance to human disease is unknown,
it does suggest that intrinsic repair strategies around this system
may offer some potential therapeutic avenues worth exploring. In
addition there have some reports of increased neurogenesis in the
SVZ in HD [75], although again the relevance and significance of
this is unknown as are changes in this same system seen in PD
and mediated through a midbrain dopaminergic projection and
ciliary neurotrophic factor [CNTF] and epidermal growth factor
[EGF] signalling pathways (see for example [76]).

Stem cell-based therapeutic
approaches in stroke

Stroke is a common disorder that affects many people and encom-
passes a range of different pathologies from large vessel occlusions
with hemispheric loss of tissue to small vessel events causing lacu-
nar infarcts. As a result, there has been much interest in using
cells to repair the brain in stroke, although exactly how these
cells might do this is debatable. Indeed, the idea has been pursued
that they could be used for cell replacement, although this seems
unlikely to work given the complexity and diversity of cells lost
as part of the original insult. Nevertheless, there has been great
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interest in developing therapies that either recruit endogenous
stem cells for repair or the implantation of exogenous grafts of
stem cell derived progenitors that work to enhance repair through
some form of paracrine effect.

After experimental stroke in rodents (e.g. occlusion of the middle
cerebral artery; MCAO) proliferation of NSCs in the SVZ is strongly
enhanced and a small fraction of these newborn cells can migrate
away from the SVZ towards the striatum where they differentiate
into neuronal cells (e.g. [77]). Similar observations have been made
in human samples [78]. However, at this time it remains unclear if
stroke-induced endogenous neurogenesis functionally contributes
to recovery [79]. Furthermore, it appears that the number of neu-
rons generated is very low. Thus, strategies need to be developed that
either enhance the survival or increase the recruitment of newborn
cells generated from endogenous NSCs towards the ischaemic lesion.

In the case of neural grafting, this has now evolved to the level
of early clinical trials, even though their experimental basis is
often not that convincing. The most recent of these is a small
open-label study by ReNeuron, in which implants of their immor-
talized human cortical cell line have been delivered to patients
with well-established infarcts. Whilst the data from this study
has yet to be published, the preliminary data presented at meet-
ings suggests this approach is safe with some small signal of effect
(Muir K, personal communication). This is not the first trial using
this approach as various other small open-label studies have been
undertaken. However, none have produced robust enough effects
to be confident that these cells have a future in the treatment of
this common condition (see Bhasin et al [80]).

Stem cell-based therapeutic approaches
in multiple sclerosis

Multiple sclerosis (MS) is an autoimmune disease that leads to
chronic demyelination followed by axonal loss and a loss of neu-
ronal function. Stem cell-based strategies to ameliorate disease
progression and/or clinical symptoms have been trialled (e.g.
(81, 82]) and may work through modulation of the autoimmune
response and stem cell-mediated regeneration [83, 84].
Interestingly, peripheral administration of neural stem cells
(NSCs) and mesenchymal stem cells (MSCs) seems to attenuate
the immune reaction in animal models of MS such as experi-
mental autoimmune encephalomyelitis (EAE), most probably by
interfering with B-cell proliferation and promoting T-cell anergy.
This leads to fewer inflammatory infiltrates and slowed disease
progression in EAE. How stem cells exactly mediate these effects
remains largely unknown, but given that they can be easily deliv-
ered into the periphery this approach could translate into the clin-
ical setting rather rapidly if proven preclinically to be of value [84].
However, a large problem in MS is the degeneration of axons fol-
lowed by neuronal dysfunction that eventually occurs even in the
absence of a strong inflammatory state. Thus, strategies aiming
to enhance remyelination are urgently required to truly advance
regeneration in MS brains. Again in preclinical EAE models, the
transplantation of stem cells with the ability to differentiate into
oligodendrocytes reduced disease features. Furthermore, the tar-
geted differentiation into myelinating oligodendrocytes derived
from endogenous NSCs in the murine SVZ turned out also to be
beneficial in EAE (e.g. Rafalski et al [85]). Thus, current experi-
ments aim to identify small molecules that may enhance the

endogenous generation of functional oligodendrocytes to amelio-
rate disease features in chronic demyelinating disease [86].

Stem approaches in multiple system atrophy
and motorneuron disease

Stem cells have also been used in other neurological conditions,
including multiple system atrophy (MSA). In this disease MSCs
from the bone marrow have been used and in all cases the ben-
efits seem marginal and need confirming in other studies [97]. The
rationale for this approach is that these cells can have immune
modulating effects as well as releasing trophic factors, all of which
can help repair the brain. The same is also true for the adoption of
similar strategies in motor neuron disease [88].

Stem cell-based approaches in
traumatic spinal cord injury

Spinal cord injury (SCI) is a rare disorder (incidence ranges from
15-30/million of the population) [89] and in many countries regu-
latory offices grant an orphan disorder designation to it. Due to
an increased level of life expectancy achieved over the last three
decades (overall normal life expectancy depending on the level of
lesion is about 90% compared to age-matched controls) the preva-
lence of people living with SCI is steadily increasing (in US an
estimated incidence of about 12,000 new cases per year and a prev-
alence of patients living with SCI is about 1 million of the popula-
tion) [90]. In about 50% of patients the spinal cord injury is due
to a traumatic event and for this specific population of patients,
rehabilitation standards and outcome assessments have been con-
tinuously developed since the first conception and installation of
a dedicated SCI rehabilitation programme (in Stoke Mandeville
UK, 1942) [91, 92]. Traumatic SCI typically affects healthy and
younger subjects (although in the recent decades a shift towards
elderly subjects is observed with an increase of the mean age from
30 to 45 years), and compared to other neurological disorders of
the brain (like MS, stroke, etc.) constitutes a non-degenerative and
non-progressive disorder [93-95]. Furthermore, SCI represents a
very distinct disorder within the central nervous system due to a
rather localized lesion within the cord. Although the spinal cord
is embedded in the CNS compartment (sealed by the blood-brain
barrier) the SCI also clinically affects important neural structures
that project and form part of the peripheral nervous system—
alpha motoneurons. This is clinically evident in the assessment
of motor function where typically motor weakness of an upper
motorneuron (increased tone, spasticity, increased reflexes) and
lower motoneuron (reduced muscle tone, muscle atrophy, loss of
reflexes) origin can be seen in the same patient. In these motor
segments (myotomes) originating from areas with cord damage,
there is always some alpha motoneuron damage, while below
the level of lesion motor weakness is due to loss of the descend-
ing central motor fibre tracts (i.e. pyramidal spinal tract) [96].
As for the brain, the cord contains neural networks (integration
and modulation of in/outputs that affect the facilitation or inhi-
bition of neural inputs) and conductive pathways (longitudinal
ascending/descending fibre tracts). Accordingly, the cord is not
only involved in conveying afferent-efferent signals but also has
a capacity to influence even rather complex sensorimotor func-
tions (like walking) in a sub-hierarchical capacity relative to the
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brain. The aforementioned findings indicate that the potential use
of stem cells to improve the outcome of human SCI can potentially
affect many different aspects of the spinal cord.

So far there is no approved or established treatment of the injured
spinal cord itself and all the success achieved to date is through
rehabilitation and the better outcome of patients with SCI is based
on improved management of secondary medical problems (like
bowel and bladder function). Although patients undergoing con-
ventional rehabilitation programmes achieve advanced levels of
functional outcome they still have a strong desire to improve their
medical condition (patients acknowledge that they learned to live
with SCI but they want to go beyond this). Due to these strong
emotional desires many patients seek any potential treatment and
they may even circumvent regulated (i.e. controlled) health care
provisions (many will travel abroad to receive unproven treat-
ments with any kind of cells). They even accept to pay at their own
expense, enormous amounts of money (20,000-30,000 USD) to
receive these cell applications even though none of the provided
interventions have been proven to be effective.

Concepts and preclinical models of cell-based therapies in
SCI follow in principal the same considerations as in stroke and
other CNS disorders (Figure 14.1). Most commonly applied are
preclinical models applying olfactory ensheathing cells (OEC)
[97, 98], Schwann cells (SC) [99, 100], bone marrow stromal
cells (BMSC) [101], and neural stem/progenitor cells (NSPC)
[102, 103]. While the latter approaches have transferred to a
degree to clinical trials, embryonic (ESC) and induced pluripo-
tent stem cells (iPSC), although also intensively tested in animal
models, have not yet reached a required level of safety and con-
fidence for their application in humans, outside of a small trial
funded by Geron.

The improvement of locomotor recovery and surgical feasibil-
ity of cell transplantation has been shown in several experimental
paradigms and includes: adult mice neural precursor cells [104];
combined SC, OEC [105], and chondroitinase ABC [106]; human
Schwann cells [107]: OEC [108]; homologous macrophages [109];
human ESC oligo-progenitors [110]; human umbilical cord cells
[111]; human neurons from an embryonal teratocarcinoma cell
line [112]; human neural precursor cells [113]; and human adult
neural stem cells-described herein [114-117].

So far in preclinical models the three most likely mechanisms
for using stem cells on the damaged cord include: (1) de-novo
remyelination, (2) neurotrophic effects increasing neural plastic-
ity, and (3) replacement of lost cells [118]. These occur to differing
extents and the functional readouts in the animal mainly disclose
minimal to moderate effects on locomotion. To enhance treat-
ment effects combinatorial interventions are becoming increas-
ingly tested and hold some promise [119, 120].

While in principle, the application of stem cells in animal
SCI models appears feasible and reasonably safe, many impor-
tant aspects for translating these application into human treat-
ments are unresolved: (i) What is the most reasonable animal
model (is there a need for non-human primate studies)?; (ii)
What injury model (contusion versus cut lesions) and extent
(completeness of cord damage) of cord injury is most relevant?;
(iii) What kind of cell line may be superior and are there any
reliable dose dependencies on outcomes?(iv) What is the most
sensitive timing after injury (what constitutes acute and how is
that established in animals and humans) for cell transplanta-
tion [121]?

Furthermore, the estimation of potential effects sizes as observed
in the animal models to those involving patients is unclear [122].
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While in human studies the stratification of patients is typically
based on clinical phenotypes (level and completeness of lesion,
time after injury, and accompanying medical complications),
animal studies often apply a post hoc analysis with a stratifica-
tion based on performance and biological markers that eventu-
ally allows one to find differences in outcomes. Clinical phase I/
II trials concentrate on safety and feasibility (route of application,
interactions of cells with host, interference of cell transplantation
on recovery profiles, etc.) and so far animal models are of limited
predictive value in terms of safety concerns [123]. One of the seri-
ous anxieties relates to the induction or increase of neuropathic
pain, which is frequently an on-going challenge for patients fol-
lowing SCI (in about 60-70% of patients) [124, 125]. The induction
of pain has not only been reported in animal models [126] but
also in a case control series of intrathecal autologous bone marrow
transplantations in humans with chronic SCI [127].

All the aforementioned issues need to be carefully considered
when thinking about the translation of preclinical findings into a
clinical trial [128].

In humans the procedural (surgical) and biological (cell inte-
gration, immunogeneicity) safety of cell transplantation into the
spinal cord has been revealed in three recently completed cell-
based trials applying intramedullary injections of cells [129-131].
Although the applied cells were of various types of non-CNS auto-
grafts, the overall findings revealed the general feasibility of the
approach and the surgical risk of cell implantation into the injured
spinal cord was considered favourable. The first trial was a Phase
I study performed in Israel and assessed the safety of implanting
incubated autologous macrophages within 14 days of injury [130].
The premise for this study was based on the concept of ‘protec-
tive autoimmunity’ in which endogenous activated macrophages
and T cells are assumed to help augment spinal cord repair in the
subacute inflammatory phase (1-2 weeks post injury). The study
enrolled eight patients with complete injury between C5 and T11
and the intervention consisted of four microinjections (60 pl) of
autologous harvested macrophages (total 4 million cells) at the
caudal border of the cord injury. No adverse events were attrib-
uted to the experimental therapy, and no acute or delayed morbid-
ity associated with the volume or cell dose injected into the spinal
cord was observed. This study resulted in a Phase II study that
enrolled 50 subjects before study cancellation for financial rea-
sons. The safety and efficacy data from this study will be analysed
and eventually published [132].

The second cell-based study involved implantation of autolo-
gous bone marrow cells in combination with systemic granulo-
cyte macrophage colony-stimulating factor - administration in a
Phase I/II trial [131]. In this study a series of 35 patients with com-
plete cervical or thoracic injuries were implanted with autologous
bone marrow cells at various stages after injury (acute, subacute,
and chronic). The premise of the study was based on the possi-
bility of bone marrow derived cells producing neuroprotective
cytokines or differentiating into neural cells helpful for repair.
The surgical procedure involved exposing the injured cord and
injecting 200 million cells in a total suspension volume of 1.8 ml
(six 300 pl aliquots) ‘surrounding the lesion site.” One patient
reported a transient postoperative reduction in hand strength and
three patients had increased incisional muscle rigidity (presum-
ably related to the surgical exposure). The authors reported that
neuropathic pain was observed in a higher proportion (20%) of

the patients who underwent transplantation, as opposed to the
parallel ‘control’ (non-transplanted) patient group (7.7%). The
increased neuropathic pain was predominantly noted in those
patients transplanted in the subacute and chronic stage. The qual-
ity and nature of the neuropathic pain was not fully characterized
in the report and pretransplant pain assessments were not quanti-
fied. In addition, the confounding variable of the second surgery
necessary for the bone marrow cell transplantation as compared
to the single stabilization surgery performed in the control group
was not accounted for in the analysis of the neuropathic pain.
The third study using a cell-based strategy for spinal cord injury
involved the injection of autologous OES in three patients with a
complete thoracic cord injury [129]. The cell doses in this limited
series ranged between 12 and 28 million cells and were injected
into the area of injury and adjacent cord using a pattern between
270 to 630 spinal cord injections. No deterioration in function or
neuropathic pain was reported for the three subjects in this lim-
ited trial.

In 2009, the US Food and Drug Administration approved a
Phase 1 clinical trial (Geron company) to evaluate the safety of a
human embryonic stem cell-based product candidate, GRNOPC1,
in patients with acute thoracic spinal cord injuries. The study was
open to patients with a neurologically complete (ASIA Impairment
Scale A) traumatic spinal cord injury limited to the thoracic region
between T3 and T11. The administration of GRNOPC1 was sup-
posed to occur between 7 and 14 days after the injury. In total
about five patients were enrolled in this study, until in November
2011 the company, due to strategic considerations, abandoned the
study. There have been no serious adverse events reported so far.

The findings summarised in this section (the list of studies is
by no means considered to be complete) reveal that, although
there have been a limited number of studies in humans, the
application of stem cells for human SCI appears to be feasible. So
far, however, there have been no findings in humans that reveal
major or clinically obvious improvements in motor or sensory
function.

Conclusion

The current possibilities for the structural and functional repair
of the injured and diseased CNS are still extremely limited and
lesions to the adult brain or spinal cord often result in a detrimen-
tal and disabling failure of CNS function. Thus, novel therapeutic
avenues are needed. The identification of somatic stem cells within
the adult nervous tissue and the improved handling and genera-
tion of various multipotent and pluripotent human stem cells, has
raised hopes that these cells, whether endogenous or transplanted,
will be useful for tissue repair. Even though stem cells are today
not routinely used in the clinics to treat CNS diseases, a grow-
ing number of clinical studies have identified their potential for
functional repair or support of injured tissue. Ongoing studies of
stem cell-based treatments at this time are starting to explore their
tolerability and to some extent efficacy. It seems plausible that dis-
eases with a relatively well- defined pathology—that is the loss of
distinct cell populations such as dopaminergic cells in the sub-
stantia nigra in PD, represent more promising targets compared to
those with more diffuse neural tissue damage occurring for exam-
ple after stroke. Further, disease stratification, based on the iden-
tification of patient subgroups that may benefit more than others
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from such interventions, will be important to ultimately judge the
potential of stem cell therapies for treating a number of neuropsy-
chiatric diseases. Clearly, future preclinical and clinical stud-
ies will have to identify the appropriate source for transplanted

cells, be they patient-derived such as iPSCs, or derived from other

human tissue representing allografts. Safety, comparability, and
large-scale availability of cells are certainly a prerequisite for the

routine clinical use of stem cells or their derivatives. Important for
the field and subsequently the clinical success of stem cell-based

therapies will be the need to avoid premature and over-optimistic
expectations of their efficacy as we move towards patients in the
clinic.
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CHAPTER 15

The role of neuroimaging in
understanding the impact of
neuroplasticity after CNS damage

Nick Ward

Introduction

Acute injury to the central nervous system (CNYS) is often followed
by some degree of recovery. Scientists and clinicians have been
interested in the mechanisms of this recovery for years. Based
on observations in animal models of focal CNS injury it is often
assumed that a number of processes jointly referred to as neuro-
plasticity make a major contribution (see Chapters 13 and 14).
Experiments in animal models have demonstrated alterations in
cerebral organization that occur after injury are related to recov-
ery [1]. Specifically, focal cortical damage in adult brains renders
widespread surviving cortical regions more able to change struc-
ture and function in response to afferent signals in a way normally
only seen in the developing brain ]2]. An increased potential for
neuroplasticity will in itself not enhance recovery, but it may
increase the impact of training strategies since training works
through mechanisms of experience-dependent plasticity [1].

The management of patients with incomplete recovery follow-
ing CNS injury often draws on specific rehabilitation interven-
tions aimed at assisting adaptation to impairment. However,
partly because of a growing awareness of the role of neuroplas-
ticity there is an interest in designing therapeutic strategies to
promote cerebral reorganisation as a way of reducing rather than
compensating for impairment. These include incorporating ideas
about learning into neurorehabilitation (see Chapter 7) as well as
strategies to enhance the potential for neuroplastic change, such
as neuropharmacological (see Chapter 17) and non-invasive brain
stimulation (see Chapter 16).

These developments are clearly very exciting for clinicians.
A key part of developing future strategies will involve building
an empirical understanding of how the brain responds to injury
and how such changes may be manipulated in a way that promotes
functional recovery. The investigation of cerebral reorganization
after focal brain injury in humans is less well advanced than
similar work in animal models. There are clearly greater limita-
tions in studying the human brain, but structural and functional
imaging provide opportunities to do so. This chapter will explore
how neuroimaging has contributed to understanding the impact
of neuroplasticity after CNS injury, and how it might contribute
in the future. It will largely concentrate on motor recovery after
stroke to illustrate how neuroimaging provides a window onto

neuroplasticity after CNS damage, but examples from the study
of different types of patients (spinal cord injury) and different
domains (language) will be referred to in order to examine how
much it is possible to generalize these ideas.

Imaging techniques

Functional imaging

Functional neuroimaging techniques allow examination of human
brain function in vivo. In the context of CNS injury, functional
brain imaging provides a way of assessing how focal damage to
cortical or subcortical regions alters the way surviving neural net-
works operate, and how these changes are related to impairment
and recovery. Functional imaging of the brain has been carried
out with four main techniques: positron emission tomography
(PET), functional magnetic resonance imaging (fMRI), electro-
encephalography (EEG) and magnetoencephalography (MEG). A
detailed theoretical background to the techniques is beyond the
scope of this chapter. In brief however, both PET and fMRI rely on
the assumption that neuronal activity is closely coupled to a local
increase in cerebral blood flow (CBF) secondary to an increase
in metabolism. PET relies on mapping the distribution of inert,
freely diffusible radioactive tracers deposited in tissue as a func-
tion of regional perfusion (rCBF). fMRI comprises different meth-
ods, but the studies described in the next section use blood oxygen
level-dependent (BOLD) imaging techniques. During an increase
in neuronal activation there is an increase in local CBF, but only a
small proportion of the greater amount of oxygen delivered locally
to the tissue is used. There is a resultant net increase in the tissue
concentration of oxyhaemoglobin and a net reduction in para-
magnetic deoxyhaemoglobin in the local capillary bed and drain-
ing venules. The magnetic properties of haemoglobin depend on
its level of oxygenation so that this change results in an increase in
local tissue derived signal intensity on T,*-weighted MR images.
EEG and MEG on the other hand are techniques that measure
the magnetic fields emanating from the scalp, which are created
perpendicular to the electrical current (according to Maxwell’s
equation) that is created by neuronal activity. EEG systems are
cheaper and more readily available than MEG, but MEG has some
advantages. EEG signals are strongly degraded by heterogeneity in
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conductivity within head tissues, but this is far less of a problem
in MEG. MEG directly measures neuronal activity and has a tem-
poral resolution in the scale of milliseconds. Studies measuring
rCBF with PET are less common now but MEG studies are on the
increase.

Structural imaging techniques

Ideally, changes in CNS functional organization should be viewed
in the context of the anatomy of the structural damage. However,
structural imaging in stroke for example, has generally been used
to examine the vascular territory involved, without too much con-
sideration of the important functions subserved by the grey and
white matter structures that are damaged. This is probably because
there has been no good way to quantify damage to key structures
using computerized tomography (CT) or T,- and T,-weighted
MRI. This opened the way for diffusion-weighted imaging (DWI),
which is sensitive to the diffusion of water molecules within tis-
sue. Diffusion tensor imaging (DTI) is based on DWI and allows
evaluation of the integrity of the white matter by calculation of
fractional anisotropy (FA). Probabilistic DTT tractography uses
voxel-wise FA values to map probable fibre trajectories by follow-
ing the estimated fibre orientation of successive voxels to generate
streamlines connected to chosen start points. These tractography
algorithms then provide quantitative information about the integ-
rity and orientation of white matter tracts in the brain. Its accu-
racy has been validated using post-mortem specimens [3].

Imaging motor recovery after stroke

Cross-sectional studies in chronic stroke

The first functional imaging studies to examine cortical reorgani-
zation of the motor system were performed in recovered chronic
subcortical stroke patients. These patients were found to have rel-
ative overactivation in a number of motor-related brain regions
during the performance of a simple motor task compared to con-
trol subjects. In particular, overactivations were seen in brain
regions such as dorsolateral premotor cortex (PMd), ventrolateral
premotor cortex (PMv), supplementary motor area (SMA), cingu-
late motor areas (CMA), parietal cortex, and insula cortex [4-7].
A recent meta-analysis on activation data derived from over 50
neuroimaging experiments confirmed that enhanced activity in

contralesional primary motor cortex (M1), bilateral ventral pre-
motor cortex and supplementary motor area (SMA) are a highly
consistent findings after motor stroke compared to healthy con-
trols for a wide range of hand motor tasks [8]. These findings were
initially interpreted as indicating that recruitment of these brain
regions, particularly those in the unaffected hemisphere, might be
responsible for recovery.

However, stroke patients are variable and if one studies patients
with a range of late post-stroke outcome, results suggest that those
with the best outcome have a ‘normal’ activation pattern when
compared to normal controls, whereas those with poorer outcome
show significant differences. Although care needs to be taken in
conducting and interpreting ‘task-related’ studies, the differences
between stroke patients and healthy controls generally take the
form of: (i) overactivations in non-primary motor areas, particu-
larly in the contralesional hemisphere; and (ii) shifts in somato-
topic representation in primary and possibly non-primary motor
areas [9]. In fact, when the relationship between impairment and
regional brain activation was examined for the first time, a nega-
tive correlation was found between the magnitude of brain activa-
tion in secondary motor areas and outcome [10] (Figure 15.1). In
other words, this result confirmed that those with more impair-
ment were the ones with overactivations previously described.

A subsequent study used TMS to quantify the ‘functional integ-
rity’ of the corticospinal system to test whether this may be the
key variable leading to alterations in patterns of task-related activ-
ity after stroke. Patients with more corticospinal system damage
exhibited less task-related activity in ipsilesional M1 (hand area)
and greater activity in secondary motor areas in both hemispheres
[11]. A similar result was observed in a group of patients with dif-
ferent levels of impairment studied at approximately 10 days post
stroke illustrating that lesion induced reorganization occurs
quickly [12]. These results point to a shift away from primary to
secondary motor areas with increasing disruption to corticospinal
system, presumably because in some patients ipsilesional M1 is
less able to influence motor output. However, this is highly likely
to depend on the exact pattern of disruption to the descending
pathways.

The results from similar studies performed in patients with
injury occurring to the CNS at a much earlier age (e.g. cerebral
palsy) provide similar results. Prominent contralesional activity

Fig. 15.1 Brain regions in which activity during affected hand grip correlates with impairment. Greater upper limb impairment was associated with greater activity
during affected hand grip in these regions. Results are surface-rendered onto a canonical brain. The brain is shown (from left to right) from the left side, from above (left

hemisphere on the left) and from the right.

Ward NS, Brown MM, Thompson AJ, Frackowiak RS, Neural correlates of outcome after stroke: a cross-sectional fMRI study, Brain, 2003, 126, 1430-48, by permission of Oxford University Press.



has been observed, both in premotor and primary motor cortex,
with the latter more likely to be recruited in those with larger
lesions [13]. As in those with adult stroke, there is variability in
motor system organization related to lesion extent and level of
impairment.

The evolution of cerebral
reorganization after stroke

Cross-sectional studies are simpler to perform, but do not tell
us is how this reorganized state evolved from the earliest time
after infarction. Two early longitudinal studies with early and
late time points demonstrated initial task-related overactivations
in motor-related brain regions followed by a reduction over time
in patients said to recover fully [14, 15]. A detailed multisession
longitudinal fMRI study of patients with infarcts not involving
M1 looked at changes in motor-related brain activity as a func-
tion of recovery (rather than time). At approximately 10-14 days
after stroke, an initial overactivation was seen in many primary
and non-primary motor regions [16]. As in the chronic setting,
this was more extensive when the clinical deficit was greatest
(i.e. early after stroke). Improvement in motor performance was
associated with a steady decrease in task-related activity in these
areas (Figure 15.2) suggesting that successful recovery is asso-
ciated with a normalization of pathologically enhanced brain
activity over time, which has been confirmed by a number of sub-
sequent studies [17-19]. Even earlier changes were examined by
a serial fMRI study, in which stroke patients with motor impair-
ment were scanned several times in the first 2 weeks post-stroke
starting within 3 days after symptom onset [18]. In those with
only mild impairment, task-related activation (movement of the
affected hand) was not different from healthy controls. However,
in those with more marked impairment, there was a general
reduction of cerebral activity in the first 1-3 days after stroke,
which increased in both hemispheres over and above that seen in
healthy controls over the next 10 days. Four months later, cortical
overactivity had returned to levels observed in healthy controls
in those with recovery of hand function, similar to earlier longi-
tudinal studies.

The early absence of activity is an interesting finding that might
represent a real decrease in neural activity or possibly merely
reduced BOLD due to neurovascular uncoupling. Intriguingly,
however, reduced BOLD reactivity has been linked with increased
levels of gamma-aminobutyric acid (GABA) [20]. This is of par-
ticular interest as, the balance between inhibition and excitation
in the cortex is thought to be a key mediator of neural plastic-
ity. The temporal pattern of reduced then elevated BOLD might
point towards the kinds of alterations in lesion induced plasticity
that evolve over time that are seen in animal models of focal brain
injury [1].

Brain reorganization in response
to therapeutic interventions

The studies described so far have examined alterations in organi-
zation of cortical motor areas in response to damage (to the cor-
ticospinal pathways). There are a number of studies that have
looked at the effects of physical therapies (for review see [21]). The
standard design is to use functional imaging before and after a
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particular treatment protocol. Most found treatment-associated
increases in ipsilesional hemisphere activity in keeping with the
previous longitudinal studies, but others saw a shift in the balance
of activation in the opposite direction. The evidence suggests that
the contribution of contralesional motor regions varies, but it is
not clear what baseline characteristics might predict such shifts.
In other words, it is likely individual differences in the anatomy of
the damage and time since stroke will determine what topography
of therapeutic change is observed.

These results are likely to represent the consequences of func-
tional improvement rather than the mechanism of action of the
treatment itself. Only one study has looked at the differential lon-
gitudinal changes in brain reorganization for one form of therapy
compared to another [22]. Bilateral arm training with rhythmic
auditory cueing (BATRAC) led to significantly higher increases in
activation in some ipsilesional motor-related areas including PMd
and SMA than after matched intensity ‘standard’ physiotherapy.
From a clinical perspective it was disappointing that there were
no overall differences in clinical gains for either group. Although a
negative clinical trial, it means that the functional imaging differ-
ences are not confounded by different therapeutic gains. In other
words, the results here do suggest a possible cerebral mechanism
for BATRAC compared to intense ‘standard’ physiotherapy.

In general, functional imaging is unlikely to be useful purely as
a marker of clinical improvement, something that is measurable
with simple outcome scores. Functional imaging may become a
useful marker of the potential for change in damaged brain, and
this will be discussed later in the chapter.

Is this reorganization functionally relevant?

Most longitudinal studies have been performed in those who end
up with reasonable recovery and support the importance of regain-
ing normal patterns of brain activity. However, the cross-sectional
studies tell us that not all patients achieve this normalization
and those with incomplete recovery can be left with prominent
task-related activity in secondary motor areas, particularly in con-
tralesional hemisphere. What is the evidence that this pattern of
cortical activity during attempted movement is either contribut-
ing to or hindering recovery of motor function?

Do these distributed cortical motor regions have any direct
influence over muscles in recovering limbs? One way to look at
this is to measure the coherence between oscillatory signals from
both the brain (measured with MEG) and the affected muscles
(measured with electromyography, EMG) simultaneously dur-
ing a simple movement. Corticomuscular coherence here implies
some kind of functional coupling between the cortical region and
the recovering muscle. In a group of chronic stroke patients, the
cortical source of the peak corticomuscular coherence was widely
distributed compared to controls [23]. In particular, peak corti-
comuscular coherence was seen in contralesional hemisphere in
a number of patients (Figure 15.3), implying direct influence over
affected muscle activity.

Transiently disrupting cortical activity in either ipsilesional
or contralesional PMd with transcranial magnetic stimulation
(TMS) usually does not affect healthy volunteers, but can lead to
worsening of recovered motor behaviours in some chronic sub-
cortical stroke patients [24-26]. The effect is usually dependent on
residual impairment. For example, TMS to contralesional PMd is
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Fig. 15.2 Results of single subject longitudinal analysis examining for changes in brain activations during affected (right) hand grip over sessions as a function of
recovery. The patient suffered from a left-sided pontine infarct resulting in right hemiparesis. (A) Results are surface rendered onto a canonical brain; red areas represent
recovery-related decreases in task-related activation across sessions, and green areas represent the equivalent recovery-related increases. The brain is shown (from left
to right) from the left (ipsilesional, IL) side, from above (left hemisphere on the left), and from the right (contralesional, CL). (B) Results are displayed on patient’s own
normalized T,-weighted anatomical images with corresponding plots of magnitude of task-related activation against recovery score (higher number = less impairment),

for selected brain regions.

Ward NS, Brown MM, Thompson AJ, Frackowiak RS, Neural correlates of motor recovery after stroke: a longitudinal fMRI study, Brain, 2003, 126, 2476-96, by permission of Oxford University Press.

more disruptive in patients with greater impairment [25], whereas
TMS to ipsilesional PMd is more disruptive in less impaired
patients [24], implying a contralesional shift in balance of func-
tionally relevant activity in those patients with greater impair-
ment. These findings are in keeping with the functional imaging
findings previ