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Foreword

When | began the practice of neurology more than 50 years
ago, clinical neurology was regarded, with some justification, as
being a purely diagnostic specialty with relatively little emphasis
on treatment in the broadest sense. At that time, rehabilitation
was a word which was barely ever mentioned and my own per-
sonal clinical experience soon demonstrated to me the appalling
consequences of neglect of patients with chronic and progress-
ive neurological disorders, many of whom, once diagnosed,
remained at home with no physical, pharmacological or psy-
chological support save for that derived from occasional visits
by a caring general practitioner. In particular, | well remem-
ber that when | began a survey of all patients with muscular
dystrophy in the Northern Region of the United Kingdom, I
found many boys with dystrophy of the Duchenne type who had
become appallingly deformed with multiple muscular contrac-
tures, gross scoliosis and other substantial disabilities because
of failure to undertake simple supportive measures which might
well have alleviated some of the worst consequences of the dis-
ease. In consequence, few boys suffering from that condition
then survived beyond the age of 15 or 16 years, since gross
spinal deformity commonly resulted in impairment of thoracic
movement with consequential fatal respiratory infections.
During and after the Second World War, there was, how-
ever, growing emphasis upon rehabilitation, not least of those
brain injured in combat; in the United Kingdom, the Military
Hospital for Head Injuries based at what is now St Hugh’s Col-
lege in Oxford did excellent work in this respect, and of course
the pioneering work of Ludwig Guttmann in the Spinal Injuries
Unit at Stoke Mandeville Hospital in Buckinghamshire received
considerable medical and public attention. Even so, when | was
appointed a consultant neurologist in 1958, rehabilitation facil-
ities for patients suffering from neurological disease were, in the
Northern Region and in most other parts of the United Kingdom,
rudimentary and | and my colleagues working in clinical neuro-
logy soon became convinced that a major effort to improve such
services was urgently required. Happily, within the last 40 years
many rehabilitation centers for the neurologically disabled have
been opened in the United Kingdom and many consultants have
been appointed specifically to work in the field of neurological

rehabilitation, often alongside colleagues in rheumatology and
what used to be called physical medicine.

The first edition of the Handbook of Neurological Rehabil-
itation received very favourable reviews, as it was perceived
to fill an important gap in the medical literature. | have been
pleased and honoured to have been invited to write a Fore-
word for this second edition, which seems to me to be a
quite outstanding publication — comprehensive, detailed and
well referenced, but so organised that specific areas likely
to be of interest to individual readers are readily accessed.
As the editors indicate in their Preface, the book is organ-
ised in three sections dealing specifically with principles of
practice, assessment and treatment of functional deficits, and
specific disorders; in the latter section, individual neurologi-
cal diseases and syndromes are considered in detail. And
it is good to see that the biological and scientific back-
ground to clinical practice is well covered in the section
dealing with mechanisms of recovery, while in the section
on assessment and treatment, mobility, other physical disa-
bilities, cognitive function, personality and behaviour are all
handled effectively. And it is notable that the contributions
of other members of the healthcare team apart from neurol-
ogists and consultants in rehabilitation are given due weight
in the rehabilitative process. Hence, there is much here of
interest not only to doctors but also to physiotherapists, occu-
pational therapists, speech and language therapists, nurses
and clinical psychologists. We also find substantial cover-
age of biomechanics and rehabilitation engineering and the
design and usage of what the authors call assistive technology,
including aids to mobility, environmental control systems and
communication aids.

In preparation of this second edition, the editors have
assembled a distinguished team of contributors, most from the
UK but a certain number from overseas, including within their
number many internationally renowned experts. This revised
and expanded edition highlights, as the editors say in their Pref-
ace, the importance of adding to medical responsibility in the
field multi-disciplinary working with an expanding evidence
base. Due attention is paid throughout to hospital in-patient and

Xi



Xii  FOREWORD

out-patient services, but also to those based in the community,
and happily, too, objective evaluations of progress and outcome
are included.

I commend this volume warmly to the greater medical and
other professional audiences who will, | believe, find it an
invaluable guide and reference source.

John Walton TD, MA, MD, DSc, FRCP, FMedSci
(Lord Walton of Detchant),

Detchant, Northumberland

August 2002



Preface to the second edition

Neurological damage still accounts for about 40% of people
most severely disabled, and the majority of people with complex
disablement resulting from physical, cognitive, and behavioural
impairment. David Marsden’s “simple truth that neurologists
should take a leading complementary role in neurological rehab-
ilitation”, in his Foreword to this book’s first edition, thus
continues to be a vision to which we hope the second edition
contributes. We are indebted to Lord Walton for the Foreword
on this occasion.

Over the last 10 years technology, particularly neuroima-
ging, has continued to progress everyday diagnostic neurology,
providing an expanding opportunity to explore the “so what” in
the clinical management of neurological disorders. Class | trials,
particularly after stroke, have demonstrated the effectiveness of
rehabilitation therapies and its “black boxes”; new drug treat-
ments, sometimes in tandem with therapy techniques, have been
shown to be effective in the context of complex disablement and

chronic neurological disease; and studies of neural reorganisa-
tion and plasticity have emphasised the reality of neurological
change.

These developments make it increasingly possible to replace
any perceived threat to medical responsibility by multidiscip-
linary working with an expanding evidence base. This should
be mirrored by the growth of locally available inpatient and
community-based services, enabled by objective evaluations of
progress and outcome. We want this second edition to contrib-
ute to this process by facilitating the biological/clinical interface,
providing a structure for managing the consequences of neurolo-
gical damage, and focusing those involved in service provision,
to the ultimate benefit of the disabled person and their family.

R.J.G., M.P.B., TM.McM., C.D.W.

London, Newcastle upon Tyne,
Glasgow, and Nottingham, 2001
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Prefaceto thefirst edition

This book describes those aspects of the process of rehabil-
itation applicable to the 2% of the population with disabling
neurological disease. It has been directed towards a readership
of neurologists, but naturally calls on expertise of a number of
well-known authors from a variety of disciplines. It is hoped
that it will be of value to all professions who work with patients
suffering from neurological disorders. It assumes certain know-
ledge of neurological pathology and the diagnostic process in
order to focus more sharply upon problem areas presented by the
patient, and describes “all means aimed at reducing the impact
of disabling and handicapping conditions and at enabling dis-
abled people to achieve optimal social reintegration” (World
Health Organization). At times, a description of solutions may
appear banal, but their achievement in the real world is fre-
quently difficult and complex. The negotiation and social and
political brokerage necessary for the successful application of
the rehabilitation process, not only in individual cases, but also
in populations as a whole, should not be underestimated.

The book is divided into three sections. The first describes the
epidemiological, social, political, and biological principles that
underpin the practice of rehabilitation. The second describes
the techniques necessary to this practice, including assessment
and evaluation, and the characteristics and remediation of phys-
ical, cognitive, affective, and behavioural disorders. The third
highlights the use of these techniques in the context of specific
diseases. We hope the text emphasises the fact that rehabilitation
is an on-going process involving problem solving and education,
in which assessment, goal setting, intervention, and reassess-

ment are necessarily reiterative and require multidisciplinary
input. Where possible, evidence in support of the use of these
techniques is described, but in many instances evidence of bene-
fit, or otherwise, does not exist. This lack of evidence often does
not represent the ineffectiveness of rehabilitation or absence of
clear technique, but rather underlines the difficulties of research-
ing into the area of multiple disability in contrast, for example,
with trials of drugs or operations. Opportunities to rectify this
situation are pointed out in the text.

We hope the book also emphasises and contributes to the
understanding of other aspects of practice in neurological rehab-
ilitation, including a perspective upon the icon of the randomised
trial and a view that admits the usefulness of other group or
single-case methodologies; some instances in which the needs
of patients and their carers take precedence, in the end, over
issues of cost containment, important though these are; the need
for undergraduate or postgraduate training of doctors in neuro-
logical rehabilitation; and a breakdown of professional barriers
within rehabilitation to facilitate the use of combined treatment
techniques. Finally, we hope the reader can be persuaded that
using the skills of diagnostic and medical neurology in conjunc-
tion with those of neurological rehabilitation is ultimately to the
greater satisfaction of the practitioner and the greater benefit of
the patient.

R.J.G., M.P.B., TM.McM., C.D.W.
London, Southampton, and Newcastle upon Tyne, 1993
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PART A
Clinical aspects







1. The epidemiology of disabling

neurological disorders
Richard Langton Hewer

Alan Tennant

INTRODUCTION

Virtually all significant neurological diseases can cause
short- and long-term disability. For this reason, every locality
must contain provision for this important clinical group. This
chapter deals with some of the issues, including the nature and
extent of the problem.

Epidemiology is concerned with the distribution and determ-
inants of disease in health. The term clinical epidemiology is
applied to the systematic approach to the gathering and inter-
pretation of clinical data. Applied epidemiology, which is the
subject of this chapter, incorporates the principles of clinical
epidemiology but adopts a somewhat different approach. Rather
than starting with the search for risk factors for disease, applied
epidemiology starts with the presence of disease and describes
the result of the disease and the potential effects of interventions.
It also covers the economic and organisational implications of
the epidemiological evidence.

What is a neurological disorder?

A neurological disorder can be defined as one that involves a
recognisable anatomical and/or physiological disorder of the
nervous system. However, not all disorders fulfil the criteria.
For instance, some cases of epilepsy, headache, chronic fatigue
syndrome, and sleep disorders have no obvious structural or
physiological basis.

An important distinction is made between neurological and
psychiatric disorder. Some conditions such as schizophrenia and
manic-depressive conditions are generally regarded as being the
province of psychiatry. Others, such as endogenous depression,
occur in patients with neurological disorder and in many other
situations. The borderline between neurology and psychiatry is
recognised by the expanding subspeciality of neuropsychiatry.
There are other important interfaces. One is between orthopaed-
ics and neurology, exemplified by backache and sciatica. A vast
number of neurological problems are encountered in general
medicine.

A neurological disorder is not necessarily one that is the
“province” of clinical neurology. Thus, the majority of patients
with mental subnormality/learning difficulty have structural

brain damage. In the UK these patients are looked after by a
separate learning disability service. Clinical neurology has not
traditionally been concerned with the disabling consequences
of diseases such as stroke, multiple sclerosis, and Parkinson’s
disease, although the situation is changing.

What are the consequences of these disorders?

The problems experienced by patients may have several dimen-
sions. Some way of dividing these into meaningful components
is required. Analysis has been facilitated by the introduction of
the World Health Organisation Classification of Impairments,
Disabilities and Handicaps (ICIDH; WHO, 1980). This system
has provided a useful framework for epidemiologists, clinicians,
and others who are concerned with the consequences of disease.

The ICIDH classification identifies three concepts as con-
sequences of disease:

Impairment. This is “any loss or abnormality of psy-
chological, physiological or anatomical structural function”.
Impairment refers to parts or systems of the body that do not
work. According to the ICIDH, pain and suffering generally are
seen as consequences of disease or disorder, which may lead to
activity limitations and are therefore viewed as impairments.

Disability. Disability is “any restriction or lack (resulting
from an impairment) of ability to perform an activity in the man-
ner or within the range considered normal for a human being”.
Basically, disabilities are things that people cannot do. Disabil-
ity is concerned with the performance of activities, with tasks,
skills, and behaviours, and the way the performance of activities
departs from the norm.

Handicap. Handicap is “a disadvantage for an individual,
resulting from an impairment or disability, that limits or prevents
the fulfilment of a role (depending on age, sex and social/cultural
factors) for that individual”. Handicap refers to the interaction
with a particular environment and relationship with other people.
It can be experienced in several dimensions. For instance, there
may be loss of physical independence with the need to rely on the
help of other people. Mobility, the ability to move around effect-
ively, may be curtailed. Employment, leisure, and obligations

5
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in the home may be affected, as may social integration. There
may be reduced economic self-sufficiency.

The term “disablement” has been used to refer to all con-
sequences of disease, that is, it embraces all three concepts
(Badley, 1995). Likewise, “health status” has been used extens-
ively to describe these three domains. On the other hand,
“quality of life” has been described as extending beyond the
disease/handicap continuum, mediated by a number of other
factors including age, gender, ethnicity, self-confidence, coping
skills, and self-esteem (Tennant, 1995).

A recent proposed revision has given the ICIDH classification
amore positive nomenclature of impairment, activities, and par-
ticipation with a greater emphasis upon extrinsic factors limiting
activities and participation. However, the available epidemiolo-
gical evidence is firmly rooted within the original version and
this will be used in the present chapter.

Symptoms

A symptom may be defined as “a subjective experience of dis-
ease or physical disturbance observed by the patient” (Webster’s
Third International Dictionary, 1971). There are scores of
disabling neurological symptoms, each generating its own man-
agement issues. One of the most important tasks of health
professionals is to deploy techniques to control distressing
symptoms. Some knowledge of the frequency, nature, and sever-
ity of symptoms is essential. However, symptoms do not fit
comfortably into the ICIDH classification. Most are probably
best classified as impairments. Thus, the impairment of attention
may lead to personal hygiene disability, which may inturn lead to
a handicap that involves restricted social life and, subsequently,
reduced quality of life.

Problems and stages

A problem may be defined as “a difficult matter requiring a
solution” (Oxford Concise Dictionary, 1997). Problems are
an important component of need for patients in the acute and
chronic phases of their disorders. Symptoms are an example of
the problems faced by patients. All diseases involve a series of
stages. Each stage embraces its own problems and needs. Thus, a
patient with Parkinson’s disease may present with deteriorating
handwriting and tremor. Medication may be helpful. Five years
after onset the problems may include deteriorating drug effect-
iveness, unsteadiness, as well as secondary problems involving
employment and driving. Ten years after onset the initial med-
ication may well be ineffective and the clinical problems may
now involve dementia, incontinence, frequent falls, and pressure
sores. Respite care and good nursing are all important. It is obvi-
ous that problems/needs and interventions will differ according
to the stage of disease reached. It is also clear that staging is an
essential element of comprehensive disease management plan-
ning. All this may appear obvious but there is little published
literature on the subject of staging. Standard textbooks usually
concentrate on diagnosis and acute treatment.

SOME IMPORTANT NEUROLOGICAL DISORDERS
Stroke

Stroke isaclinically defined syndrome involving the rapid devel-
opment of symptoms and/or signs of focal loss of cerebral
function with no apparent cause other than of vascular origin
(Warlow, 1998). The loss of function can be global; for example,
if the patient is in deep coma as a result of intracerebral or sub-
arachnoid haemorrhage. Symptoms last for at least 24 hours or
lead to death. The condition is heterogeneous and its numerous
causes influence the prognosis, the interventions required and
the preventive strategies.

Stroke incidence has been reliably studied in various white
populations. The rates are similar, approximately 2 first ever
strokes per 1000 population overall (Bamford et al., 1988;
Carolei et al., 1997; Ellekjaer, Holmen, Indredavik, & Terent,
1997). The rate rises steeply with increasing age and for people
aged 45-85 is approximately 4 per 1000 annually. About 75%
of cases occur after the age of 65. However, there are important
geographical variations. Forexample, there isa high incidence in
Russiaand a low incidence in France (Warlow, 1998). The stroke
recurrence rate is approximately 5% annually, although the fig-
ure is higher than this during the months post stroke. There is
also an increased risk, 3% per annum, of myocardial infarction.

The prevalence of survivors of stroke in the community
depends upon the incidence and the death rate. Studies of pre-
valence are difficult and there have been few of them. One study
in northern England estimated the prevalence of stroke at 47
per 1000 amongst those aged 55 years and over, and 15 per
1000 all ages (Geddes et al., 1996). Another study in New
Zealand gave estimates of prevalence at 8 per 1000 aged 15
years and over (Bonita, Solomon, & Broad, 1997). In the former
study an estimated 6 per 1000, all ages, reported dependency in
aspects of mobility or self care following stroke. There was
a highly significant age difference in the proportion reporting
disability and dependency, ranging from 24.7% of those aged
55-64 years, to 75.3% of those aged 85 years and over. In the
latter study, approximately 2 per 1000 aged 15 years and over
required assistance in at least one self-care activity.

The measurement of stroke induced disability is particularly
difficult because of the overlapping disabilities occurring in a
largely elderly population. However, some problems such as
dysphasia and unilateral arm paralysis are reasonably disease
specific. The topic is of considerable importance for health-care
planners. A recent national UK study (Harris, 1971) found that
stroke survivors constituted about 25% of all severely disabled
people living in the community.

The evidence suggests that the majority of stroke patients are
admitted to hospital (Bamford, Sandercock, Warlow, & Gray,
1986; Wade & Langton Hewer, 1985). However, there is some
variation from locality to locality (Geddes et al., 1996). The
cost of stroke is considerable to individuals and to the State.
Thus, in 1992/1993 stroke accounted for 5.55% of hospital
in-patient expenditure. This figure was only exceeded by acci-
dents (7.03%) and learning disability (6.91%) (National Health



Service Executive, 1996). A major paradox is that despite this
large expenditure there is considerable disquiet at the quality of
services which are often perceived as being poor (King’s Fund
Forum, 1988; Wilkinson et al., 1997).

Trends in incidence, prevalence, and consequences of stroke
are equivocal. Some studies report a decline in incidence
(Truelson, Prescott, Gronbaek, Schnohr, & Boysen, 1997),
whereas others report a period of decline followed by unchanged
incidence more recently (Shahar et al., 1997). There are no
studies to date on the changing consequences of stroke.

Head injury

Just as stroke incidence at the international level can be shown
to vary by a factor of three, likewise head injury incidence, lead-
ing to admission to hospital, has been shown to vary between
1.5 and 4.7 per 1000, all ages (Tennant, 1995). This variation
is a function of the differing ways of case ascertainment as well
as demographical and socioeonomic influences. However, incid-
ence leading to hospital admission in one English region showed
variation by a magnitude of four over 18 health districts, ranging
from 1.5 t0 6.2 per 1000, all ages. For the ages 15-60 male rates
are twice those for females. The peak incidence is in males in
the 15-30 age band.

In Britain the death rate from head injury has been falling since
1968 and was estimated to be seven per 100,000 in 1994 (Jennett,
1998). A similar trend is noted in the USA (Sosin, Sachs, &
Smith, 1989). Those who survive a head injury contribute to
the lifetime prevalence. Unfortunately, to date, there are only
a few population-based estimates of the prevalence of any type
of head injury. One study in Sweden looked at three cohorts of
males and asked about their previous experience of head injuries.
Almost one-quarter (24%) of 60-year-old males reported at least
one head injury with unconsciousness; similar rates were found
in the other cohorts with 21% of 50-year-old males and 23% of
30-year-olds reporting a similar experience (Silverb & Carlsson,
1986).

Details on the impairments, disabilities, and handicaps of
those who have survived a head injury are almost always derived
from small hospital-based studies. However, some national sur-
veys provide relevant data. One influential study in the United
Kingdom suggested that the prevalence of disabled survivors
will be at least 1 per 1000 population report (Medical Disability
Society, 1988). Another recent study attempted to determine
the prevalence in the Canadian population, using data from
the Canadian Health and Activity Limitations Survey (HALS;
Statistics Canada, 1988). The weighted estimate implies a pre-
valence (associated with memory and learning problems) of
approximately 0.6 per 1000 adults. As memory problems are
reported by a majority of those surviving moderate to severe
injury (Tennant, Macdermott, & Neary, 1995) this estimate can
be considered to be of the same magnitude as the UK figures.
The Canadian study provided a point prevalence estimate of 0.2
per 1000 adults for hearing disability, and 0.15 per 1000 for
speaking disability following head injury (Moscato, Trevisan,
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& Willer, 1994). There is little doubt that the most common
form of sequelae associated with head injury is a set of symp-
toms referred to as the post-concussive syndrome. The syndrome
includes poor concentration and memory, irritability, headache,
fatigue, and depression (Mittenberg & Burton, 1994). However,
there are no population-based estimates of the prevalence of
these symptoms following a head injury, or any other cause.

Admission to hospital following head injury is common in
many Western industrial societies. Thus, annual hospitalised
incidence rates are a useful way of helping to plan the likely
need for services. Some 80% are categorised as mild and only
5-10% as severe (Jennett, 1998). However, analysis of the US
National Health Interview Survey (Sosin, Sniezek, & Thurman,
1991) found that only 16% of those with such head injuries
were admitted to hospital. Children, members of families with
low incomes, and those injured at home or school, were less
likely to be admitted to hospital than others. Although in the
USA health payment mechanisms may have played a part in
the choice of treatment location, it seems that hospital statistics
alone may not provide a comprehensive picture of the demand
for health care following head injury.

Parkinson’s disease

The incidence of Parkinson’s disease varies between about 0.12
and 0.18 per 1000 population per year (Brewis, Poskanzer,
Rolland, & Miller, 1966; Kusumi, Nakashima, Harada,
Nakayama, & Takahashi, 1996; Rajput, Offord, Beard, &
Kurland, 1984; Sutcliffe & Meara, 1995). Increasing exponen-
tially with age, there is some debate as to whether or not it may be
less common today in younger age groups (Ben-Shlomo, 1997).

The prevalence of Parkinson’s disease is not easy to estimate.
One major reason for this is that many patients receive treatment
that, in the early stages of the disease, may virtually abolish
the clinical features. Given this, a recent European study has
estimated the prevalence of Parkinson’s disease to be 16 per
1000 aged 65 years and over (de Rijk et al., 1997). Prevalence
was found to be similar in men and women. There was a six-fold
difference in prevalence from the 65-69-year-olds (6/1000) to
the 85-89-year-olds (35/1000). Another recent study in Japan
found prevalence to be 1.2 per 1000, all ages (Kusumi et al.,
1996). In this study prevalence amongst females was found to
be twice that of males (1.59:0.73). In contrast, a Norwegian
study found prevalence (age adjusted) in males (1.21) to be 34%
higher than in females (0.90) (Tandberg, Larsen, Nessler, Riise,
& Aarli, 1995). Finally, a UK study found prevalence to be 1.2
per 1000 all ages (Sutcliffe et al., 1995), showing a 12% increase
in a decade. This review assumes a prevalence of 1 per 1000,
all ages.

Multiple sclerosis

The incidence of multiple sclerosis varies between 0.02 and
2 cases per 1000 population per year (Bencsik, Rajda, Klivenyi,
Jardanhazy, & Vecsei, 1998; Brewis et al., 1966; Millar, 1980;
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Pina, Ara, Modrego, Morales, & Capablo, 1998; Rothwell &
Charlton, 1998; Shepherd & Downie, 1980). For the purpose of
this review, an incidence of 0.04 per 1000 per year is assumed.
However, incidence figures are of limited value as many patients
will experience symptoms long before the correct diagnosis
is made.

Both the incidence and prevalence of multiple sclerosis
depends on a number of factors including ethnic background
and distance from the equator. Kurtzke (1982) used a preval-
ence of 0.6 per 1000 for his calculations for the USA, similar
to recent estimates from a number of countries (Bencsik et al.,
1998; Pina et al., 1998). Figures for the UK vary between 0.8
and 2 per 1000, with higher rates reported in Scotland and
Northern Ireland than England (Ford et al., 1998; McDonnell
& Hawkins, 1998; Rothwell & Charlton, 1998). This review
assumes a prevalence of 1 per 1000 persons.

A number of studies have involved the examination of cross-
sectional data relating to the distribution of disability at different
time points. However there are no studies in which the rate of
progression of disability has been recorded from the onset of
the disease in population-based samples. A number of studies
suggest that about 50% of patients are independent and still able
to walk after 15 years of disease duration. Up to 70% of patients
living at home with a diagnosis of multiple sclerosis may have a
disability (Harris, 1971; Martin, White, & Melter, 1989). Recent
work has suggested that physical function and psychological
well-being are most affected (Murphy et al., 1998).

Overall, the figures suggest that each year, 4 people per
100,000 will be diagnosed as having multiple sclerosis. Many
more, however, will present to neurologists and other doctors
with a variety of neurological symptoms that are probably not
due to multiple sclerosis. There are still major gaps in our know-
ledge about the epidemiology of multiple sclerosis and there is
still inadequate data to enable reliable prognostications to be
given early on in the course of the disease.

Motor neurone disease

The average crude incidence rates for motor neurone disease
ranges from between 0.004 and 0.02 cases per 1000 persons
(Chancellor & Warlow, 1992; Dean, Quigley, & Goldacre,
1994). About half of all patients with motor neurone disease
die within 2 years of the diagnosis, but probably about 20%
survive 5 years or more. Prevalence figures vary quite widely
between 0.001 and 0.11 per 1000 persons (Fong et al., 1996;
Kurtzke, 1982). The rate for England and Wales varies between
0.04 and 0.07 per 1000 persons (James, Harper, & Wiles 1994;
Roman, 1998).

One of the few epidemiological studies that reported impair-
ment and disability found that swallowing speed was reduced
(<10ml/s) in 67%. Vital capacity was < 70% of predicted value
for age, sex, and height in 67% (James et al., 1994). Depres-
sion and pain have been reported to be at least as common
as amongst those with multiple sclerosis (Tedman, Young, &
Williams, 1997). An earlier British survey (Newrick & Langton

Hewer, 1984) showed that 57% of patients with motor neurone
disease at any one time had significant dysphagia, and about
25% were totally dependent in all aspects of care. Indeed, it has
been suggested that the loss of independence in self care and fail-
ing mobility may occur more rapidly than the current medical
and social care agencies can accommodate (Young, Tedman, &
Williams, 1995).

Once again, there are major gaps in our knowledge about the
frequency of disabling problems in motor neurone disease. An
important feature of the disease is that it isuncommon and yet the
problems are complex, distressing, and to some extent disease
specific. Day-to-day supervision by a Neurological Centre is
often impossible. Expert help is therefore often required in the
locality where the patient lives.

Epilepsy

The incidence rates for epilepsy vary between 0.2 and 1 case
per 1000 persons, all ages (Shorvon, 1996; Zielinsky, 1982).
Epilepsy presents particular epidemiological problems. Much
depends on the definition of epilepsy and this centres around
diagnostic accuracy, classification, medication, and the issue of
the single fit or febrile convulsion. For instance, some studies
include single fits and others do not. Kurtzke (1982) estimated an
annual incidence 0.5 per 1000, with a further 0.5 having febrile
convulsions and 0.2 a single fit. Recent figures for the UK in a
series of papers give estimates ranging between 0.48 and 0.63 per
1000 persons (Cockerell, Eckle, Goodridge, Sander, & Shorvon,
1995; Cockerell et al., 1996; Goodridge & Shorvon, 1983). The
present review will use an estimate of 0.7 cases per 1000 per
year, to include those who are referred with a single fit.

The prevalence of epilepsy is also a matter for discussion
and debate. A distinction may need to be drawn between those
people who have had a fit at some point in their lives and those
who are still on treatment. Zielinsky (1982) found a prevalence
of active epilepsy of between 2.3 and 7.8 per 1000 persons,
with a lifetime prevalence as high as 60 per 1000, including
those who have had at least one non-febrile convulsion. This
estimate is similar to another from Rochester, Minnesota, in the
USA where the age-adjusted prevalence of active epilepsy was
found to be 6.8 per 1000 (Hauser, Annegers, & Rocca, 1996).
Prevalence rates for the UK in recent studies have been found
to be between 4.2 and 5.3 per 1000 persons (Shorvon, 1996).
Overall, the studies indicate that about 0.43 persons per 1000 of
the general population have fits every week, and that about 1 per
1000 will be on anticonvulsant treatment. The disabling effect
of epilepsy at the population level is unknown. The most recent
UK disability survey estimates that 2% of all disabled people
report epilepsy as a cause of their disability (Martin et al., 1989).
This would imply a prevalence of 2.7 per 1000 whose disability
was associated with epilepsy. On this basis, extrapolating to the
earlier prevalence estimates, approximately 50% of those with
epilepsy would experience some disability. However, the extent
of that disability is unquantified, and may be associated with
brief periods of lack of consciousness. Of those experiencing



“consciousness disabilities” in the survey, 73% were attributed
to epilepsy.

From the organisational point of view, it is necessary to
identify those patients who are likely to need the specialised
services offered by neurologists, neuropsychiatrists, and others
who specialise in epilepsy.

Cerebral palsy

There is a long-term increasing trend in the incidence of cerebral
palsy linked to distinct trend eras for preterm births (Hagberg,
Olow, & Van Wendt, 1996; Pharoah, Platt, & Cooke, 1996;
Topp, Uldall, & Langhoff-Roos, 1997). The rate is usually repor-
ted between 1.8 and 2.3 per 1000 live births but this can vary
from as many as 80 in extreme preterm children, to 1.4 in term
children (Boyle, Decoufle, & Yeargin-Allsopp, 1994; Hagberg
etal., 1996; MacGillivray & Campbell, 1995). Incidence is also
elevated in multiple births (MacGillivray & Campbell, 1995;
Petterson, Nelson, Watson, & Stanley, 1993).

Prevalence estimates in the total population are rare, and are
more likely reported as rates within a specific cohort of children.
One population study reported a prevalence of 1.24 per 1000
(Razdan, Kaul, Motta, Kaul, & Bhatt, 1994). Another, 1.23 per
1000 survivors at the age of 3 (Grether, Cummins, & Nelson,
1992). Yetanother, 2.4 per 1000 children aged 3-10 years (Boyle
et al., 1996). A study based upon a register of all children born
with cerebral palsy within a regional health boundary in the UK
reported a high prevalence of approximately 4 per 1000 (Sinha,
Corry, Subesinghe, Wild, & Levene, 1997).

Disability can be extensive. One study, which aggregated data
from several regional sources, found that a third of those with
cerebral palsy had no independent walking, and almost a quarter
were incapable of dressing or feeding unaided (Pharoah, Cooke,
Johnson, King, & Mutch, 1998). Almost a quarter had a severe
learning disability (IQ < 50) and one in twelve had severe visual
disability.

Migraine

Migraine is common at all ages. It has been suggested that
approximately 50% of the variance in liability to migraine
is attributable to genetic factors (Larsson, Bille, & Pedersen,
1998). In population studies of school children a positive family
history of migraine has been reported to be between 50% and
89% (Bille, 1997; Lee & Olness, 1997; Palencia & Sinovas,
1997).

For children, prevalence of migraine, using International
Headache Society (HIS) criteria for migraine, is reported to be
70-90 per 1000, and most children experience their first attack
by the age of 10 years (Lee & Olness, 1997; Orji & lloeje, 1997).
There has been some suggestion that paediatric migraine differs
from adult migraine in its epidemiology and symptom profile
(Lipton, 1997).

For adults, the prevalence of migraine (using HIS) has been
reported with a range of 70-130 per 1000 (Lavados & Tenhamm,
1997; Michel et al., 1996; Russell, Rasmussen, Thorvaldsen, &
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Olsen, 1996; Sakai & lgarashi, 1997). Migraine without aura
has been reported at a prevalence of 60-140 per 1000 (Sakai &
Igarashi, 1997) and with aura with a prevalence of 20-80 per
1000 (Lavados & Tenhamm, 1997; Sakai & lgarashi, 1997).
Prevalence amongst females can be up to twice that reported for
males (Russell et al., 1996).

Accounts of the consequences of migraine are rare, and are
usually presented as its impact upon work. Work loss appears to
be affected differentially, with those most disabled by migraine
accounting for approximately 80% of all work loss (Lipton,
Stewart, & von Korff, 1997; Von Korff, Stewart, Simon, &
Lipton, 1998). One study estimated time off work to be about
1 day every 3 months (Mon Korff et al., 1998). Another study
reported that 11% of those with migraine were bedridden for an
average 1.6 days within a 2-week period, and that almost one in
ten were restricted from normal activities for an average 2.4 days
within that period because of migraine (To & Wu, 1995).

Dementia

With an ageing population, problems associated with demen-
tia, including Alzheimer’s disease, are presenting the health-
and social-care services, and families, with ever increasing
demands. The incidence of dementia increases sharply with age
but no overall differences are found for gender (Kokmen, Beard,
O’Brien, & Kurland, 1996; Letenneur, Commenges, Dartigues,
& Barberger-Gateau, 1994). The incidence of vascular dementia
has been estimated to be 6-12 per 1000 persons aged 70 years
and older (Hebert & Brayne, 1995). In France, estimates for
dementia and Alzheimer’s disease were 16.3 and 11.4 per 1000
aged 65 years and over respectively (Letenneur et al., 1994).

The estimated prevalence of dementia in North America
is 60-100 per 1000 persons aged 65 years and over, with
Alzheimer’s disease accounting for two-thirds of these cases
(Hendrie, 1997). A study in Japan reported a similar prevalence
of 67 per 1000 of those aged 65 years and over (Ogura et al.,
1995). Very high prevalence rates were found amongst those
aged 90-99 years, 414 per 1000 for females, 212 per 1000 for
males. Reported increases in the prevalence of dementia and
Alzheimer’s disease over time is probably a result of multiple
factors, not just changes in underlying demographics (Beard,
Kokmen, O’Brien, & Kurland, 1995). There appears to be an
elevated risk of developing dementia in those with Parkinson’s
disease, particularly younger patients (Breteler, de Groot, Van
Romunde, & Hofman, 1995).

Approximately 2% of disabled adults reported dementia as a
cause of their disability. However, given the peak age of onset
and the level of comorbidity in that population, it is very difficult
to estimate the disabling effect of dementia alone.

OTHER NEUROLOGICAL DISEASES

There are many neurological diseases. It is not possible to deal
with each one individually. Many are uncommon, but taken
together they represent a major workload. For example, the
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Table 1.1. Incidence, prevalence, and consequences of the major
disabling neurological disorders. Expressed as a rate per 1000, all ages,
unless otherwise specified. Ordered by age at peak onset, where possible

Peak onset  Condition Incidence  Prevalence Disability
0-15 Cerebral palsy* 2 3 3
Meningitis 0.07
Muscular dystrophy 0.09
16-24 Head injury K
Epilepsy 0.7 5
Migraine 70 7
25-54 Multiple sclerosis 0.04 1 0.7
Cerebral tumour 0.16 0.45 0.16
Guillain—Barre 0.01 0.002
55-74 Stroke 2 15 6
Parkinson’s disease 0.15 1.2
Motor neuron disease  0.01 0.05 0.05
75+ Dementia*** 15 67

* Per 1000 live births; ** requiring hospital admission; ***aged 65 years
and over.

Carlisle study (Brewis et al., 1966) suggested that the combined
prevalence of optic atrophy, ophthalmoplegia, cerebellar ataxia,
Huntington’s chorea, muscular dystrophy, syringomyelia, and
cerebral tumour was 1 per 1000—equivalent to the prevalence
of Parkinson’s disease in that survey. The consequences for the
neurology and rehabilitation services are not known, but are
likely to be considerable.

Cerebral tumour

The incidence of all primary brain tumours in the USA in 1973
was estimated to be 0.08 per 1000 persons per year (Walker,
Robins, & Weinfeld, 1985). The Carlisle study found an incid-
ence of 0.07 per 1000 per year, and other studies (Walker
et al., 1985) have found a rate as high as 0.15 per 1000. About
20% of the patients presenting with tumours in the USA had
meningiomas.

It seems reasonable to use an estimated incidence of 8 primary
and 8 secondary tumours per 100,000 population per year,
requiring diagnosis and management. Four (20%) of the twenty
patients with primary tumours are likely to have meningiomas
and a further four will have a malignant tumour. There will be
about 0.45 persons per 1000 with a cerebral tumour; the number
who are disabled is unknown.

There is a major need for further surveys of the epidemiology
of disabling problems that occur in people with primary and
secondary brain tumours. Personal experience indicates that the
long-term management of this clinical group leaves much to be
desired (see Chapter 43).

Guillain—Barré syndrome

Guillain—Barre syndrome has an incidence of about 0.01 per
1000 persons per year (Bak, 1985). About 35% will have res-
piratory insufficiency and 17% will require ventilatory support.
One recent study following up patients at a median 7 years after
onset found that 73% were symptom free. About one-fifth have
some disability (\edeler, Wik, & Nyland, 1997).

Encephalitis and meningitis

Bacterial meningitis has an incidence of about 0.095 per
1000 per year (Brewis et al., 1966). Viral encephalitis has
an incidence of 0.074 per 1000. Herpes simplex encephal-
itis is uncommon, but produces major long-term problems.
The prevalence of long-term disability due to encephalitis and
meningitis is unknown.

“General medicine”

A very large number of neurological problems are generated
within the bounds of general medicine. A major book on this
subject was published in 1989 (Aminoff, 1989). This book has
780 pages and covers a vast range of disorders including, for
instance, the neurological associations of diabetes, sarcoidosis,
fungal infections, haematological disorders, and pregnancy. It
is impossible to estimate the epidemiological size of this large
clinical area.

DISCUSSION
Age and neurological disability

No discussion of the epidemiology of neurological disability is
complete without a mention of the influence of age, which has
been apparent throughout the review of incidence and prevalence
given in this chapter. Warren (1975) has suggested that, in terms
of broad age groups for planning, a case can be made for looking
at adult disability in four age groups:

(1) 16-24 (school leavers and young people)

(2) 25-54 (those developing families, jobs, and careers)

(3) 55-74 (those reaching the end of employment and in active
retirement)

(4) 75 and older, of whom half have disabilities due to
multiple causes.

Disabled school leavers and young adults are a particularly
important group, but there are few published studies. There
were over 340,000 young people between the ages of 16 and
29 years with a disability severe enough to be included in the
UK OPCS national disability survey (Chamberlain, Guthrie,
Kettle, & Stowe, 1993). They are expected to pass through
the same developmental stages as their non-disabled peers, to
leave home, develop a clear sexual identity, and define a role
for themselves in the community through employment or other
activities (Hallum, 1995). For those with complex impairments
this is clearly difficult. To facilitate the transition to adulthood
one study identified a clear need for reliable, accessible, and
high-quality services that addressed all aspects of adult life, for
example, health status, adult education, recreation, residential
and vocational needs (Hanley-Maxwell, Whitney-Thomas, &
Pogoloff, 1995). Another study of a large sample of physically
disabled 18-25-year-olds who had serious health needs con-
cluded that these needs were not being met by current “ad hoc”
arrangements (Thomas, Bax, & Smyth, 1989). It found that the



transition from school to adult life was being attempted without
the necessary skills to foster independence. Worse, the young
adults’ health was deteriorating, they were isolated from their
peers, and not receiving all the state benefits to which they were
entitled. From epidemiological evidence we would expect 2 per
1000 young adults aged 16-18 years leaving school each year
with physical or complex disability (Kettle, 1993).

In the study by Thomas et al. (1989) undertaken in two Eng-
lish health districts, one urban and one semi-rural, 111 people
between the ages of 18 and 25 were identified. Of these, 42%
had cerebral palsy; 17% spina bifida; 6% rheumatoid arthritis;
3% multiple sclerosis; 20% were unspecified. The remaining
15% comprised single instances of uncommon disorder such as
Friedreich’s ataxia, muscular dystrophy, tuberose sclerosis, and
spondylitis.

It is likely that neurological disorders underlie the disability
in most young adults. This preponderance would probably have
been even more marked if epilepsy had been included in the
study.

The problems occurring in disabled school leavers are of much
importance. Thomas et al. (1989) found that about 56% were
incontinent of urine and 54% incontinent of faeces; 30% had
a kyphoscoliosis. Contractures of the legs were found in more
than 50% of the sample, and 26% had upper limb contractures.
Some 34% had problems with skin care. Communication prob-
lems were present in 56%—especially those with athetosis. An
estimated 41% were completely unable to walk.

Planning implications of the epidemiological data

The data in this chapter have been collected with a view to
providing information for those whose task it is to set up high-
quality services for people with neurological disabilities. Some
of the main points are listed here:

(1) The epidemiology of neurological disorders is
characterised by the following:

(a) There are a few common disorders, e.g., stroke and
migraine.

(b) There is a large number of uncommon disorders,
which, taken together, comprise a substantial number
and generate a major workload.

(2) Many patients have more than one problem. For instance,
epilepsy may be accompanied by evidence of intellectual
impairment. Many neurological disorders occur amongst
elderly people, the resultant disability being due to a
combination of factors including age-related problems,
general frailty, as well as the neurological disorder itself.

(3) The number and range of disabling neurological disorders
and symptoms is very large. There are over 100 disabling
neurological symptoms, in marked contrast with other
specialities, e.g., respiratory and cardiac disease, which
each cause only 6 or 7 disabling problems.

(4) Many neurological disorders can now be treated.
Therapies are available for some, previously untreatable,
conditions such as multiple sclerosis, motor neurone
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disease, and intractable epilepsy. Additionally there is now
the potential for reducing the incidence of some inherited
conditions such as Huntington’s disease. However there
are still a huge number of patients who face many years of
continued disablement. It is important to recognise that
most conditions can be ameliorated in one way or another.
However, this requires time, the ability to assess and
reassess as necessary, considerable expertise, and
knowledge of the likely course of the relevant disorder.

(5) Because some disorders are uncommon, the appropriate
knowledge/facilities may not be available locally. Thus,
for instance, hereditary ataxias and uncommon forms of
muscular dystrophy and difficult epilepsy may require
specialist expertise at supradistrict or subnational level.
This must be allowed for in planning.

One in eight of all disabled people in the UK have a disab-
ility associated with nervous system disorders (Martin et al.,
1989). However, nearly two in five of those most severely
disabled report these disorders as a cause. Some of the dis-
abilities/handicaps experienced by neurological patients are the
same, or similar, to those experienced by a large number of
patients with non-neurological disorders. For instance, major
mobility problems can occur in patients with asthma, rheum-
atoid arthritis, and chronic back pain. All these groups require
the advice and help of a local mobility service with regard to
housing, transport, footwear, wheelchairs, etc.

Similarly, many disabled people have major problems relat-
ing to education, employment and recreation. This is the basis
for the suggestion made elsewhere regarding generic provision
(Royal College of Physicians, 1986). The rehabilitation of neur-
ological patients, amongst others, will rely to a considerable
extent on the availability of these services. Some neurological
disorders do need to be dealt with locally—despite being uncom-
mon. Thus, a patient with severe bulbar palsy due to motor
neurone disease will be unfit to travel far. Local expertise is
required to deal with dysphagia and other problems associated
with bulbar/pseudobulbar palsy.

The previous analysis can be used as a basis for planning
neurological disability services. It will be recognised that the
analysis is to a considerable extent incomplete, and it is clear
that there is much scope for research in this area, particularly
for the rarer conditions, but also for some aspects of the more
common conditions. For instance, reliable data are required on
the prevalence of impairment and disability due to head injury.
Current studies, based on small clinical samples, tend to have
differential case ascertainment, which makes comparison very
difficult. Similarly, data are required about the number of people
who have major disorders of, for example, swallowing.

The epidemiological evidence strongly supports the need
both for specific neurological expertise (relating to diagnosis,
specific treatment, the giving of an accurate prognosis, and
the management of the impairment such as spasticity), and
also for rehabilitative input, which might be concerned with
other matters such as wheelchair provision and advice regarding
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employment and driving. It is important that those concerned
with planning should clearly recognise that much can be done
to lessen the disabling and handicapping results of neurological
disease.

Some other current issues

A chapter of this type is most likely to be used if itilluminates and
informs debate about some of the contentious issues of the day.
It must also provide the basis for planning in clinical practice.
For this reason, it seems worth identifying some of the issues
that are currently having to be addressed by the National Health
Service.

Organisation of service

(1) Should neurological rehabilitation be a defined discipline?
If so, why? What should be the relationship to clinical
neurology and to rehabilitation medicine?

(2) What should be the relationship to allied disciplines such
as geriatrics and palliative care? Can the boundaries of the
subject be defined?

(3) What should be the role of primary care in the
management of this important group?

(4) Should the notion of a community rehabilitation service be
supported? What is it? What epidemiological evidence
supports the concept?

(5) What is the present use of nursing homes and younger
disabled units by this group? Are the needs of clients being
met? What should the use of these facilities be in the
future?

Professional input

(1) What is the role of doctors? Can the role be defined?
Should it be increased or reduced?

(2) Should the present arrangement of separate professional
(physiotherapy, occupational therapy, and speech therapy)
input be changed? Is a generic training programme
indicated? Is there scope for generic therapists?

(3) How can social workers be incorporated into the picture?

Psychology. Psychological problems are generally recog-
nised as being important. The nature of the psychological
changes occurring in disease are not well described. How can
psychological skills be made more available? What are the train-
ing implications for doctors, therapists, and nurses? What are
the research implications? Should there be a substantial increase
in the number of psychologists?

Audit

Audit standards and care pathways are being developed. How
can a knowledge of the epidemiology assist this process?

Age

(1) How should the problem of disabled school leavers be dealt
with? How many clients are there? What are their needs?

(2) How should the 65+ interface be approached. Is such an
age demarcation justified on any grounds—practical,
historical, biological, epidemiological?

Problem orientation

It appears that patients with different diseases often generate
similar problems. (A patient with multiple sclerosis may exper-
ience problems related to mobility, self care, and continence.
Similar problems occur in patients with Parkinson’s disease and
traumatic brain injury as well as with non-neurological condi-
tions such as rheumatoid arthritis.) Is there a case for organising
some services on this basis rather than of disease? What epi-
demiological data exist? If it is true that most diseases follow a
reasonably predictable course involving defined stages involving
a particular set of problems, why is this not used for longitudinal
planning?

Hospitals

(1) What use is currently made of hospitals by patients with
neurological disability? What problems are experienced?
What are the needs of patients?

(2) What are the training and resource implications?

(3) Should there be defined rehabilitation wards in major
hospitals? Should these be structured on the basis of age,
disease, problems, or a combination of two or more of
these?

(4) What use could/should be made of community hospitals
by this group of patients?

Costs

(1) What NHS costs are generated by patients with
neurological disability? Can the costs be broken down into
meaningful groups?

(2) Is there the opportunity for the more effective use of
resources (opportunity costs)?

These questions represent some of those currently being
asked. Each one has an epidemiological dimension. However,
no attempt is made in this chapter to deal comprehensively with
each question. Rather it is hoped that the contents of the chapter
may provide a basis for debate.

Finally

The epidemiology of disabling neurological disorders is clearly
of much importance. Data needs to be made available for plan-
ners and others in an easily understandable form. There is much
scope for further research as outlined in the chapter, particularly
on the consequences of the disorders at the population level. Dis-
abled people, particularly, have a vested interest in ensuring that
the amount and quality of information is improved so that they
have the evidence with which to support the case for improved
services.
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2. The rehabilitation process: A neurological

perspective
C.D.Ward S. Mclntosh

The aim of this chapter of this book is to describe rehabilitation
from the point of view of a neurologically trained physician.
After considering some defining principles, we outline the stages
of the team-based rehabilitation process and then discuss refer-
ral criteria for rehabilitation programmes. Finally, we describe
rehabilitation neurology as a clinical activity.

DEFINING PRINCIPLES
International classification of dimensions of disablement

The World Health Organisation (1980) distinguished three
dimensions of disablement. These are linked by the concept of
function, which is fundamental to rehabilitation. Impairments
are defined as alterations in anatomy or physiology (bodily
structure or function), for example fracture of the femur or
recurrent laryngeal nerve palsy. Disabilities are restrictions in
the performance of functions, such as walking or communicat-
ing. A recent revision of the scheme (WHO, 2001) terms this
dimension as “activity”. Handicaps are defined in the WHO
classification as restrictions in fulfilment of social functions
(for example paid employment), referred to in the revision as
“participation”. The revised scheme usefully draws attention
to environmental factors as a fourth dimension of disablement.
A primary aim of rehabilitation is to optimise function. This is
achieved through measures designed to reduce the impairments
and disabilities which in various ways impede social function.
Disabilities can often be reduced by changes in the physical and
social environment rather than in the individual.

Disadvantage, reflected in the frustrations experienced by
individuals as a result of disease or injury, is a rehabilitation
concept that extends somewhat further than handicap as defined
by the WHO. Difficulties in social participation (“handicap”)
are usually a dominant source of disadvantage but negative per-
sonal experiences—for example, grief, shame, or pain—also
cause disease-related disadvantage. The literature on quality of
life attempts to capture the idea that personal experience as well
as objective function should be taken into account in assessing
the full impact of disease or injury.

Definitions of rehabilitation

Rehabilitation is difficult to define in a medical context
(McLellan, 1997) and there is no generally accepted definition.
WHO concepts of disablement suggest a definition such as: “the
use of all possible means to reduce the impact of disease, and
to maximise the social participation of people with impairments
and disabilities”. Other definitions are broader in scope, refer-
ring to maximising an individual’s potential, or to optimising
“physical, psychological, and social function”. McLellan (1997)
emphasises the active nature of rehabilitation and its educational
basis, but does not adequately capture the processes of change
that can occur around a disabled person as a result of rehabilit-
ation, even when no change can occur in the individual. Some
definitions implicitly assume that rehabilitation is a process of
returning to a former level of function, but for practical purposes
a definition should also cover the similar processes required for
people with static or deteriorating conditions. We define rehab-
ilitation as follows: “Rehabilitation is the active participation of
a disabled person and others to reduce the impact of disease and
disability on daily life.”

Attributes of rehabilitation

Several attributes distinguish rehabilitation from other health-
care processes. First, in contrast to much medical treatment,
rehabilitation focuses on differences as well as similarities
between people. We can define impairments in terms of norms
for biological characteristics, and disabilities/activities in terms
of population norms such as the time to drink a given volume
of cold water, or the time to walk 10 metres. It is even possible
(although more difficult) to devise norms for levels of social
participation, based on evidence such as employment levels in a
relevant population of able-bodied people. However, it is much
more difficult to think of individuals’ levels of disadvantage
normatively: Lack of social contacts, or unemployment, may be
far more disadvantageous for one individual than for another.
The implication for rehabilitation is that its starting point is an
assessment of an individual’s specific feelings and aspirations
(Maitz & Sachs, 1995; Watts & Perlesz, 1999).
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A second characteristic of rehabilitation is that it requires the
active engagement of a client (or “patient”) with at least one
individual who is capable of helping to achieve a chosen goal.
As an active process, rehabilitation is distinguished both from
services supplied to the non-participating patient (care) and from
spontaneous improvement in the patient (recuperation). The cli-
ent’s ability to cooperate may be limited, for example following
severe brain injury, but rehabilitation can never, by definition,
be forced on an unwilling subject. Professionals are not suffi-
ciently aware of the fact that many disabled people seek support
and care without wishing for any form of rehabilitation: they
have no desire for changes or improvements in their daily lives.

Rehabilitation brings about change through time-limited
interventions, which have foreseeable and measurable out-
comes. Outcomes can take the form of (1) aquantal improvement
in a previously static situation or (2) a steepening or a qualitat-
ive change in the process of recovery from an acute injury. The
first rehabilitation services were developed to “fix up” physically
injured troops for either combat duty or civilian employment, but
our definition of rehabilitation also includes processes designed
to improve the outcome (in terms of function, quality of life, and
disadvantage) of a deteriorating condition such as Parkinson’s
disease (Ward, 2000). An important aspect of the rehabilitation
programme for people with chronic disability is the prevention
of future impairment and disability.

To summarise, the aim of rehabilitation is to reduce disadvant-
ages associated with disease and disablement. An intervention
(which is always time-limited) can be classified as a component
of rehabilitation provided it is active and collaborative. Rehab-
ilitation in its broadest sense may be needed by people with
any neurological impairment—whether psychological or phys-
ical, static, deteriorating, or improving, mild or severe—which
interferes with daily life.

Does rehabilitation work?

Since the previous edition of this book there has been a rapid
accumulation of evidence that rehabilitation is effective (Sinclair
& Dickinson, 1998; Turner-Stokes, 1999). Nevertheless, it
is still widely believed that the benefits of rehabilitation are
unproven. There are several reasons for this unjustified repu-
tation: conceptual confusions regarding the nature and aims of
rehabilitation, the complexity of rehabilitation processes, meth-
odological shortcomings of much published research, and also,
perhaps, prejudices against scientific evaluation on the part of
some rehabilitation clinicians.

Aswe have tried to show, rehabilitation is not a unitary process
but is based on a complex cluster of concepts. Moreover, rehab-
ilitation can occur in many social and medical settings and may
have very diverse goals. For these reasons the question “Does
rehabilitation work?” needs a specific context: What processes
are effective, and in what way? One type of answer to these ques-
tions is very general. The principles of rehabilitation are those
of good management, which depends on a coordinated, goal-
directed, “client”- or “customer”-centred approach (Mearns

& Thorne, 1988). Good business management is justified by
increased profits, but does good rehabilitation improve outcomes
for neurological patients? There is increasing evidence that it
does, for example in spinal injury (Inman, 1999), brain injury
(Rice-Oxley & Turner-Stokes, 1999; Rose & Johnson, 1996),
and multiple sclerosis (Ko Ko, 1999).

There have been many investigations of the effectiveness
of component rehabilitation processes such as speech ther-
apy. This approach provides more focus than merely asking
“Does rehabilitation work?” but can still pose similar prob-
lems. For example speech therapy, like other types of therapy,
involves a range of activities applied to a range of different
impairments, disabilities, and disadvantages. The question “Is
speech therapy effective?” could be as meaningless as asking
“Is abdominal surgery effective?” Randomised controlled trials
(RCTs) with negative results—for example on the effectiveness
of aphasia therapy in stroke (Lincoln et al., 1984)—are eas-
ily over-interpreted. More sophisticated research designs are
needed, particularly to produce evidence that individual rehabil-
itation goals have been achieved (Pentland & Macpherson, 1994;
Wood, McRea, Wood, & Meeriman, 1999).

Many RCTs have demonstrated the efficacy of unidisciplinary
interventions, but they too must be interpreted cautiously. When
an intervention ameliorates an impairment it does not necessarily
constitute rehabilitation.

Should neurologists be involved?

The speciality of rehabilitation medicine can never provide a
comprehensive service for all people with disabilities and since
neurological disorders account for a large proportion of all severe
and complex disabilities, neurologists should expect to make a
significant contribution to medical rehabilitation. Many neur-
ologically trained physicians do in practice become skilled in
small-scale rehabilitative programmes, for example in outpa-
tient clinics, but are inhibited from larger scale activities partly
by lack of resources and partly because of the medical culture
in which they are trained and work.

Historically, British neurology has developed as a small spe-
ciality providing diagnostic services largely concentrated in
regional units. Neurologists have not routinely been involved
in the rehabilitation of people with neurological impairments
(Langton Hewer & Wood, 1992).

The rehabilitation milieu is different from that of conventional
clinical neurology. Inthe first place, the objectives of assessment
are different. Neurological training is primarily concerned with
the pathological significance of symptoms and signs: monocular
visual loss with pain perhaps suggests optic neuritis, possibly
multiple sclerosis; hemiplegia suggests a hemispheric lesion,
perhaps a stroke; and so on. For rehabilitation purposes prob-
lems must be translated into functional terms: the symptoms of
optic neuritis might cause anxiety, or perhaps loss of driving
ability; hemiplegia has specific implications for walking and for
transfers. To put it another way, neurological assessment classic-
ally seeks answers to two questions: “Where?” (what is the site



of the lesion?); and “What?” (what is the pathological basis?).
But rehabilitation neurology entails a third question, “So what?”’:
what are the psychological, social, and physical consequences?

Interprofessional teamwork is a second aspect of rehabilita-
tion that is in sharp contrast to the working practices of many
neurologists. Nurses, therapists, clinical psychologists, social
workers, and others have an important role in assessment as well
as in treatment. The conventionally private doctor—patient rela-
tionship has a place in rehabilitation but there can be no doubt of
the need to share much information between professionals and
to be aware of the limitations of any one point of view.

A third distinctive feature of rehabilitation medicine is the
close association of assessment and treatment. Neurology usu-
ally involves a linear process in which diagnosis (often achieved
within 10 or 20 minutes) is followed in some patients by
specific treatment. The clinical work of a British neurologist
largely involves single clinical encounters for the purpose of
diagnosis (Hopkins, Menken, & DeFriese, 1989). Rehabil-
itation assessment is more protracted, and is achieved pari
passu with treatment. Members of the rehabilitation team
adopt an empirical approach in which a session of treatment
is itself a form of assessment: There is no absolute distinction
between the two, no defined step from diagnosis to prescrip-
tion to treatment. Moreover, in most conditions the diagnostic
baseline is constantly changing as a result of deterioration,
natural recovery, or response to treatment. The rehabilitation
neurologist must therefore have a non-linear conception of man-
agement. Rehabilitation assessment initiates a programme that
is repeatedly revised to take account of changes in the client
and/or in the client’s environment; such a reflexive approach
does not necessarily come naturally to a conventionally trained
neurologist.

A fourth point of distinction between conventional neurology
and its rehabilitation counterpart is that it frequently strays into
non-medical domains. It cannot ignore banalities such as garages
and toilets that are not discussed in medical textbooks. This has
discouraged many neurologists from what they see as a misuse
of their specialised training. At the same time some non-medical
professionals and some pressure groups have decried the “med-
ical model” of disability. The claim in this chapter is simply
that the medical model provides a perspective that is neces-
sary in some situations. The medical model is incomplete in
itself: Medical and non-medical factors are indissolubly linked
in some situations, and particularly in those which neurologists
most frequently encounter.

Thus, despite some features on the rehabilitation landscape
seemingly alien to clinical neurologists, there is scope for neuro-
logical expertise to make contributions at all stages of the rehab-
ilitation process. There is evidence that a substantial proportion
of British neurologists currently provide rehabilitative services.
Involving more neurologists in rehabilitation would require a
large expansion of the speciality and, equally importantly, a
radical change in training programmes (Ward, 1992).

To be clinically effective in rehabilitation, a neurologist will
need to acquire expertise in the psychiatric as well as the

THE REHABILITATION PROCESS: A NEUROLOGICAL PERSPECTIVE 17

behavioural and cognitive consequences of cerebral impairment.
These aspects have been marginal to the training curriculum
for British neurologists (neurological specialists in some coun-
tries, such as the US and Germany, at least routinely receive
a broad grounding in general psychiatry). In addition to the
crucial contribution of a clinical psychologist, the involvement
of a neuropsychiatrist can greatly increase the quality of mul-
tidisciplinary rehabilitation, particularly for people with brain
injury.

THE REHABILITATION PROCESS

This section outlines the successive stages of the rehabilita-
tion process from referral to outcome. Although we will often
have specialised hospital rehabilitation units in mind, the same
principles apply to the whole range of environments in which
neurological rehabilitation can and does take place—including
routine neurology outpatient clinics.

The first step in rehabilitation is the identification of a patient
or “client”, which, as we shall see, is less straightforward than
might be imagined (Webster, Daisley, & King, 1999). Then
the rehabilitation issues must be identified and categorised—
a process requiring specific clinical skills (some of which are
mentioned in the final part of this chapter) as well as inter-
professional collaboration. The next stage is the establishment
of an overall plan to meet the individual’s needs. This should
involve the setting of outcome criteria for audit purposes. Usu-
ally, the plan is implemented through discrete steps or goals.
The achievement of each goal represents an interim outcome.
Meanwhile, monitoring of interim and final outcomes proceeds
(Bauer, 1989; Chamberlain, 1988).

Who is the “client”?

The term “patient” is unfortunate because it implies a passive
subject to whom treatment is applied by a doctor or therapist.
We retain the word here for the sake of convention, but it is as
well to remember that people even with severe disabilities may
regard themselves as without medical problems and should not
be termed “patients”. Rehabilitation is subject to severe criticism
when it fails to recognise the limitations of the medical model
(Barnes, 1991; Oliver, 1990).

A person who is unconscious or who has impaired compre-
hension and communication needs an advocate to maximise the
possibility of the person’s own viewpoint being understood and
respected. The advocate is usually a spouse or close relative, but
may for example be a social worker or solicitor who is involved
in negotiations with professionals on a client’s behalf.

A divorced man aged 59 had hemiplegia and global aphasia. None of
his children were prepared to care for him at home, but they
mistrusted a woman who described herself as his common-law wife
and offered to accommodate him; they claimed that prior to his stroke
the relationship with this woman had not been close and suspected
that she was trying to gain control over his money. She gave every
appearance of being devoted to him. No-one could be sure of the
man’s own preferred future plan—institutional care or home life with
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his “girlfriend”? The situation was further complicated by the fact that
a single social worker was an energetic advocate both for the man and
the girlfriend: They were both her clients. With advice from a
solicitor, the family eventually accepted the home solution.

It is important to recognise that the person with neurolo-
gical deficits—the “patient”—is not the only legitimate focus
of rehabilitation. Those who come into daily contact with the
person, especially carers, may have their own requirements
for information and practical advice (Gronwall, Wrightson, &
Waddell, 1999; Harrison, 1987; Powell, 2001; Stewart, 1985).
Some people with severe brain damage may be perceived as
more or less “hopeless cases”, and yet the full range of rehabilit-
ative services, including clinical assessment, may be appropriate
if the carers thereby gain more effective support.

A middle-aged woman who had had a haemorrhage from an anterior
communicating artery aneurysm was resistant to all forms of
structured therapy on account of her limited attention span, amnesia,
behavioural problems, and lack of insight. Her desire was to return
home and the staff of the hospital rehabilitation unit devoted most
effort to liaising with her family, providing information, helping to
resolve disagreements between her brother and her husband, and
setting up a package of post-discharge services. These were designed
to give a weekly programme of structured occupation that would
interest her as well as providing relief for her husband. In this
situation the husband and the brother were clients of the service in
their own right, but the woman herself stood to gain by the
arrangements that were agreed.

Channelling of rehabilitative effort towards the carer is legit-
imate provided it benefits the patient at least indirectly. On the
other hand, there is a very real risk that the needs of carers
may conflict with those of the person who is impaired. For
every rehabilitative goal, therefore, the “client” must be clearly
defined.

Who has the problem?

Perhaps the most critical step in the rehabilitation process is
the identification of problems, since these are the raw material
from which goals are derived. Consistent with the requirement
to identify who is the client, we often need to ask ourselves who
has the problem. Who perceives the need for a solution? The
prime motivation for an intervention may come directly from
the patient but there are other potential sources.

A young woman with severe disabilities due to multiple sclerosis was
referred for insertion of a percutaneous endoscopic gastrostomy
(PEG) tube. It transpired that many factors had led to the referral,
including not only the anxieties of some professionals about the risk
of food aspiration, but also practical issues concerning the time and
effort required in assisting her with oral feeding. The woman herself
was able to express a clear preference for continued oral feeding, even
when the risks were explained to her. The “problem” in this case
resided with professionals and carers rather than with the patient.

In assessing problems and establishing goals we can never
fully realise a client-centred perspective, but we should make
a constant effort to do so. Disability and disadvantage must be
interpreted in terms of a complex network of physical, social,

and psychological elements forming the individual’s “system”
(Frude, 1991; Maitz & Sachs, 1995; von Bertanlanffy, 1968).

A previously confident middle-aged woman with Parkinson’s disease
found that her life was becoming restricted. She had recently
completed a thesis and was under-occupied. She was reluctant to go
out and meet people, or even to answer the phone. She found it
increasingly difficult to join in conversations. These were symptoms
of anxiety. But during the interview her husband repeatedly
interrupted her own account of the problem, and contradicted her. He
felt that she had sufficient occupation at home. Many of her
difficulties stemmed partly from her husband’s denial, and he was
unconsciously contributing to her anxiety and social withdrawal. Her
problems were located within a system comprising herself, her
husband, and her social milieu. The situation improved without the
use of drug treatment.

A person’s system encompasses the social environment where
concepts of “normality” and “disability” are defined, and hence
there is a political aspect to the identification of problems. For
example, policy decisions about the design of school buildings
often determine whether wheelchair-users will have educational
problems. Similarly, people with neurological impairments must
contend with health and social services departments whose
structures and policies may either create or remove problems.
According to the social model of disability, the problem often
resides not with the individual but with society.

A young man with severe epilepsy was referred to a day centre for
people with physical disabilities. It was said that the centre could not
accommodate him because his seizures would be a hazard to other
users of the centre. It transpired that other people with epilepsy had
been accepted at the centre, but that people with epilepsy were a cause
of general anxiety among the staff, some of whom also felt that the
centre should cater for “physical disability”, which excluded seizures.
In this case the epilepsy was a problem not just for the young man but
also for part of his system, and the solution did not lie solely in drug
treatment to reduce the frequency of seizures but required a change in
the attitudes and policies of day centre staff.

Identifying and classifying problems

The WHO framework is necessary because the different dimen-
sions of disablement are not reliably predictive of each other
(Badley & Lee, 1987a,b; Bernspang, Asplund, Eriksson, &
Fugl-Meyer, 1987; Granger, 1985). The neurologist can play
a leading role in characterising impairments but must appreci-
ate their human significance in the context of the individual’s
daily life and aspirations.

A man aged 38 with multiple sclerosis was deteriorating although still
fully employed. He had a walking disability (his impairments affected
the activity of walking) since he failed to meet normative criteria for
walking such as the ability to walk unaided; to walk a standard 10
metre distance within a few seconds; to walk over rough ground at a
normal pace; or to walk several miles without undue tiring. His
multiple sclerosis could have caused this disability through a number
of impairments In his case there was no cerebellar or sensory ataxia.
The principal impairments were “scissoring” due to adductor spasm,
and toe-striking due to excessive plantar flexion. Fatigue was due
partly to the much higher energy requirement for his highly abnormal
gait. To add to these impairments he had early flexion deformities of
hips and knees, and also impaired confidence following a fall.



Assessment of his impairments allowed physiotherapy and botulinum
toxin injections to be planned rationally.

Good medical practice has always given priority to the
presenting complaint. In a similar way rehabilitation gives pri-
ority to the subjective impact of disease—the disadvantage it
confers. Disadvantage is difficult to quantify and cannot be reli-
ably inferred from disability. For example, inability to climb
stairs is not often a severe disadvantage to a bungalow-dweller.
Inability to speak would not be a disadvantage for a Trappist
monk unless, as well might be the case, he suffered from a sense
of loss of freedom to break his vow of silence at will. Situations
of this type can often be translated into the revised WHO ter-
minology, in which the concept of disadvantage is equated with
limitations in social participation (WHO, 1997).

The man just described was not grossly disadvantaged at work, since
his job was sedentary (he was able to participate in his occupational
role). Walking difficulties restricted his family life since even the
simplest shopping expeditions were slowed down. Physical
exhaustion reduced his role (participation) at home. His abnormal
gait constantly reminded him of his medical problems and of anxieties
about the future. These factors sapped his confidence, affected his
mood, and psychological as well as physical aspects of life were
disadvantaged. These insights influenced the therapeutic programme.

A common medical response to disability is to focus exclus-
ively on impairment, as though this was the person’s “problem”.
According to this view the purpose of medical interventions
is to “normalise” the patient. The disability movement rejects
this form of medical normalisation as oppressive (Man, 1999;
Oliver, 1990) because it makes unjustified assumptions about
individuals’ aspirations.

A young woman with cerebral palsy had undergone multiple
operations in childhood because the main aim of both the parents and
the doctors was to “normalise” her gait. At 26, her gait is awkward
and effortful over even the shortest distances. In retrospect she
believes that she should have been encouraged to make more use of a
wheelchair at an earlier stage, and she wonders how much of the
social and educational disruption caused by intensive medical
management could have been avoided.

Whilst the terms “normal” and “abnormal” can have negative
connotations in the context of impairments, there is no denying
that disabled people seek to lead personal and social lives as
rich in possibilities as those of others. This has implications for
the types of residential, educational, employment, and recre-
ational facilities that are planned. Medical rehabilitation could
learn much from concepts of “normalisation” and “social role
valorisation” that have been developed in the field of learning
difficulties (see Flynn & Lemay, 1999; Wolfensberger, 1983).

Another unjustified assumption often made in rehabilitation
is the equation of disability with dependency. Degree of depend-
ency has a crucial influence on quality of life, and on the
costs (both human and financial) of care. When it reduces
autonomy, a fundamental human goal, dependency can often
be assumed to be a source of disadvantage. However, endeav-
ours to increase physical independence may sometimes conflict
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with other goals, including social fulfilment; moreover, for some
people dependency is not altogether a disadvantage.

Many ethical and political issues are raised by concepts of
disability, disadvantage, and dependency (Oliver, 1990). The
disability movement disparages the all too ready assumption
that it is always the patient/client who must adapt, and that our
“normal” world is immutable. The rehabilitation programme
should give priority to the client’s interests, removing the source
of a problem where possible, even if this involves changes in
the human and physical environment (Rothwell, LaVigna, &
Willis, 1999).

The WHO classification is too complex to be usable as a
routine framework for classifying rehabilitation goals and out-
comes. Simpler approaches have been proposed, for example
Brown and Gordon’s (1986) division of “rehabilitation indicat-
ors” into three domains: “skills” (which would include aspects
of mobility and self-care), “activity patterns” (which are behavi-
oural choices, reflecting psychological and social functioning),
and “status” (including roles and occupations).

Disadvantage should form the focus of rehabilitation, and a
classification scheme for disadvantages would simplify the pro-
cess of routine assessment, documentation, and goal planning,
and should ensure that major life domains are not overlooked.
For many rehabilitation teams the agenda for rehabilitation plan-
ning is determined largely by the major categories of daily living
activities (self care, mobility, etc.). These tend to form ashort-list
concerned with activities (disability) rather than with particip-
ation (handicap). When the list is extended to include more
personal concerns it becomes long and unwieldy, with little
chance of being applied routinely. The result is that crucial issues
are not addressed.

A woman aged 22 had a subarachnoid haemorrhage just prior to the
delivery by Caesarian section of her (first) baby. The child’s father
and grandparents proved highly capable of providing for the baby.
Although the baby was brought to see her mother most evenings and
occasionally stayed overnight, she did not feature explicitly in her
mother’s rehabilitation programme. The identified rehabilitation
issues included communication, dressing, walking, etc., but not
parenting.

The case history illustrates how an emphasis on function
(especially physical function) fails to take future risks into
account systematically. Risks of future psychological problems
(e.g., alienation of a parent from a child) or of physical complic-
ations (e.g., falls or skin sores) should be routinely appreciated
as part of the spectrum of disadvantages that rehabilitation can
address. In our view, the lack of emphasis on risk as a component
of disadvantage is a defect in the WHO classification.

Rehabilitation issues are often classified as “physical, psycho-
logical, social, or spiritual”. The drawback with this scheme is
that it is too close to the impairment domain, in which the func-
tions of the mind and the body can be clearly separated. When
disadvantages are considered, there is an intimate relationship
between physical, psychological, social, and spiritual issues.
We suggest that disadvantages—and rehabilitation targets—fall
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into four main groups, which correspond to a didactic mne-
monic, “PILS”: Prevention, Independence, Lifestyle, and Social
context. “Prevention” refers to risks (see earlier). “Independ-
ence” refers to the traditional domain of rehabilitation, self care
and mobility. “Lifestyle” signifies the roles and values that are
unique to the individual. “Social context” refers to the human and
physical environment, which has been given increased recog-
nition in the 1997 WHO framework. These categories can be
used as a framework first for describing presenting problems;
second for summarising the present situation as a whole, includ-
ing degree of dependency, taking account of assets as well as
problems; and third for establishing a therapeutic plan, including
a preventive strategy where relevant.

The rehabilitation contract

Effective rehabilitation is always based on an implicit contract,
between the identified client (see earlier) and all others—
professionals and non-professionals—who will be involved in
the rehabilitation process. The agreement recognises a shared
aim, based on a shared understanding of the client’s aims and
also of what can feasibly be achieved within a defined timescale.
Where the client’s (or professionals’) understanding is limited
or where expectations are thought to be unrealistic, a signed
agreement is helpful. For example, someone with chronic pain
might need to realise that a programme is designed to offer
improved means of achieving a strategic goal such as a more
normal social life, rather than total symptomatic cure. Whether
the rehabilitation contract is implicit or explicit, aims must often
be renegotiated as rehabilitation proceeds.

Can the professional team ever implement a rehabilitation
strategy at variance with a client’s own perceptions of needs?
The possibility of conflict between professional and patient per-
ceptions arises in many situations, but conflicts are especially
difficult to resolve when a patient has reduced insight into the
true nature of a problem. This may be because of organic brain
damage (McGlynn & Schacter, 1989) or because of maladaptive
psychological disorders. However, no rehabilitation programme
is exempt from the need for a therapeutic contract and some
common ground must be found between the client’s and pro-
fessional viewpoints. For example, a patient with hysterical
paralysis might agree to the plan “to reduce the physical and
psychological burden to other members of the family”; or “to
resume a role in the community”. In such circumstances the
modalities chosen by the rehabilitation team (e.g., occupational
therapy input, or advice) might not be those which the patient
intuitively prefers (say, neurosurgery). Nevertheless, the thera-
peutic relationship remains viable provided the overall aim is
shared by all parties: there can be differences about tactics, but
not, ultimately, about strategy.

The rehabilitation aim

There is some confusion in the literature between an aim and a
goal. As we define it, the rehabilitation aim is the proposed

overall outcome that the client and others believe should be
achievable in the long run. The rehabilitation aim is thus a
composite picture of how things will turn out if the rehab-
ilitation programme as a whole has been a success. To use
political/military terminology, rehabilitation aims correspond
to a policy. The policy is implemented through a strategy with
stated objectives which are known as goals in rehabilitation.
Subgoals correspond to the tactics that are used from day to day
to carry out the strategy.

Without one overarching aim, therapy and nursing may con-
tinue indefinitely with no specific outcome and there are likely to
be radical differences in purposes and expectations between cli-
ents and professionals. The concept of “life planning” has been
developed for people with learning difficulties and is equally
applicable in neurological rehabilitation.

For a mildly impaired person, the rehabilitation aim may
be highly specific. For example in a person with neuropathy
involving the hands the aim might be to remain at work, which
might involve achieving a specific level of key-board skill
through improved hand and arm posture. For a young man
with severe closed head injury the aim might be to return home
sufficiently independent for his parents to care for him while
continuing to work full time; in another case, the goal might be
full independence and sheltered employment.

Although it is essential to agree on an aim, reaching a
consensus can be difficult. A person’s aim often appears to pro-
fessionals to be over-ambitious, for example the aim to resume
training as a medical student following a severe head injury, or
the aim of someone with chronic low back pain to be totally pain-
free and fully employed in manual work. Nevertheless, such an
aim might have to be accepted as a starting point. The rehabil-
itation aim is modified continuously by an educational process
that involves not only the client but also professionals: outcomes
often defy professional expectations.

At the outset, rehabilitation aims depend on the predicted
prognosis. If a situation seems irretrievable, professionals often
question whether it is “kind” to embark on rehabilitation. The
answer must be that the plan should suit the context, but that
there must always be an overall aim. Sometimes the prognosis
is so poor that there might be reasons for an agreement among
staff and family that active medical measures will not be taken
in the event of an emergency such as a cardiac arrest. Never-
theless, medical staff have a responsibility to devise a plan to
ensure that if the person does survive the outcome will be as
satisfactory as possible. Early prognostication is often wrong
and needs to be reviewed during the “reflexive” rehabilitation
process we characterised earlier in this chapter.

A 17-year-old boy survived a severe head injury but remained in coma
for several weeks, after which his responses remained very restricted.
There were good reasons for assuming that survival was unlikely.
Attempts to prevent or correct limb contractures caused him great
distress and were not vigorously pursued by the staff responsible for
the first phase of his management. On reaching the rehabilitation unit
he had severe flexion contractures, which remained a major problem
thereafter. On admission he was anarthric and dependent in all care.
On discharge he had virtually normal verbal comprehension and
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conversational ability, was wheelchair independent, independent in
many ADL tasks, and continued to improve subsequently. Aggressive
early management of contractures would have hastened his discharge
and improved the ultimate outcome.

Inaddition to prognosis, rehabilitation aims must take account
of available resources. If someone following a stroke aims to
return home, is it likely that the accommodation will be suitable,
or more importantly that carers and helpers will be available?
These questions recur in the detailed negotiation of specific goals
but must be asked from the outset, lest a rehabilitation aim be
predicated on false assumptions. This raises important ethical
questions:

A young man was severely injured in a car driven by his 19-year-old
girlfriend. He had multiple impairments due to brain injury. She was a
very frequent visitor to the ward and eagerly participated in all care.
She agreed to take him home for weekends. The possibility of her
taking on his long-term care suggested itself, but it was found that
they had not had plans to co-habit prior to the accident, and there was
a danger that her own guilt about the accident would combine with
pressure from the professional rehabilitation team to force her into a
major long-term commitment.

Family support usually varies with age. Older patients are
likely to have relatives of similar ages living with them who,
although often expected and willing to care or nurse the person,
may themselves have physical or cognitive impairments which
increasing years can bring. Other relatives of older adults may
take on a “carer” role for their family member while continuing
employment and bringing up a family. Many women especially
may find themselves looking after a parent with a neurological
disability while also caring for young children and perhaps hav-
ing to work part time. Similarly the younger children (under 18)
of people with neurological impairments may find themselves in
the role of “chief carer” and lose a part of their normal childhood
years to caring.

There has been insufficient research on the emotive subject
of effects of caring on children both as youngsters and later as
adults. The nature of a rehabilitation programme, and its setting
and duration, must take account of such factors if it is to be rel-
evant to the person’s future needs and the programme must not
be based implicitly on the exploitation of unwilling or unsuit-
able carers. Once again there is an underlying political issue,
concerning the role of carers, especially women, in relation to
state-funded services.

Rehabilitation goals

Having agreed on one overall aim, the client and team must
devise a workable strategy, typically consisting of a sequence of
pragmatic, achievable goals. The process of negotiating goals
(the term *“goal-setting” is too prescriptive) is fundamental to
rehabilitation. A rehabilitation aim such as “to return home” is
mediated through many discrete short-term goals that should be
formulated by a rehabilitation team. Goals can be categorised
in hierarchies, with lower levels contributing to intermediate
levels and so, ultimately, to the final outcome corresponding

to the overall rehabilitation aim. For example, the short-term
goal “to achieve independent sitting without support” may be a
preliminary to achieving standing balance, and then safe stand-
ing transfers, with a view to a planned discharge to live with a
single carer. Thus, progress is monitored by the achievement of
discrete, measurable gains.

Rehabilitation goals should be:

o directly or indirectly beneficial to the person (this condition
allows for carer-centred aims)

o agreed between the rehabilitation team and the client or
advocate (advocacy is required when a brain-injured person
is incapable of entering into an agreement).

Many rehabilitation teams use the SMART acronym, requir-
ing each goal to be:

e Specific

e Measurable (at least in principle)

e Achievable (i.e., feasible both for the client and for the
rehabilitation team, and timely)

o Relevant to rehabilitation aims

e Timed: achievable within a defined period of time.

In a hospital-based rehabilitation unit a short-term goal might
be achieved within one or 2 weeks. Some short-term goals such
as prevention of contractures are on-going, but interim out-
come criteria (e.g., measures of range of joint movement) can
be achieved within the suggested timescale.

Some supposed goals have no explicit relationship to the
rehabilitation aim, or they may be too nebulous to be achievable
or measurable. For example, a stated plan “to continue physio-
therapy” is meaningless; and even relatively specific goals such
as “to practise walking” need to be justified in terms of the pro-
gramme as a whole. Is walking a strategic goal? What is the next
relevant short-term goal for walking?

Each short-term goal requires at least one action. Each goal is
the primary responsibility of an individual such as the client, a
family member, or a professional: for example, the achieving of
sitting balance might be assigned primarily to a physiotherapist.

Often, a major goal is approached by means of a programme
of subgoals in which several or all team members participate.
Thus, nurses or relatives (as well as the patient) could be involved
in a programme to improve sitting balance. Similarly, although
a speech therapist might be the prime mover in achieving the
goal “to set up a structured speech exercise programme”, family
members and all members of the team should also be aware of
their supportive roles. One of the difficulties in describing the
essence of therapy is that a therapeutic programme usually com-
bines specific professionally based elements with less specific
components that are nevertheless important. In a well coordin-
ated team, therapists and nurses pursue common therapeutic
purposes through a variety of different activities. Routine pro-
cedures such as dressing or washing may often be implicated in
several goals at once: promotion of independence, communic-
ation, remediation of hemi-neglect, prevention of contractures,
prevention of shoulder pain, and so on.
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Monitoring progress

Standard documentation encourages a systematic approach to
rehabilitation, provides a record of progress and facilitates all
forms of audit. An ideal documentation system has yet to be
developed. The record should be headed by an explicit state-
ment of the overall rehabilitation aims, which are updated
at intervals, to reflect changing expectations. There should
be an updatable list of problems, a serial record of impair-
ments and disabilities, and a record of goals, actions, and
outcomes. These stipulations are not unique to rehabilitation,
being consistent with the principles of problem-oriented med-
ical records (Petrie & Mclntyre, 1979). There are clearly
dangers in reducing the process of assessing an individual
to checklists: real people can never be fully categorised.
Effective rehabilitation requires all those involved to make a
constant imaginative effort not to be constrained by prescribed
routines.

One method of record keeping that we have experienced illus-
trates the process of goal-directed rehabilitation. In this model,
a numbered list of problems was accumulated (see excerpt in
Figure 2.1a for the following case):

John, a college student aged 19, suffered diffuse brain injury in a
motorcycle accident on 20 January with a prolonged period of coma,
and post-traumatic amnesia followed by steady recovery of function
but with dysarthria, left spastic hemiparesis, and cognitive
impairment, plus moderate behavioural difficulties. The aim was to
return him to live with his parents and then to return to college. He
continued to improve.

A continuing record of short-term goals was kept and
reviewed weekly by the entire team (Figure 2.1b). The first
column of the record refers to a numbered problem from the
master list; the second column specifies a short-term goal relev-
ant to the problem. The third column specifies the action, and
who is responsible for carrying it out. The last column specifies
the date at which the goal is to be achieved, and records whether

(@) [ PROBLEM LIST
No. Problem Date identified
7 Dependent in dressing 20 Feb
8 Impaired communication & social skills 20 Feb
9 Urinary incontinence 20 Feb
10 Left arm flexion contracture 27 Feb
11 Under-nourished 20 March
12 Mother’s health problems 10 May
13 Uncertainty about which college course to register for 25 May
(b) Rehabilitation aim: To return to college in September requiring
minimal assistance in ADL; discharge to
parents’ care July
DATE PROBLEM GOAL ACTION BY WHEN
17May |12 Find out if parents Talk to father 24 May
will be able to cope (Dr.) (achieved)
at discharge
24May (10 Full range of Progressive splinting 13 June
passive movement (OT)
24 May 7,10 Place arm in sleeve Supervised practice 31 May
independently sessions, physio/OT (achieved)
24May |9 Dry for 5 Alter fluid + toilet 31 May
successive nights regime (nurse) (not
achieved)
31 May 1 Accept prescribed Offer different menu 6 June
dietary of supplements
supplements in full (dietitian; nurse)
31May |8+13 (i) Information John to phone college
about course for course brochure,
options prompted by
(i) John to carry speech/language
out phone enquiry therapist
31 May 9 Dry for 5 Meet patient + night 6 June
successive nights staff to improve
compliance with advice
(nurse; psychologist)

Figure 2.1. Excerpts from (a) a list of problems identified during rehabilitation of a young man with head injury, and (b) his goal record-sheet.



it has been achieved at the agreed review date. Commonly, one
action addresses two different problems and goals. In Figure 2.1,
practising placing the arm in a sleeve was intended both as a
form of ADL training and as a contribution to a programme to
reduce flexion contracture. The patient’s phoning for a college
brochure was part of a programme to improve his social skills
as well as a means of helping him to reach a decision about his
future courses.

All members of the rehabilitation team, including doctors,
should use the notes as a central information resource, and to
record progress in a concise, standardised format. At the end of
a programme of rehabilitation the notes should enable the ori-
ginal aims to be compared with recorded outcomes, and with the
results of questionnaires administered to patients and/or carers.
The results should be reviewed by the team as a whole at regular
audit meetings.

Follow-up and outcome

A major weakness of many inpatient rehabilitation programmes
is that professional input ends abruptly at the time of discharge.
Since the rehabilitation plan is inevitably concerned with post-
hospital life, its implementation often depends on factors beyond
the immediate control of the hospital-based team. During the
rehabilitation process it is usually essential to identify a group
of professionals who can comprise a community rehabilitation
team, and to hold case conferences with these, the patient, and
the family prior to discharge. At the time of discharge full clin-
ical details must be communicated and follow-up arrangements
established.

Hospital-based teams need post-discharge follow-up for their
own education. Without it they may fail to appreciate the
limitations of hospital-based rehabilitation.

A 41-year-old Punjabi lady was transferred to a Community
Rehabilitation Unit from a Spinal Injuries Unit to continue
rehabilitation following a cervical cord and brachial plexus injury that
had left her severely disabled. Despite many attempts to alleviate her
problems during her lengthy stay in both units she was generally
depressed, negative, withdrawn, and unambitious, and reported
multiple physical symptoms for which no basis could be found. The
family showed many signs of failure to understand her future needs,
and there was a series of practical and financial difficulties, which it
was felt would very likely prevent her ever being re-settled in the
community. Eventually she did return to a suitably adapted home. At
a late stage a family friend came from India to help care for her. When
she returned a few months later her mood and attitude were
transformed and it was found that arrangements for her care were
working smoothly. Cultural factors and the effects of long-term
institutionalisation had misled her, and also the rehabilitation team
who under-estimated her potential for a positive outcome.

In evaluating the rehabilitation process we must ask: What is
an economically justifiable outcome, given available resources?
How large an effect must occur? Who must be affected: must
the patient benefit directly? Must the effect be objective, or
may it be merely subjective? Must it be measurable? If loss
of autonomy is assumed to be a source of disadvantage how
is increased autonomy to be measured? Freedom includes the
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freedom to reject opportunities, and a person’s inactivity could
be a positive but intangible outcome. This suggestion is difficult
to square with the market metaphor for health provision, but
what behavioural measures—what “product”—could be used
as an index of freedom, or of justice, for individuals? Achieving
realistic measures of outcome requires us to assess the potential-
ities of the person’s social system as a whole, rather than merely
to look at the individual’s behaviour within it. Assessing qual-
ity of life is difficult, but necessary (Fallowfield, 1990; Rose &
Johnson, 1996).

We must also ask: When should outcomes be measured: at
time of discharge from a rehabilitation programme or later—and
how much later? Sometimes a phase of active rehabilitation is
an intermediate stage in a long-term plan to be achieved months
or even years in the future.

REHABILITATION: WHO, WHERE, AND WHEN?

Currently, the decision to accept people for rehabilitation,
whether as in-patients or as out-patients, is all too often made
intuitively, without any objective assessment of therapeutic
goals and without reference to explicit policies. Decisions about
discharge also tend to be haphazard (Haas, 1988). Because of
pressure on resources, three groups of questions need to be
asked when selecting candidates for rehabilitation. They are
required when a patient is referred to a hospital rehabilitation
programme, for example a stroke unit, but are equally applic-
able to other settings. We should first ask: Is the rehabilitation
resource (for example a hospital unit) designed for the person’s
needs? Second: What is the potential for rehabilitation and by
how much can the natural history be changed? A third ques-
tion, closely related to the second, is: What will happen without
rehabilitation?

Is the rehabilitation resource designed for
the client’s needs?

The sine qua non for accepting a referral is compliance with
operational criteria (e.g., age, type of clinical problem, etc.).
A useful by-product of recent NHS reforms has been to clarify
the contractual obligations of medical services. Explicit opera-
tional policies for hospital and community-based rehabilitation
programmes can be used when selecting patients for rehabilita-
tion and again when deciding whether to continue a programme,
for example if the needs of a new referral are in competition with
those of someone else who is continuing to make gains after a
long period of in-patient rehabilitation.

Problems most often arise when there are multiple disabilities
involving combinations of physical, behavioural, and cognitive
problems extending beyond the expertise of a specific rehabil-
itation team. The occurrence of this combination for example
in head injury or in Huntington’s disease creates a strong argu-
ment for the existence of specialised units to meet complex needs
(e.g., traumatic brain injury; see Stuckey, 1995). Units lacking
the required expertise will be incapable of meeting the client’s
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needs. Inappropriate admissions do no good, and indiscriminate
acceptance of referrals disrupts the work of the unit. Where a
new area of need is defined, a unit must take a conscious decision
to adapt its policies to accommodate a new class of referrals or,
where necessary, to add its voice to demands for the development
of new facilities.

One factor that distinguishes the operational policies of differ-
ent units is the pace or intensiveness of rehabilitation. Intensive
programmes are not always what is needed even if they are
available. Physical fitness, and behavioural factors such as atten-
tion span and self-awareness, influence an individual’s ability
to benefit from intensive therapy programmes. Elderly people
and for those with severe multiple disabilities sometimes benefit
from a relatively slow pace of rehabilitation. In establishing a
unit’s case-mix we must take account of the rehabilitation staff,
who may not easily adjust to widely differing timescales required
for different people.

The timescale of the proposed strategic goal is another import-
ant consideration. Chronic neurological conditions may be
associated with maladaptive behaviours such as inappropriate
gait patterns, long established behaviour disorders, or dysfunc-
tional family dynamics that have been established for years. It
may be possible to devise strategic goals to address such prob-
lems, but it would be unreasonable to expect changes to occur
within a few weeks or months. A “water-on-a-stone” approach
may be more effective than a “blitzkrieg”.

Geography is another key factor. For some people the advant-
ages of an intensive programme based in a regional centre are
outweighed by its remoteness from the location of home and
community. The hospital’s work is then hampered because of
limited access to the family, ignorance of the system, includ-
ing home conditions, and difficulties in setting up appropriate
post-discharge plans. People from outlying areas are sometimes
impressed at first by the expertise of the large centre and then
all the more disappointed by its inability to achieve outcomes
relevant to community conditions.

What is the potential for rehabilitation?

Having established that a referral is appropriate in principle,
we need to ask how the client is likely to benefit from
rehabilitation—how much difference will it make? Much work
has been done on the relationship between specific medical
factors and outcome. A number of medical variables have been
shown to predict poor outcomes, for example in stroke (Wade,
Wood, & Langton Hewer, 1985). Such evidence from group
studies is of limited value in predicting the rehabilitation poten-
tial of individuals. There are, however, neurological deficits that
are intrinsically obstructive to the rehabilitation process. For
example, receptive aphasia removes the potential for verbally
based education and there is evidence that high-order percep-
tual deficits following right hemisphere damage are associated
with poorer outcomes (e.g., Bernspang et al., 1987).

It seems reasonable to assume that rehabilitation potential is
related to learning capacity and there is evidence that this is so

(Tondat Carter, Oliveria, Duponte, & Lynch, 1988). However,
routine methods of assessing learning are poor predictors of
skill-learning ability (see Chapter 10). Since it is unlikely that
skill learning is a single faculty, it is arguable that the only way
to assess a patient’s capacity to benefit from specific types of
re-educative therapy is through a trial period of rehabilitation.
Rehabilitation potential should be reassessed at intervals.

Premorbid factors undoubtedly affect outcome (Brooks,
1984; Klonoff, Costa, & Snow, 1986). Outcomes are influenced
by a wide range of factors including financial situation, social
class, place of residence, local community facilities, the nature
of previous employment and employers, and intellectual ability.
Premorbid psychiatric and psychological factors often reduce a
person’s ability to make and maintain a meaningful therapeutic
contract.

A man aged 59, believed to have been of low premorbid

intelligence, suffered a severe head injury as a pedestrian. He had

led a solitary existence in a bed-sit, and had always been vulnerable.
He drank heavily and tended to neglect himself. He had never related
well to other people, especially authority figures. It was therefore not
surprising that he continued to reject the advice of the rehabilitation
team and could not be motivated by attempts to increase his
independence. He was socially out of his element in the rehabilitation
ward and attempts at structured rehabilitation were for the most part
futile.

What will happen without rehabilitation?

Rehabilitation potential cannot be considered in isolation from
another question which bears on the ability of a rehabilita-
tion programme to make a difference: What would have been
the outcome without rehabilitation? The natural history of the
impairment and the consequent disabilities and disadvantages
play a major role in eventual outcomes of rehabilitation. Some
conditions recover spontaneously and early intervention may
give the false impression that therapy has been efficacious
(Dombovy et al., 1987; Legh-Smith, Denis, Enderby, Wade,
& Langton Hewer, 1987). On the other hand, early interven-
tion may be associated with an improved outcome where full
recovery does not occur (Oakes, Wilmot, Hall, & Scherk,
1990).

The risk of recurrence or of early death must be considered.
The management of a cord lesion due to metastatic spinal disease
is necessarily different from that of cord trauma. Such people
nevertheless do need rehabilitative programmes.

Social and other premorbid factors may indicate the situation
in such a way that the proposed rehabilitation input could only
have anegligible effect on outcome. Itis sometimes clear that the
level of disadvantage (e.g., dependency) would be roughly the
same with or without rehabilitation. For someone with a spouse
willing to act as carer, rehabilitation might make the difference
between home life and institutional care, whereas a similar per-
son with no spouse might be destined for a nursing home even
after intensive rehabilitation. Giving priority to people with a
wider range of possible outcomes seems logical but is ethically



hazardous since it leads to the suggestion that some categories—
for example, older single men without capital or income—are
inherently less worthy of rehabilitation than others in more for-
tunate circumstances. The principles advocated throughout this
chapter should be applicable to all potential clients; the rehabilit-
ation plan must be tailored to individual needs, to enable people
as far as possible to gain or resume direction of their own lives,
for their own purposes. The required plan must be matched with
available resources.

CLINICAL NEUROLOGY IN A REHABILITATION
SETTING

Initial assessment

The neurological patient is usually referred initially to a clinic,
which rarely allows for joint assessment by a doctor and ther-
apists, although this would often be the most efficient way of
reaching decisions about further management. The complicated
interrelationships between impairments, activities, participa-
tion, and quality of life call for a wide range of medical skills.
Assessment must involve non-medical aspects of the situation as
well as the narrower set of data required to answer the “Where?”
and the “What?” of conventional diagnostic neurology.

Although assessment is obviously centred on the patient, addi-
tional information should always be gleaned from family mem-
bers or professional helpers. There may be a nurse, therapist,
or social worker who is a de facto or officially designated “key-
worker” and hence a vital source of background information.

Thefirst priority is a clear statement of what the patient (and/or
carer) expects to gain from contact with the physician, and a
listing (in order of subjective priority) of the specific problems
to be addressed. The medical history is important but crucial
information is often revealed by outlining the personal history
in terms of major life events. These include landmarks in the life
of a disabled person such as first use of a walking aid, loss of
job, etc. It is important to have a picture of the home situation
including arrangements for care if required, the state of health
of carers, and a summary of the daily routine. This is especially
useful in variable conditions such as Parkinson’s disease. Day
care, respite care, and other support services should also be
summarised.

A functionally based survey of abilities and disabilities
provides further background information. One time-saving
method is to ask the patient (aided if necessary by a nurse) to
complete an ADL checklist prior to meeting the physician. This,
combined with a comprehensive report on symptoms, provides
a framework for the consultation.

Special features of the neurological examination

Neurological assessment often makes a crucial contribution
to rehabilitation assessment by identifying impairments which
cause disabilities. The clinical question is often “Where?” is the
lesion in a physiological rather than anatomical sense:
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In a woman aged 56 with cerebral SLE, medical management

was largely focused on establishing the diagnosis and organising

drug treatment. Her case attracted the academic interest of junior
doctors, students, and others. She had bilateral posterior hemisphere
lesions on CT scan. She behaved as though she was blind, failing to
grasp objects in front of her, and navigating the ward with caution and
uncertainty. She failed standard tests of acuity and visual fields. She
was labelled as “cortically blind”. No counselling or rehabilitation for
visual impairment had been planned. Detailed bedside neurological
examination confirmed normal visual acuity complicated by Balint’s
syndrome. Apart from its intrinsic interest, this information allowed
doctors and others to appreciate to some extent their patient’s visual
experience, and to offer appropriate counselling to her and to her carers.

This example of the location of functional deficits illustrates
how neurological assessment can alter the way in which the
patient as a whole is viewed. A less exotic example of a similar
diagnostic synthesis would be the effect of a neurological assess-
ment in establishing that fluctuations in mobility in a patient with
Parkinson’s disease are physiological rather than behavioural.
Still more mundanely, the question often arises as to whether a
pattern of disabilities is predominantly neurological or not. For
example: is mobility impaired primarily by neurological deficit
or by cardio-respiratory factors? Is weakness mainly due to pain?
Is cognitive failure due to depression? The neurologist contrib-
utes at several levels to the process of mapping impairments onto
disabilities.

Certain aspects of clinical examination are especially import-
ant in rehabilitation, but are often neglected in the assessment of
people with neurological disabilities. One often reads elaborate
neurological reports, with charts of muscle power, maps of sens-
ory loss, etc., but with no written evidence of whether (let alone
how) the patient walks, or talks, or reads; of course writers
of textbooks are not guiltless in this respect. The assessment
must include basic assessments of cognitive function, commu-
nication, hearing, and vision; and of standing, transferring, and
walking. Some neurological abilities that do not figure at all
in routine examination need to be tested in order to understand
functional deficits. Such abilities may be routinely tested by
therapists, although rarely by doctors: for example, swallow-
ing, non-verbal aspects of communication, sitting balance, and
responses to postural perturbations. The neurologist can also
devise non-routine examinations as needed: for example, depth
perception in relation to binocular vision, localisation of sounds
in space, awareness of position of body parts, or control of
voluntary movements and posture of the neck.

Functional observations are often more telling than formal
tests. Gordon Holmes, who did much to establish the modern
clinical routine, was well aware of the limitations of routine
neurological examination:

More can often be learned of a patient’s disabilities by observing his
ordinary actions, as dressing or . . . walking when apparently
unobserved, and his use of tools, as a pen, scissors or a knife and fork,
than by special tests, though they usually produce a more complete
analysis of symptoms. (Holmes, 1946, p. 3)

Localisation of a lesion to the cervical cord and detection of
upper motor neurone signs such as spasticity can be achieved
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without watching the patient walk, but in rehabilitation the
emphasis is on the functional impact of spasticity on balance
and gait. To take another example, different manifestations of
unilateral neglect have similar localising significance, but their
functional consequences may be different. No single neglect
phenomenon is reliably predictive of others (Halligan, Marshall,
& Wade, 1989), and understanding the effect of neglect in daily
life requires direct observation of ordinary actions. Similarly,
“bedside” tests of memory give only limited information about
learning ability. Throughout the second section of this book there
are examples of specific, functionally orientated neurological
assessments that complement routine diagnostic examination.

Other aspects of physical examination

The spine and joints are important and often-neglected aspects
of the general examination of heavily disabled people. Spinal
deformities should be recorded and the range of passive joint
movements should be measured and recorded unambiguously.
There is no general agreement as to how this should be done,
but the upper and lower limits of the range can be expressed
in degrees of flexion, taking the anatomical position as zero.
In people at risk of pressure sores the skin should be examined,
especially vulnerable areas such as the feet and sacrum. Abdom-
inal and rectal examination are of obvious importance in patients
with sphincter disorders.

Although wheelchair seating, footwear and orthoses, and
other equipment fall outside the scope of routine medical exam-
ination, the physician should at least be capable of screening for
evidence of wear or misuse, for sources of pain and other symp-
toms, and for causes of actual or potential skin ulceration; not
to mention simple, correctable problems such as stiletto heels in
an ataxic patient or flat tyres on a troublesome wheelchair.

Summarising the data and creating a rehabilitation plan

Despite its limitations, medical assessment is usually helpful
and is sometimes the only means of understanding a complex
situation. In some respects medical assessment is more super-
ficial, but also more general than the detailed examinations
used by nurses, therapists, social workers, and others. It should
touch on most aspects of the patient, including psychometric
assessment, linking diverse clinical phenomena to a common
biological basis. Although often maligned as failing to see the
whole person, doctors are (or should be) trained to provide a
unifying perspective (Ward, 1992). To achieve this the neurolo-
gist must draw on all available sources of evidence, and engage
in a continuing clinical dialogue with the patient and family as
well as professional colleagues.

Initial assessment is rarely definitive. The doctor who is
accustomed to making snap diagnoses often jumps to wrong
conclusions when attempting to identify key issues for rehabil-
itation. Medical assessment must be combined with information
from other sources such as home-based assessments, and reports
from nurses, therapists, and others (Table 2.1). An initial picture
must often be revised as therapy and natural recovery proceeds.

Table 2.1. A scheme for neurological assessment in a rehabilitation context

History
Presenting functional problems: Purpose of assessment
Medical history and diagnosis
Personal history
Home situation
Survey of everyday abilities
Record of carers, and professionals and others involved.

Examination
Functional assessments relevant to presenting problems, e.g.:
e mood, personality, behaviour
e cognitive function
 functional vision
e communication (not merely speech)
o functional mobility (e.g., transfers, walking)
o relevant self-care activities (e.g., dressing)
o swallowing.

Further routine examination as required to confirm pathological diagnosis
and also to establish functional diagnoses.

Additional assessments often required, e.g.:
o nutritional status

e spine and joints

e seating

o orthoses and other aids

e skin, especially sacral areas.

Summary of rehabilitation issues
e Prevention
o Independence
o Lifestyle
o Social context and physical environment.

The type of rehabilitation plan that emerges from assess-
ment depends on the resources available. In its simplest form
a plan can be negotiated between a solitary neurologist and
a patient/client. More complex multidisciplinary planning and
goal negotiation has been described earlier in this chapter. At
neither end of the spectrum is there an accepted framework for
creating a rehabilitation plan. Objectives are expected to emerge
from the assessment, based on the individual’s stated aims and
taking account of professional observations. The PILS scheme
(see earlier) is a useful aide-mémoire. Rehabilitation objectives,
whether formulated in a multidisciplinary team or negotiated in
an out-patient clinic, should take account of:

e preventable impairment and disability (for example, falls, or
pressure sores)

e independence (mobility and functional activities)

o lifestyle (personal roles and aspirations, often affected by
communicative ability)

e social context: carers, and also material resources.

Within a multidisciplinary rehabilitation team, the physician
contributes along with the client and professional colleagues to
the selection of goals first through an assessment (and reassess-
ment) of disease prognosis. Initial assessment of impairment
is crucial (see earlier) but during rehabilitation reassessment is
often helpful.

A patient with a right hemisphere infarct failed to learn the sequence

for side-to-side transfer within a reasonable time. The failure might
have been related to visuospatial deficits but more detailed clinical



analysis suggested the presence of pre-existing multi-infarct dementia.
The revised neurological diagnosis suggested a poor prognosis and
led to the adoption of a less ambitious rehabilitation plan.

Medical roles in the rehabilitation process

Doctors provide a range of specific interventions (for example,
in the management of epilepsy or of spasticity). These should be
component parts of a rehabilitation plan, subject to evaluation
by the client/patient and by the rehabilitation team as a whole.
In many cases the direct therapeutic role of the doctor is lim-
ited. The physician must however remain involved, maintaining
a therapeutic relationship with the patient/client and with the
family, providing information about progress and prognosis.

A consultant often assumes the role of team leader for his-
torical and political reasons rather than on account of special
expertise. There are advantages in non-medical leadership and
a neurologist can make an effective clinical contribution to a
rehabilitation team in a non-leading role.

CONCLUSION

This chapter has described the rehabilitation process with neuro-
logical rehabilitation in mind. The key stages in the process are:
Identification of the client; identification of presenting problems;
strategic planning; setting of short-term goals; monitoring pro-
gress; and evaluation of outcome. All of these usually require the
collaboration of the client and family with several professionals
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3. Organisation of neurological rehabilitation

Services
M.P. Barnes

INTRODUCTION AND BASIC PRINCIPLES

The process of rehabilitation is based on the principles of
education and enablement. These principles are at variance with
medical practice in general which often, of necessity, is based
on the need to care for a sick individual. The fundamental differ-
ence between conventional medical practice and rehabilitation
can be summarised as the former being “hands on” and the lat-
ter being “hands off”. Many organisations of disabled people
argue strongly against a medical model of management. It is
argued that a disabled person is not sick and thus does not
require to be “looked after” by health professionals (Oliver,
1990; Wolfensberger, 1972). This approach is undoubtedly valid
for disabled people with relatively static, long-term disabilit-
ies but is it valid within the context of the acute situation or
for people with deteriorating conditions? This chapter explores
the role of the health-care system in the management of dis-
abled people and attempts to define an appropriate structure for
aneurological service. Itis proposed that there is a continuum of
service delivery from a health-oriented rehabilitation model in
the acute phase working towards a client-centred psychosocial
model for the later stages of rehabilitation.

The chapter will concentrate on the 16-65-year-old popula-
tion. The provision of services for children with neurological
disabilities and for elderly people can be based on the same
principles as outlined in this chapter but are further complicated
by the special provisions needed for these two client groups.
In the UK it is the younger disabled adult for whom there is a
paucity of services despite significant numbers of young people
with disabling neurological conditions.

PRINCIPLES OF SERVICE DELIVERY

In 1985 the Living Options Working Party set out some key
principles for disabled people (Prince of Wales Advisory Group
on Disability, 1985). These principles can be summarised as
follows:

o choice as to where to live and how to maintain
independence, including help in learning how to choose

e consultation with disabled people and their families on
services as they are planned

o information clearly presented and readily available to all
disabled consumers

o participation of disabled people in the life of local and
national communities with respect to both responsibilities
and benefits

e recognition that long-term disability is not synonymous with
illness and that the medical model of care is inappropriate in
the majority of cases

e autonomy—freedom to make decisions regarding a way of
life best suited to an individual disabled person’s
circumstances.

These principles are broadly compatible with a similar list
produced by Silburn (1988) who, from a survey of disabled
people, determined that there were seven basic needs: inform-
ation, counselling, housing, aids/equipment, personal help,
transport, and access.

It would seem reasonable to add that a person with a neuro-
logical disability has the right of access to information, advice,
and treatment from an appropriate clinical expert. Such access
should as far as possible be without undue delay, within a freely
accessible environment, and within a reasonable geographical
distance of the individual’s home.

SPECIFIC SERVICE REQUIREMENTS
Local rehabilitation service

A report by the Royal College of Physicians (1986) identi-
fied a number of generic services felt to form a central part
of a health-oriented rehabilitation resource. These recommend-
ations have been adapted in the UK to local needs by a
number of different health authorities (e.g., Northern Regional
Health Authority Advisory Committee on Disability, 1989;
North Western Regional Health Authority, 1990; Wade, 1990;
Yorkshire Regional Health Authority, 1989). Further details and
suggestions were more recently contained in the report of a UK
Working Party on the subject (British Society of Rehabilitation
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Medicine, 1992) and by a large umbrella organisation rep-
resenting many UK-based neurological charities (Neurological
Alliance, 1996a,b). Detailed purchasing suggestions have been
made in a British Society of Rehabilitation Medicine document
published in 1993.

A fundamental requisite is for a rehabilitation team, prefer-
ably housed within an accessible rehabilitation unit. Specific
models of service delivery, including delivery of community ser-
vices, are further discussed later in this chapter. In addition to an
appropriate neurological rehabilitation team, a range of specific
health services should be provided at a local level. These should
certainly include:

a continence service

an orthotic service

a pressure sore policy and service

a prescription and maintenance service for basic wheelchairs
a counselling service, particularly sexual counselling.

It is likely that these services will fall within the remit of
health authority purchase. Other services needed at a local level
could be purchased or provided on a joint basis between the
health authorities and local authorities obviously depending on
national statutes. Such services would include an aids and equip-
ment display and loan facility (e.g., disabled living centre), an
information service, and access to a broad range of housing,
respite, and day-centre facilities. These issues are discussed
later within the context of the longer term needs of people with
physical disabilities.

Specialist rehabilitation centres

Some specific services cannot realistically be provided within
every locality. The expertise required to run such services may
not be widely available or alternatively the number of disabled
people involved may be so small that local provision is not an
economic proposition.

It is generally agreed (e.g., British Society of Rehabilitation
Medicine, 1992, 1993; Northern Regional Health Authority
Advisory Committee on Disability, 1989) that there is a need
for specialist rehabilitation centres, which, in the UK, could
serve a population of approximately 3 million people. Such
centres would run along the same interdisciplinary lines as the
local rehabilitation unit (and indeed may act as a local unit
for their own locality) and would obviously need to maintain
very close liaison with the local rehabilitation network. Ideally
such regional centres should be seen as a resource to be used
by disabled people, their key workers, and therapists, to learn
from the expertise contained within the regional centre or to
make use of specialist equipment and facilities. These centres
would also act as a major focus of education, training, and
research, which is important if the speciality of rehabilitation
medicine is to develop on a firm academic base. Specific services
contained within the specialist centres are likely to encompass

the following:

(1) A specialist rehabilitation service for people with the most
complex multiple disabilities.

(2) A specialist rehabilitation service for people with brain
damage of various causes who require in-patient
rehabilitation. Such a service would include specialist
expertise in the management of psychological and
behavioural problems to cater for patients with severe
behavioural difficulties (who may number about 1 per
100,000 population; Andrews, 1989). Specialist
behavioural units offer one solution to this problem
(Eames & Wood, 1985). Small behavioural units could be
established in a segregated section of a brain injury unit so
that as the patients with behavioural disturbance improve
they could be integrated back into the more general
rehabilitation environment and, hopefully, from there back
into the community.

(3) A specialist service for complex wheelchair and special
seating requirements.

(4) A bioengineering service.

(5) A communication aids centre.

(6) An information, advice, and assessment service with
regard to car driving.

(7) A prosthetic service.

(8) A spinal injury service. The UK has seen the development
of a network of spinal injury rehabilitation centres. These
offer excellent examples of the value of interdisciplinary
rehabilitation (e.g., Heinemann et al., 1989). It is a pity
that such centres have developed in isolation as much of
the expertise required would be similar to that needed in a
broader based specialist rehabilitation centre.

Finally, there is a need to consider provision of facilities for
the residential care of people with the most severe disabilit-
ies who realistically cannot be looked after in the community.
This population would include people in a vegetative state or
prolonged coma.

SERVICE DELIVERY

There is no single ideal model for the delivery of neurolo-
gical rehabilitation services. There will need to be variations
according to local needs and resources. There will be differ-
ences of emphasis between the needs of an acute rehabilitation
service for people with acute stroke or post head injury and
for a service that caters for the requirements of people with
longer term disabilities. Services must adapt to the more intens-
ive requirements of people with progressive disorders, such
as motor neurone disease and multiple sclerosis, and the less
intensive but still important requirements of people with rel-
atively static conditions, such as head injury or spinal cord
injury. Admission criteria to any neurological rehabilitation
service need to be carefully defined, particularly with regard
to age limits. Many rehabilitation centres in the UK cater for



the needs of the working age population (16-64), leaving pae-
diatric and geriatric neurological rehabilitation to appropriate
colleagues.

Acute rehabilitation services

Acute rehabilitation teams—successful or not? It would
seem common sense that gathering together a group of inter-
ested and skilled professionals to provide a joint approach to
the rehabilitation of a neurologically disabled individual should
produce benefit for that individual over and above a more frag-
mented service. However, until recently there has been very
scant evidence to prove this hypothesis. There is now emer-
ging a reasonable quantity of evidence that confirms the efficacy
of a holistic and interdisciplinary approach to acute rehabilita-
tion. This is the case with regard to spinal injury rehabilitation
(Heinemann et al., 1989) and head injury (Brooks, 1991; Cope,
Cole, Hall, & Barkan, 1991; Cope & Hall, 1982) but more par-
ticularly to stroke rehabilitation (Dennis & Langhorne, 1994;
Garraway, Akhtar, Hockui, & Prescott, 1980; Ottenbacher &
Jannell, 1993; Reding & McDowell, 1989; Smith, Garraway,
Smith, & Akhtar, 1982; Strand et al., 1985).

Although this recent research is encouraging there is
undoubtedly a need for further research to confirm the scope,
size, base, and operational policies of the acute neurological
rehabilitation team.

Early intervention and advice. There is some evidence of
the efficacy of early rehabilitation intervention after an acute
disabling neurological event such as stroke or head injury (Cope
& Hall, 1982; Tobis, Turi, & Scheridon, 1982). The advice of
the rehabilitation team can be useful in the acute phase particu-
larly with regard to the prevention of complications. Nutritional
requirements, swallowing problems, positioning, and other
measures to reduce the complications of spasticity are a few
examples of strategies that can alleviate difficulties at a later
stage. There is evidence that relatives need information and sup-
port at this time (Oddy, Humphrey, & Uttely, 1978). There is
a strong argument for the rehabilitation team to be an integral
part of, or at least have close liaison with, the acute medical,
neurological, and neurosurgical services.

Rehabilitation team. It would seem appropriate that in the
acute phase management is based on the medical model, at least
until the patient has achieved medical stability. Other profes-
sionals begin to assume increasing importance in the post acute
phase and a multidisciplinary team model becomes more appro-
priate. The gathering together of professionals from different
backgrounds is not sufficient to merit the term “rehabilitation
team” (see Chapter 4). The goal-setting process may tend to be
organised on a departmental basis that could simply compart-
mentalise the patient’s recovery. The rehabilitation team should
seek to adoptan interdisciplinary approach in which departments
become more integrated and the goal-setting process becomes
more patient centred. Goals should be set which are relevant to
an individual’s recovery within their premorbid social situation
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and within their (realistic) postmorbid aspirations, interests, and
abilities.

How then should the team be structured? It is clear that
there needs to be representation from a core of disciplines—
physiotherapy, occupational therapy, speech and language
therapy, clinical psychology, nursing, rehabilitation medicine,
and social work. There is a need for occasional input from
dieticians, chiropodists, activity organisers, vocational trainers
(see later) and a variety of medical specialist on an ad hoc basis.
The precise composition of the team would depend on the size
of the unit, admission criteria, discharge policy, availability
of community support services, and so on. There have been
attempts to define ideal compositions and staff/patient ratios for
neurological rehabilitation units (e.g., Medical Disability Soci-
ety, 1988; Pentland & Barnes, 1988). A recommendation in the
UK is for a 1: 5 physiotherapy and occupational therapy/patient
ratio and 1: 20 ratio for speech and language therapy, clinical
psychology, and social work. A 1:1 nurse/patient ratio is also
generally accepted. There will need to be senior and junior med-
ical staff support. The problem with such recommendations is
that the staff levels will depend on the scope and type of unit
as well as the experience of the staff and qualified/unqualified
staff mix in each department. A danger is that such recommend-
ations will serve to emphasise the departmental ethos, whereas
the philosophy should be more client oriented than department
oriented. This problem has been overcome in some private
units in the UK and more widely in the USA by the employ-
ment of rehabilitation officers/therapists who are not attached
to particular departments but are responsible to a certain num-
ber of disabled people. The advantage of such an approach is
to emphasise the client-centred functional goal-setting process.
The rehabilitation officer would normally be responsible for car-
rying out the rehabilitation process with the guidance of a small
number of specialist therapists from each discipline. The effic-
acy of such an approach over the departmental model remains
unproven although the success of role blurring within the spe-
cial circumstances of a behavioural modification unit should be
noted (Eames & Wood, 1985). It is possible that the success,
at least in lay terms, of the conductive education programme in
Hungary may in part be due to the close therapeutic relation-
ship of the rehabilitation therapist (conductor) with the disabled
individual.

An alternative to the rehabilitation therapist model is the
adoption of a key-worker system. In the context of the acute
rehabilitation unit the role of the key worker would normally
be to act as a channel of communication between the patient
and family and the rehabilitation team as a whole. The key
worker would be the individual who is most aware of the
interests, abilities, and family dynamics of the patient both
before injury and during rehabilitation. The key worker, with
the patient and family on one hand and advice from therapy staff
on the other hand, would help to determine the functional goals.
The key worker would also act in a liaison capacity between
the hospital/rehabilitation unit and the community support ser-
vices to help ensure a smooth transition at time of discharge.
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The key worker would ensure that the patient and family have
ready access to information, explanation, and counselling as
required and, perhaps most importantly, provide continuity of
support. The background of the key worker could be from any
of the therapies, nursing, or social work. There is no reason
why cognitively intact patients should not act as their own
key worker. The system used in the rehabilitation centre at
Newcastle-upon-Tyne is for junior staff to act as key workers,
with senior staff support. The process can be seen as educational
for the key worker as well as beneficial for the patient. At
the present time there is little evidence of the efficacy of the
key-worker system compared to the standard multidisciplinary
team model.

Rehabilitation unit. Does a rehabilitation team need a
defined physical base? It would be entirely possible for an acute
team based within a hospital to support patients directly on
the medical or surgical wards. The same team could provide
continuity of care and continue the person’s rehabilitation once
returned to the community. However, there do seem to be advant-
ages in the creation of rehabilitation units. Wade et al. (1985)
summarise the advantages of stroke rehabilitation units within a
district general hospital setting. They propose that the potential
benefits are that: The physical structure could be made more con-
ducive to rehabilitation; the team approach is facilitated; staff
morale should be higher; research should be stimulated; volun-
tary help is more likely; routine record keeping and follow-up
(and thus audit) are more easily managed. There are no studies
comparing the roving team approach with a rehabilitation unit
but the latter is generally recommended (British Psychological
Society Working Party, 1989; British Society of Rehabilitation
Medicine, 1992, 1993; Oddy, Bonham, & McMillan, 1989;
Royal College of Physicians, 1986; Wade, 1990).

The geographical site of the rehabilitation unit is probably
less important than the internal design. However, one can envis-
age psychological advantages in moving from an acute hospital
setting to a separate rehabilitation unit as a step towards a return
to the community. Appropriate design can also be facilitated on
a separate site. Units should be accessible by public transport
and within or close to a local community setting in order to
allow functional goals to be introduced in a realistic community
environment. The internal design should facilitate independence
and should preferably include single rooms, accessible patient
kitchens, and dining facilities, large and small day rooms, and
space to allow spouse and family to stay with or near the patient
and thus participate in the educational process. It is axiomatic
that all facilities within the unit should be fully accessible as
should the building itself. The rehabilitation centre in Newcastle-
upon-Tyne has two bungalows in the grounds, which act as
transitional living and independence training facilities, and these
have proved most useful.

The number of beds required in the unit is a difficult question.
It would obviously depend on the population served, admis-
sion policy, discharge policy, and age or diagnostic criteria. It
has been estimated that a unit of 20 beds would be required
to meet the acute needs of the 16—65-year-old population with

neurological disabilities in a typical English health district with
a population of 250,000 (Northern Regional Health Authority
Advisory Committee on Disability, 1989).

Itis a vexed question whether local rehabilitation units should
admit only certain categories of patients. There are differ-
ences in skill requirements for physically oriented rehabilitation
(e.g., musculoskeletal and orthopaedic disabilities) compared
with the more complex nature of rehabilitation when there are
combinations of physical and psychological problems such as
encountered in neurological rehabilitation. A case could be made
for a separate neurological rehabilitation unit in order to cater
for the specific and rather different requirements of people with
neurological disabilities (Eames, 1987).

Transition to community. Many problems for disabled
people occur at times of transition from one service to another.
This is often apparent at the time of discharge from a rehabil-
itation unit when the hospital-based rehabilitation team hands
over to community support services. Similar problems occur in
a different context when school leavers with disabilities leave
the educational and paediatric environment for a less organised
adult support service (Bax, Smythe, & Thomas, 1988; Parker
& Hirst, 1987). The importance of continuity must be stressed.
Ideally the acute rehabilitation team should continue to be asso-
ciated with the disabled person and family at and beyond the
time of discharge. A phased discharge policy with periods of
overnight stays at home, weekend leave, and perhaps trial peri-
ods in independence rooms or bungalows within the hospital are
all desirable. It would seem sensible for hospital-based rehab-
ilitation units to have day units where disabled people could
continue to attend, for defined reasons, on an out-patient basis.
A single point of contact with the rehabilitation team, perhaps
through the key-worker system, would also be desirable. The
same principles apply to discharge from regional centres and to
handover for the disabled school leaver.

Geddes, Clayden, and Chamberlain (1989) report an innov-
ative scheme to overcome the problem of transition. They
discharged some people who had had a stroke into the care of
“substitute families”. These were lay carers who were recruited
from the community and trained by staff at the rehabilitation
unit. These people received care from their substitute families
for an average of 8 weeks and during this time specific goals
were met and the phased return to home was organised. Close
contact was made with the rehabilitation unit via the key worker,
who in this case was an occupational therapist with counselling
skills. The study demonstrated an improved rehabilitation out-
come at 1 year post stroke in those people who had been through
the family placement scheme compared with a control group.

Cole, Cope, and Cervelli (1985) have bridged the trans-
itional period in another way. Disabled people discharged from
a hospital head injury rehabilitation unit attended an adult devel-
opment centre based in a local church hall. The centre was staffed
by an adult education teacher working with a variety of volun-
teers. The clients underwent a combination of individual and
small group instruction in basic self care, home skills, and social
skills development. Initially all clients were unable, due to their



disability, to participate in higher level community vocational
programmes, but after a period ranging from 1 to 12 months
47% of attendees obtained an improved level of function so that
referral to a higher level of vocational programme was possible.
This is a low-cost transitional programme but unfortunately did
not contain a control group. Further work in this area is needed.

Young and Forster (1992) conducted a well-designed study
of continuing stroke rehabilitation following discharge from the
hospital unit. They randomised individuals to continuing attend-
ance at a day hospital or to receipt of physiotherapy in the home.
A total of 124 people was recruited. Both treatment groups had
significantly improved functional abilities between discharge
and 6 months, but the improvements were significantly greater
for those treated at home despite the fact that the home-treated
individuals actually received slightly less treatment. They con-
cluded that home physiotherapy was probably more effective
and more resource efficient than day hospital attendance and
was the preferred rehabilitation method for continuing therapy
after acute discharge.

A further problem on discharge is the lack of information
about community services, follow-up arrangements, use of pre-
scribed drugs, and other issues. Sandler, Mitchell, Fellows,
and Garner (1989) demonstrated that the simple provision of
an information booklet at discharge from hospital improved
the accuracy and thoroughness of recall of important medical
details.

Longer term rehabilitation
Basic principles

The author has discussed the requirements of an acute neurolo-
gical rehabilitation service and some of the problems associated
with transition from an acute unit to the community. People with
longer term disabilities, either static or deteriorating, have dif-
ferent perspectives and requirements. Many people with longer
term disabilities do not wish to perceive themselves as ill and
in need of health care. Some organisations of disabled people
have firmly rejected the medical model of disability management
(Brisenden, 1986; Oliver, 1986). Disabled people’s aspirations
are commonly centred around the principles of normalisation
as propounded by Wolfensberger (1972). Society at large is
viewed as the disabling agency. Oliver (1990) illustrates this
point of view by rewording the questions of the Office of Popula-
tion Censuses and Surveys (OPCS) survey of disability (Martin,
Meltzer, & Elliot, 1988). For example, the question “What com-
plaint causes your difficulty in holding, gripping, or turning
things?” could be reworded as “What defects in the design of
everyday equipment like jars, bottles, and tins causes you diffi-
culty in holding, gripping, or turning them?” “Does your health
problem/disability make it difficult for you to travel by bus?”
could perhaps be reworded as “Do poorly designed buses make
it difficult for someone with your health problem/disability to
use them?” Ultimately, “Can you tell me what is wrong with
you?” could be revised to “Can you tell me what is wrong
with society?” These are valid points and ones that should be
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taken forward in the realm of political lobbying in an attempt
to improve society’s attitude towards disabled people. However,
such longer term aims should be not be allowed to obscure the
more immediate requirements of disabled people, which should
be centred on enabling them to reduce their disability, and con-
sequent handicap, within society as it exists today. A more useful
concept in the short term, proposed by Bauer (1989), is the
Least Restrictive Alternative. This concept recognises that some
people will need to have their freedom, opportunity, or access
restricted but requires that services be provided that facilitate
the most normal living arrangement possible.

Is there a role for a neurological rehabilitation service within
these principles? The author believes that the answer must be in
the affirmative. There is a need for medical and health-oriented
information regarding natural history, prognosis, treatment, and
update on research. Many disorders have a need for on-going
medical treatment (e.g., Parkinson’s disease, epilepsy). In static,
but more particularly in deteriorating, conditions there is a need
to prevent unnecessary complications (e.g., contractures, pres-
sure sores). There is a need for help and advice with regard to
the provision of equipment, particularly more specialist equip-
ment such as communication aids. In addition, there could be
the requirement for further periods of active rehabilitation, such
as following a relapse in multiple sclerosis.

There may well be a need for counselling, either peer
counselling or professional intervention from psychologists or
specialist counsellors. It is well recognised that the difficulties
perceived by carers in the longer term are not particularly those
related to physical disability but to psychological and more
especially emotional and behavioural problems in the disabled
person (McKinlay et al., 1981). Until recently many psycho-
logical and in particular higher executive functions were not
felt to be amenable to therapeutic intervention. It is now clear
that problems with memory, visuospatial function, and higher
executive functions are amenable to a variety of interventions
(see Chapters 32 and 33). There is a need, particularly after
head injury, for relatively long-term rehabilitation for the cog-
nitive and psychological sequelae of injury. This is particularly
the case following brain injury when retraining of independ-
ence and social skills is required as well as specific vocational
rehabilitation (see Chapter 38).

Service requirements

The author has summarised the importance of the continued
involvement of the neurological rehabilitation team in longer
term disability. However, there are other service requirements
that are important but are normally outside the remit of the health
service alone.

Housing and residential care. Provision is required of
an appropriate range of housing varying from simple housing
adaptations through adapted housing and a variety of sheltered
living schemes to forms of residential care. In the UK the choice
of housing is particularly limited and the next step from mod-
est house adaptations is often residential care. There is much to
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be learnt from a wide variety of disability-friendly housing in
Scandinavia (Development Trust for the Young Disabled, 1985).

It is a matter of considerable debate whether there is a need
to provide residential accommodation for the most severely
disabled people. It is theoretically possible for someone with
any degree of disability to remain within their own home but
often the degree of support required is not economic or prac-
ticable in a world with limited financial resources. It is likely
that a very small number of residential beds will be needed in
a health district. The numbers would depend on the degree and
adequacy of community support services. Any such beds should
be provided in as “homely” an atmosphere as possible, prefer-
ably with single-room accommodation. There is also probably
a small need for residential and semicustodial care for people
with severe and long-term behavioural disturbance. The needs
of people in long-term coma (vegetative state) also need to be
addressed. Andrews (1989) estimates the prevalence of vegetat-
ive state to be 0.3 per 100,000 population. Placement for such
people is very difficult as they require a considerable level of
clinical and nursing expertise. A few specialist units exist in the
UK. Such units are ideal for maximising the person’s long-term
survival but are less than ideal given the often great distances
from home. One option is to reserve a small number of beds in
the specialist regional rehabilitation centre for these individuals.

Respite. There is considerable documented evidence of
stress on the carers of disabled people (Kinsella & Duffy, 1979).
Such stress can be alleviated by periods of respite for the dis-
abled person. Preferably this should be on a planned basis but
respite accommodation should provide access in a crisis situ-
ation. Social respite should be provided in anon-institutionalised
environment. It is unfortunate that most respite facilities are
contained within a hospital or institutional setting. A comprom-
ise solution is to provide the disabled person with a period of
in-patient rehabilitation and reassessment of needs with a sec-
ondary purpose of providing a break for carers. A number of
rehabilitation units now operate such a policy of “intermittent
rehabilitation” for people with longer term disabilities.

Terminal illness. The hospice movement has provided a
much-needed service but this is usually confined to people
with cancer. Rehabilitation units should give consideration to
providing a facility for people with terminal physical disabil-
ities along the lines of the hospice movement. A joint scheme
in Newcastle-upon-Tyne between the rehabilitation centre and
the local hospice has proved a useful resource for people with
motor neurone disease. The hospice provides day-centre and
home care whereas the rehabilitation centre provides the facility
for respite and terminal admission.

Practical help at home. Caring for a disabled person at
home normally falls to close family members. The stress upon
carers can be alleviated by the provision of practical help within
the home. It is entirely possible for people with severe disabilit-
ies to live alone supported by a variety of care attendants. Many
local authorities provide home-help and home-care schemes as
well as such simple provisions as meals on wheels. The district
nursing service also has a role to play but often the statutory

schemes lack flexibility with a tendency to impose regimes upon
disabled people. Schemes within the voluntary sector, at least
in the UK, tend to be more flexible; examples are the Cross-
roads Care Attendant Scheme and the Cheshire Family Support
Scheme. Perhaps the ultimate solution would be disabled people
buying in care attendant staff to suit their own requirements (see
later).

Recreational pursuits.  Independence and social skills train-
ing can often be achieved through the medium of recreational
pursuits. Rehabilitation teams should be aware of local and
accessible opportunities for recreation and leisure.

Finance. Disabled people and their families need to be
made aware of the bewildering array of state financial bene-
fits. Disability brings additional costs (Martin & White, 1988).
The rehabilitation team should be aware of available benefits
and sources of appropriate information and advice.

Employment. In economic terms the main cost of disab-
ility to a national economy is lost employment. For example,
O’Brien (1987) estimated the annual cost of multiple sclerosis
in England and Wales to be £125,400,000 at 1986/87 prices;
£100,000,000 of this figure represented the estimate of lost
earnings. In the UK vocational rehabilitation is organised by
a separate government department (Department for Work and
Pensions). There are separate benefits and work adaptation sys-
tems and separate employment rehabilitation centres. There is
often little liaison between the employment rehabilitation ser-
vices and health and social rehabilitation services. Stambrook
et al. (1990) demonstrated that only 55% of individuals who
suffered a severe head injury and were in full-time employment
before the injury were able to return to full-time work after-
wards. In addition, those who did return to work only did so
at a reduced level of occupational status. In the USA voca-
tional counsellors are often an integral part of rehabilitation
teams. This can produce improved employment prospects for
disabled people. Wehman et al. (1989) demonstrated an excel-
lent re-employment rate in a group of 20 severely brain-injured
young men with an average coma length of 68 days. The key
to their success seemed to be on-site training accompanied by
a job coach who stayed with the head-injured individual until
job performance stabilised. A variety of behavioural and social
skills as well as cognitive retraining strategies were developed
on site. This was followed by the gradual removal of the job
coach but with continuing long-term support. This paper and
others (Wehman et al., 1995) emphasises the need for rehabilit-
ation to be based within the community and further implies the
importance of vocational rehabilitation as an integral part of the
whole rehabilitation process.

MODELS OF SERVICE DELIVERY

Chapter 2 outlined the epidemiology of disablement and illus-
trated that in any locality around 14% of the adult population
have a disability and at least 2-3% of the population have a
severe disability (Martin et al., 1988). The adequate and equit-
able delivery of health care to this population is clearly a logistic



problem. The patchy and fragmented delivery at the present
time is amply illustrated by Beardshaw (1988) and Edwards and
Warren (1990). What are the options available?

Medical model

A traditional and still prevalent model for the longer term
management of people with neurological disabilities has been
the hospital out-patient clinic. This is unsatisfactory on a num-
ber of grounds. There is often very little continuity of care.
The follow-up clinics tend to be run by junior medical staff who
rotate on a regular basis. The sheer numbers of patients involved
means that very little time can be spent with any individual who
in turn could normally be seen every 3-6 months or at even
longer intervals. There is normally little or no involvement from
other members of an interdisciplinary rehabilitation team. This
model may have some relevance to the management of certain
disabilities (e.g., epilepsy, Parkinson’s disease) but in general
fails to meet the principles of service delivery as outlined earlier
and is an unsatisfactory experience for both the doctor and the
disabled person.

Disease-specific clinics

There are a number of examples of disease-specific clin-
ics: for example, multiple sclerosis (Scheinberg, Holland, &
Kirschenbaum, 1981) and minor head injury (Wrightson, 1989).
These clinics have the advantage of providing an expert mul-
tidisciplinary team familiar with the problems specific to that
disease or disability. Appropriate information and counselling
support can be provided and self-help groups can be involved.
The clinic setting can provide a social function as well as sup-
plying a core of support for carers. The logistic difficulties with
such arrangements are the number of clinics that would need
to be held and the possibility of ignoring the requirements of
disabled people with rarer conditions.

Community disability teams

It is theoretically possible for the acute rehabilitation team to
remain in touch with the disabled person post discharge and con-
tinue a watching brief. This would provide continuity of support
and ready access to appropriate staff and health resources. The
disadvantage of this model is that a single rehabilitation team
would soon be overwhelmed by the numbers of people involved
and several different teams would need to be established. Strict
discharge and review policy becomes necessary. Regular review
would be useful but quickly places unacceptable demands on
the service. The experience of the present author with an open
access review system is that it allows reduction of the number
of attendees per clinic and means that people can be seen when
they have some difficulties they wish to discuss. No system
is perfect and an open access review can mean that prevent-
able complications arise that have not been recognised by the
disabled person.
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A further disadvantage of the acute rehabilitation team con-
tinuing an overview is that such a team is usually health
oriented and may not have the expertise with regard to social
and vocational rehabilitation. A solution to this problem is the
development of a broader based multidisciplinary team with
input from social services, employment rehabilitation, and other
bodies. A team along these lines was developed in a London
borough (Hunter, 1988) with an original remit to provide assess-
ment, advice, and treatment to severely disabled individuals
between the ages of 16 and 55. However, it soon became evident
that it was not possible for the disability team to carry out treat-
ment as well as fulfilling its other functions. It thus developed
more of a coordinating role within the community, ensuring
that existing services were delivered effectively to the clients
as and when needed. The team also took on a planning role and
became particularly involved in times of transition from hospital
to community or from paediatric to adult services.

A further example is that designed in Cornwall within a rural
setting (Evans, 1987). Referrals are made to community rehab-
ilitation teams that have members drawn from health authority,
social services, and employment services. They are based within
smaller geographical areas within one health district and the
team as a whole designs an active planned programme of con-
tinuing rehabilitation. Clients are discharged from the team
fairly quickly but can be reintroduced at any time. These teams
are largely established within existing staff levels by regrouping
of resources and thus this is a relatively low cost option.

In the UK and other developed countries there has been
a recent drive to reduce spiralling health costs by reducing
the emphasis on acute hospitals and placing more resources
in the community. This has led to a number of experiments
with different formats of service delivery for disabled people
in the community. We are beginning to see joint purchasing of
such community teams by health and social service purchasers,
although formalising this change has required new primary legis-
lation, which has significantly delayed this process. A number of
models of good practice for different disability groups are now
available (Marks, 1991). Itis likely, although not yet proven, that
comprehensive disability teams based within the community and
having a good working knowledge of the problems of the dis-
abled families can prevent acute hospital admission and keep
disabled people at home for longer as well as preventing, or
at least reducing, the incidence of unnecessary complications.
Much disability, even acute disability such as stroke, can be
managed at home with appropriate support staff and resources.
An extension of the concept of the community disability team is
the liaison nurse or nurse practitioner, which is discussed later.

Primary care team

In the UK a base for longer term overview of disabled people is
the general practitioner and the primary health-care team. A typ-
ical group general practice has a population of around 10,000.
The numbers of disabled people are thus reduced to a more prac-
tical level. The primary care team could keep a watching brief
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and make referrals to a local rehabilitation team as appropriate.
The system provides a practical solution to the logistic diffi-
culties of large numbers of disabled people but has a number of
disadvantages. Many disabilities, particularly neurological, are
relatively rare. As an example, a general practitioner is likely
to see one new person with multiple sclerosis only once every
20 years, and even commoner conditions, such as stroke, may be
seen by ageneral practitioner only three or four times a year. This
reduces the level of expertise and experience. Important points of
management may be missed and questions left unanswered. The
interests of general practitioners also vary considerably and it is
likely that such a system will produce a patchy and uncoordin-
ated service to the community as a whole. This was illustrated
in Harris’ (1971) study. There is still considerable evidence of
patchy and unmet need in the care of severe physically disabled
adults as amply demonstrated in the recent survey by Williams
and Bowie (1993).

It would be possible for the primary health-care team to
be supported by visiting members of a specialist rehabilita-
tion team. Such a project was designed in Southampton with
the support of the Parkinson’s Disease Society. In this project
a consultant in neurological rehabilitation attended meetings
with primary care teams in four different group general prac-
tices for discussion of specific patients with Parkinson’s disease.
A wide range of recommendations were made at the meetings
although the effect and take-up of such recommendations were
not assessed. Limited conclusions can be drawn from this pilot
project but the concept of a primary care team supported by visits
from one or more members of the more specialist disability team
is worth pursuing in future research.

The recent introduction of fundholding in general practice has
produced a further dimension in the array of service purchasing
options. General practitioner groups can now effectively hold
their own budget and purchase a range of services themselves
for their practice including purchase of acute hospital care and
community health care. This may improve the possibility of the
primary care team purchasing appropriate additional expertise
and thus provide a better and more locally responsive disability
service. However, a significant potential drawback is that the
provision of local disability services will be further fragmented
as purchase would be dependent upon the whim and the interest
of the local general practitioner. The need for joint planning and
joint purchase, particularly with local social services, may also
be lost and overall there is cause for considerable concern within
this new system for the provision of services for disabled people.

Case manager

The concept of the case manager has been given credence in the
UK following the publication of the National Health Service and
Community Care Act (1990). The discussion document that pre-
ceded the Act stated that “where individuals’ needs are complex
or significant levels of resources are involved (there is) consid-
erable merit in nominating a case manager to take responsibility
for ensuring that individuals’ needs are regularly reviewed,

resourced and managed effectively and that each service user
has a single point of contact. .. Case management provides an
effective method of targeting resources and planning services to
meet specific needs of individual clients.”

There are many different models of case management (Hunter,
1988; McMillan et al., 1988). The emphasis of case manage-
ment is to design packages of care that are applicable to an
individual’s needs rather than assessing for a range of available
(or not available) services. In the USA and Canada the system
is further developed with a number of models which vary in
scope according to the position and level within the service of
the case manager: whether or not they have authority to coordin-
ate resources and most particularly whether they are responsible
for individual client budgets. Case management can include:

(1) simple coordination within a single agency

(2) coordination across agency boundaries

(3) service brokerage, in which the case manager negotiates
with key agencies on the client’s behalf

(4) budget holding responsibility where services can be
purchased on behalf of the client from statutory bodies, or
from the voluntary or private sector.

Cooperation between different statutory bodies, particularly
in terms of joint budgets, is difficult but not impossible to
achieve. Attempts have been made in Winchester and Darlington
(Beardshaw & Towell, 1990). The latter project on the severely
disabled elderly in the community resulted in reduced bur-
den on carers and, compared with a control group, substantial
cost savings, improved quality of life, and improved quality of
care outcomes, and a decrease in numbers of people requiring
long-stay hospital care.

There is a number of, largely unpublished, examples of indi-
vidual disabled clients holding budgets in order to purchase their
own personally designed package of care, including home helps,
equipment, and therapy input.

The concept of case management is not well developed in the
UK and the widespread application of case management must
await the establishment of properly based training programmes.

Nurse practitioner

A recent concept is the development of the role of the special-
ist nurse. The role and purpose of such a nurse varies widely
and there needs to be considerably more research work regard-
ing the most cost effective role for such a specialist as well
as more specific and clear guidelines on training and educa-
tional requirements. Some early studies have shown modest
benefit of such a specialist nurse working in the community
(Forster & Young, 1996), whereas other studies (Kirker, Young,
& Warlow, 1995) have shown more marked benefit and appre-
ciation both from health professionals and from clients. The
Foster and Young study evaluated whether a specialist nurse was
able to enhance the social integration and perceived health of
people after stroke or could alleviate stress in the carers. A strat-
ified randomised controlled trial involving 240 stroke people



failed to show significant differences in perceived health, social
activity, or stress among carers between the treatment and con-
trol groups, although mildly disabled people with stroke had an
improved social outcome at 6 months following specialist nurse
intervention. The Kirker et al. study evaluated a multiple scler-
osis liaison nurse in the community and demonstrated a high rate
of appropriate referral to other therapists and improved coping,
mood, confidence, and knowledge of multiple sclerosis among
the client group. Carers reported similar benefits and general
practitioners also found the specialist nurse helpful. Special-
ist nurses have now been trained to manage the most complex
disabilities in the community such as the manipulation of anti-
Parkinsonian drugs and administration of botulinum toxin for
people with dystonia and spasticity. Much of the benefit prob-
ably derives from a key-worker role and a single point of contact
into the complex array of community and hospital services. Such
individuals could and should be trained in counselling skills, a
much undervalued role in community services in general.

Independent living movement

The logical extension of case management is for the disabled
person or family themselves to act as a case manager. There are
examples in the UK of local authorities giving disabled people
their own budget to buy services as required. This model is firmly
supported by the Independent Living Movement and by disabled
persons’ groups such as the British Council of Organisations for
Disabled People (Brisenden, 1986). This may be a workable
solution for certain groups of disabled people, particularly for
those who are cognitively intact, but becomes rather less sat-
isfactory when dealing with people with cognitive disturbance.
There are some disabled people who would clearly be unable
to manage their own affairs. Who is to manage the affairs of
these individuals and who is to decide on the required level of
cognitive ability of the disabled individual? Is this to be a legal
decision? Wider implementation of this model must certainly
await legislation given the present dichotomy between health
and social services and the lack of a clear boundary between
health and social requirements.

Resource centre—towards a solution?

A solution to some of the difficulties encountered in service
provision could be the creation of community resource centres.
These centres would be local and accessible, particularly in
terms of public transport. They could house an information ser-
vice and perhaps provide a base for a disabled living centre with
display of aids and equipment. They could provide a base for
self-help groups and as such provide a social and peer coun-
selling function. It is possible for the neurological rehabilitation
team to be based within or visit the centre on a regular basis.
Disabled people could be reviewed on a regular basis or access
members of the rehabilitation team at specified times to discuss
particular problems. It would be possible for disease specific
clinics to be held within the centre. The centres could also act
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as a base for social and recreational activities and it would be
entirely possible for vocational counselling and training to be
based within the same building. The centres could be managed
by disabled people with the support of volunteers and some paid
staff drawn from appropriate health and local authority com-
munity resources. A centre along these lines has been established
in Liverpool in the UK and elsewhere. There are no published
reports of the efficacy or perceived usefulness of such resource
centres and such studies are to be encouraged. However, they
would seem to offer potential solution to the problems of ser-
vice delivery particularly with regard to the formation of close
partnerships between disabled people and health professionals.

LIAISON AND MANAGEMENT

The requirements of a longer term rehabilitation support service
go well beyond the boundaries of responsibility of health author-
ities. Different departments in the local authority (e.g., housing,
social services) have an important role to play, as does the
Department for Work and Pensions (financial benefits) and the
Department of Employment (vocational rehabilitation). Other
government departments (e.g., Education and Skills; Transport,
Local Government and the Regions), and particularly voluntary
bodies and private organisations, all have arole to play in service
provision. The main problems of disability in the longer term
are coordination between these different bodies. There is a need
for close and formal liaison between different statutory and vol-
untary bodies, particularly for planning and coordination. The
importance of involving organisations for disabled people and
disabled people themselves in the planning process cannot be
understated. There are now a number of guidelines and sugges-
tions regarding the best way to involve users and disabled people
in service planning and evaluation (Fletcher, 1995). Preferably
the different managerial and financial structures within the dif-
ferent bodies should come together in a single managerial and
financial entity so that the whole service provision for disabled
people within a given locality is given some degree of coherence.
Major change must probably await government legislation.

CONCLUSION

The organisation of disability services is complex. There is no
single solution. This must depend upon identification of local
needs and assessment of local resources and possibilities. There
is a strong case to be made for a neurological rehabilitation
team to be created within each locality, preferably sited within a
rehabilitation unit. The network of such units needs to be linked
to a specialist regional rehabilitation centre, which would cater
for more specific and complex needs and provide a focus for
education, training, and research. Longer term rehabilitation
requirements are different from the post-acute situation with
more emphasis on psychological and emotional problems. There
is a need for close involvement with non-health resources for
amelioration of handicap. There isaneed for continuing involve-
ment of a neurological rehabilitation team for assessment and
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review. There are a number of possible models for service deliv-
ery. An attractive proposition is the creation of resource centres
to be developed within a community to provide an informa-
tion, counselling, and support service as well as a single point
of contact with rehabilitation professionals and facilities. Close
links would need to be made between the rehabilitation team
and the resource centre, which could be in the same physical
base. However, the perceived requirement of disabled people
to receive services in a non-medical non-hospital environment
should be borne in mind. This chapter has summarised some
possibilities and offered tentative solutions. The lack of research
in this area prevents any firm conclusions. A single solution is
neither possible nor desirable but research into the relative mer-
its of different systems is a central prerequisite for future service
development.

POSTSCRIPT

In recent years organisations of disabled people and many dis-
abled individuals have voiced dissatisfaction with disability
and rehabilitation health services. Health professionals who are
planning or who are involved with such services need to be
aware of the different viewpoints and emphases that are being
proposed. Accordingly, the editors of this book asked Professor
Michael Oliver to write a critique of this chapter. The editors
welcome his contribution, which follows, and hope that this
stimulates debate on this important subject.

A DIFFERENT VIEWPOINT—WHO NEEDS
REHABILITATING?
Michael Oliver

Rehabilitation can be defined in many ways, but what is cer-
tain is that a whole range of practices stem from the definition
adopted. This is not contentious but the problem is that none of
the definitions adopted can be shown to be in accord with the
experience of disability.

To put matters bluntly, all is not well in the kingdom of rehab-
ilitation, whether it be rehabilitators expressing their anxiety
(Royal College of Physicians, 1986) or the rehabilitees express-
ing their discontent (Beardshaw, 1988; Oliver et al., 1988). We
could argue, as indeed Professor Barnes does in his chapter,
that the problem centres around inadequate knowledge, poor
skills, or defective organisation, or, more likely, a combination
of all three.

Let me say at the outset | did not disagree with this analysis,
but for me it is only a partial disagreement. It is the failure to
address the issue of power and to acknowledge the existence of
ideology that is the main problem. Hence, for me, rehabilitation
is the exercise of power by one group over another and that that
exercise is shaped by ideology. The exercise of power involves

the identification and pursuit of goals chosen by the powerful
and shaped by ideology of normality, which goes unrecognised.
Let me further emphasise here that | am not suggesting that we
can eradicate the influence and effects of power and ideology
in rehabilitation, but that our failure even to acknowledge their
existence gives rise to a set of social relations and a range of
therapeutic practices that are disabling for all concerned.

Space will not permit a detailed, sustained, and comprehens-
ive critique of rehabilitation so in order to illustrate my argument
I shall focus on the topic of the heart of the rehabilitation
enterprise—walking.

What’s so wonderful about walking?

Rehabilitation reproduces the concept of walking uncritically in
that it is never analysed or discussed except in technical terms—
what operations can we perform, what aids can we provide and
what practices can we use to restore the function of walking.
Walking is more complex and complicated than being either a
simple physical act or indeed a social symbol, as the following
quotation demonstrates (Turner, 1984):

Walking is a capacity of the biological organism, but it is also a
human creation and it can be elaborated to include the “goose-step”,
the “march” and “about turn”. Walking is rule following behaviour,
but we can know a particular person by his walk or by the absence of
awalk ... my way of walking may be as much a part of my identity as
my mode of speech. Indeed, the “walk” is a system of signs so that the
stillness of the migrainous person or the limp of the gouty individual
is a communication.

The influence of ideology

A classic example of the way the ideology of normality linked to
an uncritical concept of walking informs rehabilitation practice
is this description and analysis of these practices by a person
with a spinal injury (Finkelstein, 1981):

The aim of returning the individual to normality is the central
foundation stone upon which the whole rehabilitation machine is
constructed. If, as happened to me following my spinal injury, the
disability cannot be cured, normative assumptions are not abandoned.
On the contrary, they are reformulated so that they not only dominate
the treatment phase searching for a cure but also totally colour the
helper’s perception of the rest of that person’s life. The rehabilitation
aim becomes to assist the individual to be as “normal as possible”.
The result, for me, was endless soul destroying hours trying to
approximate to able-bodied standards by “walking” with callipers and
crutches.

Such a devastating critique should not be individualised, for
many people with spinal injuries are critical of the “physicality”
of their rehabilitation (Oliver et al., 1988).

The operation of power

There are two dimensions to the operation of power: power
to control the individual body and power to control the social
body. The connections between the two are encapsulated in
the work of the French philosopher Michael Foucault, whose



discussion of health-care systems has been summarised as
follows (Rabinaw, 1984):

An essential component of the technologies of normalisation is the
key role they play in the systematic creation, classification and control
of anomalies in the social body. Their raison d’étre comes from two
claims of their promoters: first, that certain technologies serve to
isolate anomalies; and second, that one can then normalise anomalies
through corrective or therapeutic procedures, determined by other,
related technologies. In both cases, the technologies of normalisation
are purportedly impartial techniques for dealing with dangerous social
deviations.

For “technologies of normalisation” read “rehabilitation prac-
tices” and uncomfortable questions are raised.

Power and ideology in the rehabilitation enterprise

Again, space will not permit a sustained critique of the per-
meation of power and ideology into the rehabilitation enterprise,
but I shall assume that Professor Barnes’ chapter represents a
generally accepted, consensual, and forward-looking descrip-
tion of that very enterprise. Therefore, my criticisms of his
chapter can be regarded, for practical purposes, as a critique
of rehabilitation.

According to Lukes (1972), central to the operation of power
in society is what is not placed on the political (with a small “p”)
agenda. Hence, Professor Barnes rightly emphasises the import-
ance of choosing goals for rehabilitation. But, who chooses those
goals and what if the powerless chose goals different from the
powerful, or indeed, reject the opportunity to choose any goals
at all? This point is never even discussed. Similarly, his discus-
sion of teamwork, the fact that teams do not work at all from the
perspective of the powerless, and that we have known that for
many years (Beardshaw, 1988; Blaxter, 1980) is not even men-
tioned. Approaches to and locations of multidisciplinary work
are discussed in absence of the fact that such teamwork has been
called *“a familiar face” and has been shown to benefit the team
members more than those who can constitute the work of teams
(Oliver, 1991).
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4. The rehabilitation team

Rodger LI. Wood

INTRODUCTION

Historically, neurological rehabilitation has relied upon several
disciplines working together to achieve therapeutic goals.
Indeed, a basic premise of rehabilitation medicine is that optimal
patient recovery is built upon the concerted effort of several
different treatment disciplines working as a team. Originally,
the three professional groups comprising the rehabilitation team
were medicine, nursing, and the clinical therapies (speech, occu-
pational, and physiotherapy). With the passage of time, other
professional groups became involved, such as psychology,
recreational therapy, social workers, and, most recently, non-
professional “therapy care assistants”. Not only has the number
of different disciplines comprising a team increased, but the
balance of “power” has changed, in the sense that responsibil-
ity of leadership is no longer automatically the province of the
medical doctor, but has passed to psychologists or other health
workers, according to the type of rehabilitation being provided.
The evolution of rehabilitation teams has therefore been slow
and fragmented, partly because neurological rehabilitation is
a broad church (in respect of its range of subspecialities) and
partly because some specialities have resisted giving ground
to others. There is, however, growing support for the devel-
opment of teams in a number of health-care areas. They have
been advocated in primary care (Dingwall, 1980), psychiatry
(Ovretveit, 1986; Royal College of Psychiatrists, 1984), and,
more recently, in health care generally (Furnell, Flett, & Clarke,
1987).

Published references to team approaches in physical or
neurological rehabilitation remain scarce but several recent pub-
lications have recognised their importance. McMillan et al.
(1988) claim that the subtle and diverse needs of patients with
neurological and neuropsychological disability are unlikely to
be met by one discipline. Wade (1987), in a discussion on
neurological rehabilitation, recommends that “Hospitals and
communities should develop teams or groups of specialist staff
which concentrate upon managing patients with neurological
disorders” (p. 47). He feels that there are enough patients of this
kind in every district “to warrant specialist teams”. Chamberlain
(1988) also makes the comment that “a team approach is vital

in rehabilitation” (p. 49), but does not follow up that remark
with recommendations of how the team should operate, except
to discuss the roles of some team members. The Report of the
Working Party on the Management of Traumatic Brain Injury
(Brooks et al., 1988) comments on the need for consultants to
meet regularly with other members of the team to ensure that
observations from staff and relatives are considered during the
assessment of a patient’s needs but, yet again, there is no attempt
to translate such an aim into a set of procedures that can be
adopted in clinical practice.

Although treatment teams may have become a common fea-
ture of many medical specialities, their structure and complexity
in neurological rehabilitation is possibly unique (although they
admittedly share some characteristics with psychiatric teams).
If neurological rehabilitation is dependent upon the effective-
ness of the treatment teams, good clinical practice demands that
we have a better understanding of how teams are structured and
organised, in order to appreciate their function. This chapter
therefore attempts to explore the dynamics of treatment teams
to understand what motivates and directs their activities, and
how they need to be managed and led.

WHAT IS A TEAM?

To begin with, it is necessary to differentiate between teams
and workgroups. Workgroups exist when people are brought
into relationships with one another by virtue of the fact that
they work together. In this relationship, however, they do not
necessarily share either work tasks or responsibility and they do
not use the fact that they work together to enhance what they are
doing.

In health care, workgroups are often misconstrued as a team,
either because “teams” are supposed to exist within the organ-
isation or because it is convenient to refer to a collection of
individuals as “a team”. The problem with such misconceptions
is that by designating a “group” as a “team”, expectations will
emerge, both from the group members themselves who begin to
perceive themselves differently, as well as from those outside
the group who expect it to operate in certain ways and achieve
superior performance targets. The definition of a team provided
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by Furnell et al. (1987) combines the main characteristics of a
neurological rehabilitation team:

o professionals from different disciplines who meet regularly

o the allocation, by each member, of a significant proportion
of his/her time to the pursuit of a team’s objectives

e agreement on explicit objectives for the team that determine
the team’s structure and function

e adequate administrative and clinical coordination to support
the work of the team, although not necessarily by the same
person on all occasions

o a defined geographical base

e a clear differentiation of, and respect for, those skills and
roles that are specific and unique to individual members, as
well as a recognition of those roles that may be shared.

These components of a team reflect the views expressed by
Brill (1976), who described a team as “a group of people,
each of whom possesses particular expertise; each of whom is
responsible for making individual decisions; who together hold
a common purpose; who meet together to communicate, collab-
orate, and consolidate knowledge, from which plans are made,
actions determined and future decisions influenced” (p. 22).
These convenient definitions of a team need to be construed
in a more critical perspective however. Dingwall (1980) made
the comment that teams are thought of as a way of coordinat-
ing individual activities. This implies that the work to which the
team has been directed was not being properly coordinated in
the first place!

WHY HAVE TEAMS?

The benefits of teamwork are based on the notion that organising
people into teams will:

(1) improve communication between the individuals involved
in treatment

(2) lead to shared knowledge between individuals of different
disciplines allowing more efficient treatment of the
individual patient

(3) allow a more consistent goal-oriented approach and better
continuity of care, for the patient as a whole

(4) promote a broader perspective for health-care provision
(see Pollock, 1986; Watts & Bennett, 1983)

(5) provide a stimulating environment enhancing the
contribution of team members, improving motivation, and
increasing individual effectiveness

(6) create an esprit de corps that leads to a mutually
supporting atmosphere.

In addition to these positive claims for teamwork it is also hoped
that this approach will reduce weaknesses present in any health-
care system. For example, any person working alone may suffer
from limitations of knowledge or experience, whereas a team
of different but interrelated workers can ameliorate these weak-
nesses and offer a framework to provide a holistic approach to
the development of therapeutic plans for patients.

The value of a team approach is, however, based on assump-
tions and not upon any evaluation of outcome. To do this the
“team model” would need to be tested against the “medical
model”, a virtually impossible task considering the overlap-
ping elements of each model system and the fact (in practice)
that quality of care transcends any kind of theoretical model.
Given the complex nature of modern medicine there is, of
course, a prima-facie argument for a team-based approach to
patient care. This is based on the fact that medical technology is
keeping people alive longer, saving life where previously death
would have been inevitable, or giving life when nature, in terms
of foetal or congenital abnormalities, would have prevented it
occurring. Consequently health care is rapidly becoming a sys-
tem where quality of life has become equal in importance to
the preservation of life. The effectiveness of neurological and
neuropsychological rehabilitation is increasingly being judged
in terms of social outcome, a notion that incorporates quality of
life because it addresses those disabilities that result in social
handicap (World Health Organisation, 1980). This means that
our work is ultimately directed towards community reintegra-
tion, a task that, of necessity, incorporates a variety of skills
and where the importance of specific disciplines shifts as the
evolution of recovery takes place.

WHAT TYPE OF TEAM?

Early approaches to team development in rehabilitation were
based on the notion of multidisciplinary teams (disciplines work-
ing together but with separate roles and rehabilitation goals). Itis
the team structure most prevalent to (and suitable for) hospital-
based rehabilitation, addressing relatively circumscribed goals
with patients at an early stage of recovery. A multidisciplin-
ary team approach was developed to provide a comprehensive
assessment of a patient’s disability pattern, helping to focus
attention on specific treatment needs. However, as Mullins,
Keller, and Chaney (1994) and Woodruff and McGonigal
(1988) point out, there are limitations to this approach because
independent team functions can lead to fragmented care if com-
munication between team members is ineffective. Linder (1983)
has argued that a multidisciplinary approach does not facilit-
ate a holistic view of the patient, increasing the possibility that
team members from different disciplines could end up working
against each other if fragmented perceptions lead to diver-
gent treatment plans, goals, and expectations (Mullins et al.,
1994).

Notions of an interdisciplinary model developed largely as
a result of the experiences of teams working in brain injury
rehabilitation, addressing complex neurobehavioural sequelae.
This type of rehabilitation, especially in later stages of recov-
ery, exposed the limitations of the multidisciplinary approach.
Wood (1989), for example, placed an emphasis on communica-
tion and coordination of care when working towards treatment
goals. Mullins et al. (1994), in their analysis of team structures,
suggests that an interdisciplinary approach incorporates formal
methods of communication between team members, usually in



the form of team meetings coordinated by a team leader/case
manager.

The essential difference however, between multi- and inter-
disciplinary teams is that the roles and functions of the former
are distinct, whereas in the latter they overlap. Eames (1989)
describes this as a “blurring and sharing of roles”, which may
require staff to “learn and develop new skills which may be
outside their normal professional requirements and experience”
(p. 52). This approach is not without problems, however. The
emphasis is on team members collaborating, to negotiate prior-
ities and responsibilities. This largely depends upon the ability
of team members to communicate openly and objectively. This
ability varies according to the experience and personality of
individual team members. The nature of this working pro-
cess does not suit many personality types. A person may be a
good therapist but lack the ability to be assertive in discussions
about clinical priorities and treatment methods. Other therap-
ists may feel uncomfortable stepping outside their professional
role. Pressure to do so can lead to resentment and a breakdown
of the team structure, possibly reflected by staff saying one thing
but doing another when they feel they are not being watched.
Consequently, although an interdisciplinary approach may be
the best way of addressing certain types of rehabilitation pro-
grammes, it should not be considered the preferred approach for
all types of rehabilitation and should not be introduced without
careful staff selection and training.

The description of interdisciplinary team work given by
Eames (1989) would now be understood as a description of
transdisciplinary teamwork and is gaining ground as a method
of teamwork in the social rehabilitation of people with neurobe-
havioural disability. This approach to teamwork involves the
sharing of responsibilities by all team members, often with one
discipline teaching some of its skills to other disciplines. This is
done in order that more staff members are familiar with therapy
procedures that are employed frequently as part of the over-
all rehabilitation programme. Mullins et al. (1994) describe the
hallmark of this approach as “role release”, something which
Woodruff and McGonigle (1988) describe as “the sum of sev-
eral separate but related processes, including role extension, role
enrichment, role expansion, role exchange, role release and role
support” (p. 168). The ultimate goal of this approach is to pro-
mote an integrated assessment and develop a unified treatment
plan that is jointly carried out by all team members. It demands
maximum group interaction and a focused treatment effort. It is
an approach that incorporates the patient and family as part of
the team, potentially eliminating any confusion about treatment
procedures and goals.

In theory, this approach allows staff to integrate all work-
ing activities, learn from each other, and generate a greater
understanding about theories and methods employed by other
disciplines to the greater good of the patient in particular, and
rehabilitation in general. In practice, however, the approach
has the same strengths and weaknesses of the interdisciplinary
model. The weakness of any team approach lies in the personal-
ity of the team members themselves. To facilitate the operational
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effectiveness of treatment teams we need to maintain a constant
awareness of at least two things: (1) the organisational structure
in which the team functions, and (2) the interpersonal dynamics
of the teams.

ORGANISATIONAL ISSUES

One of the first considerations in the development of a team
approach is the way the team, as a separate clinical unit, fits
into existing organisational frameworks and management sys-
tems. Specialist teams need to have the kind of autonomy that
makes it difficult for them to operate within large hospital sys-
tems organised departmentally and hierarchically. Some of the
reasons for this will be touched on later when the functions
and roles of team members are discussed but, primarily, a team
needs to organise itself into a unit which has its own timetable
of activities and a flexible style of operation that allows the
changing needs of patients to be continuously addressed. To
achieve this the team needs to establish its own staffing patterns,
hours, or schedules of work, and responsibility or reporting
structure.

These organisational issues often conflict with the more tra-
ditional management systems that operate in hospitals. For
bureaucratic and professional reasons, team members are also
members of departments and departmental procedures may con-
flict with team needs. Some therapy departments choose to rotate
staff through different specialities in order to increase experience
of staff and prevent boredom. This may be a good management
procedure but it conflicts with the notion of a team, where con-
sistency of staffing is needed to help develop a team identity
and provide continuity of care. This may be one reason why
nurses have difficulty integrating into a multidisciplinary team.
They are always subject to their own management hierarchy
and may be moved on and off teams in order to maintain staffing
levels in other hospital areas. This maintains (on paper) adequate
nursing cover for a hospital but causes havoc with treatment
continuity and the integration of a multidisciplinary team, such
that other team members may feel that they cannot rely on the
continuous involvement of nursing staff and find it easier to
delegate responsibility for the more important treatment activ-
ities to other therapy staff, relegating nursing to a secondary
“caring” role.

The problems imposed by traditional management systems
led many brain-injury rehabilitation teams in America to break
away from large hospitals and become completely autonomous
with regard to staffing, budget, and management systems. Based
on his own clinical experience in Britain, a similar move was
recommended by Eames, Turnbull, and Goodman-Smith (1989)
and also (less directly) by Evans and Skidmore (1989). Health-
care managers must therefore recognise that if they advocate a
team approach they must create a system that allows the team to
operate effectively and with the confidence that their procedures
or working methods are not going to be unnecessarily overturned
by a departmental head or line manager.
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The neurological rehabilitation team

Lack of coordination or organisation often increases as a func-
tion of the complexity of the task. This is one reason why
neurological rehabilitation is best provided in a team context.
The modern concept of neurological rehabilitation is based on
a broad and comprehensive view of the limitations imposed
upon an individual’s lifestyle by the various disabilities that fol-
low neurological impairment. The Oxford English Dictionary
defines “rehabilitation” as a process that helps an individual with
mental or physical handicap return to society. Many rehabilit-
ation specialists may consider this definition to be axiomatic,
but it is one that presents special problems for neurological
rehabilitation because brain damage or central nervous system
disease may result in some combination of physical disability,
diminished cognitive resources, alterations of behaviour, and
emotional instability; all or any of which can impose serious
constraints upon community re-entry.

To address these diverse problems, it is necessary for a num-
ber of different professions to share the rehabilitation workload,
promoting not only the clinical recovery of individual patients,
but helping to ensure that clinical recovery becomes translated
into good social outcome. To achieve thisaim, teamwork in neur-
ological rehabilitation involves the definition of common goals
and the development of a plan to which each member makes a
different but complementary contribution. The clinical rationale
for this approach in brain-injury rehabilitation was outlined by
Wood (1989) and one way of integrating staff to achieve good
results has been offered by Eames et al. (1989).

The structure and function of a neurological
rehabilitation team

For most individuals, the composition of a neurological rehab-
ilitation team would be a medical doctor, therapists from the
various disciplines, nursing staff, a social worker, and a clinical
psychologist. In America, where the rehabilitation team is more
established, they would add at least a vocational specialist, a
clinical coordinator, and a case manager to this list. (There is
of course a question as to whether or not relatives should be
considered a part of the rehabilitation team, especially after the
acute recovery phase of head injury or stroke. Constraints on
space prevent a full consideration of this possibility, however.)

This introduces the concept of the nuclear team and the
support team. The former comprises those individuals most
involved with the patient on a day-to-day basis and usually
consists of nursing staff, physiotherapists, speech therapists,
occupational therapists, and clinical coordinator. A support
team (which exists in theory, although not necessarily in prac-
tice) includes a doctor, clinical psychologist, social worker,
vocational specialist, and case manager. These are in some
respects more peripheral to the workings of the rehabilitation
team because (1) their role is different (not having the same
“hands-on” quality as the nuclear team), (2) they may not be
in daily contact with either patient or team, (3) they are often
perceived differently by patients and relatives, and (4) they may

direct their time to acting as liaisons between either the team
and family/employer, or the patient and the social environment
to which he/she will return.

The point to be emphasised here is that the composition of the
rehabilitation team and its mode of operation must reflect how
the team perceives its goals of treatment. In a team that is rigidly
structured according to professional boundaries, treatment will
be discipline oriented. If, however, the goals of treatment are
considered collectively by the team, the wider needs of a patient
often emerge, forcing staff to realise that to achieve certain goals
treatment must be conducted in a way that cuts across discipline
boundaries and, as such, becomes outcome oriented.

Team goals

The rehabilitation of people with neurological disorders evolves
through several stages, depending on the underlying clinical
problem and pattern of handicap. However, the eventual dis-
charge goals are more often determined by the kind of psychoso-
cial environment to which the person will return rather than any
clinical criteria (Wood, 1989). In the early stage of recovery
the goals are primarily clinical, aimed at establishing medical
stability, bowel and bladder control, skin care, and recovery of
motor function. There will be an emphasis on nursing care and
the reduction of physical disability. At this stage, the team per se
may need only consist of doctors, nurses, physiotherapists, and
occupational therapists. At a later stage of rehabilitation, how-
ever, the goals shift from clinical, to social or vocational. The
primary aims of treatment become focused upon how a person
uses skills, rather than the continued pursuit of the skills them-
selves. Emotional, behavioural, and cognitive factors become
emphasised at this stage, requiring (1) psychological input to
the team to identify learning difficulties and/or help the patient
adjust to permanent disability, (2) speech therapy to optimise
the person’s communication skills, and (3) a vocational assess-
ment to determine alternative work opportunities. Social work
assistance may be required at any time to liaise with relatives
and determine their needs vis-a-vis the patient or the employer
but, during this period, they may help the treatment team recog-
nise the social goals of treatment by illustrating the type of
environment and support systems available after discharge.

Any discussion of team goals would be incomplete without
some consideration of when team decisions need to defer to
expert, individual decisions. The most obvious example would
be deference to a physician on some matter of clinical safety or
medical stability. Less obvious deferments would be to (1) a psy-
chologist, in circumstances where learning difficulties have been
identified that alter the way a patient responds to rehabilitation
procedures, (2) a physiotherapist, in respect to advice on matters
of mobility and balance, and (3) a social worker, when family
needs have been identified that cut across the stated team’s goal.
There are many other situations when the team needs to acknow-
ledge the expertise and experience of its own members and not
force a utilitarian decision simply because the mechanism for
one is available.



Team roles

The goals of the team at any stage of recovery will largely
determine the roles of its members. As implied previously,
these can be reduced to two broad categories—clinical recov-
ery or social re-entry. The latter depends to a large extent upon
the former, but the former is not sufficient (as a criterion for
rehabilitation outcome) without the latter.

The prominence of different team members changes as recov-
ery progresses. In post-acute stages, therapists need to be
concerned with the application of function in real-life settings.
This often proves a major obstacle to teamwork because some
therapists (perhaps physiotherapists in particular) find it very
difficult to leave the clinic and extend training in mobility or
coordination out in the community. Nursing staff also seem
unable to throw off the shackles of a shift system or the need to
carry out other “statutory” procedures, which are often unneces-
sary or less important to community training. Speech therapists
hardly ever see if their client can communicate as fluently at
the supermarket check-out as they do in therapy sessions! Clin-
ical psychologists are often too tied to standard test procedures to
assess cognition by observing how patients respond in functional
or community settings.

The moral of this rather critical perspective is that, in the
course of applying rehabilitation training, therapists often lose
their way and pursue objectives that have little social value to
the patient. Teare and McPheeters (1970) found that in most
working environments staff organise their time and activities
to suit their own convenience rather than the employer or the
project on which they work. Health-care staff of any discipline
are as vulnerable to this problem as anyone else; therefore, in
order to keep staff focused on the priorities of treatment on a
day-to-day basis, clinical coordinators have come into being.

Clinical coordination

Noon (1988) has referred to an interdisciplinary team as a group
consisting of “persons trained in different fields of knowledge
with different concepts, methods, data, and terms, organised
for a ‘common effort’ on a ‘common problem” with continuous
intercommunication among the participants from the different
disciplines” (p. 1160). This diversity of disciplines, know-
ledge, working procedures, and attitudes can be a recipe for
disaster unless the individual roles of team members are properly
integrated and continuously directed to the “common problem”.
Those experienced in team development and management will
recognise that Noon’s notion of “common effort” may exist as
a precarious entity, and the idea of a “common problem” often
seems more an illusion than a reality.

Rehabilitation goals are often difficult to define and can vary
according to who is offering the definition. Pollock (1986,
p. 128) points to the “variety of perceptions of health goals
and the assortment of pathways to reach these goals”. She pro-
poses that the different perspectives and approaches to their
solution can be divisive and “militate against effective team func-
tioning”. Her “key concepts” for effective teamwork therefore
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become (1) coordination of several people, (2) cooperation, and
(3) working towards a common aim. The appointment of a clin-
ical coordinator in each multidisciplinary team can help achieve
these aims. The role of a coordinator is to facilitate the interdis-
ciplinary process by keeping track of treatment goals, thereby
improving the continuity between different aspects of treatment.
The coordinator should try and help team members evaluate their
treatment methods with respect to those outcome goals that have
social significance for the patient. The coordinator can also take
some of the burden off the clinical team by acting as a link
between them and certain outside agencies who may need to
offer services to the team on an occasional basis. Coordinators
may also assume a personnel role, arbitrating between members
of the team when differences of opinion prevail.

Case managers

Whereas a clinical coordinator provides continuity at each
stage of recovery, a case manager provides a continuous
link throughout the whole recovery/rehabilitation continuum
(Aronow, Desimone, & Wood, 1986). In this respect, therefore,
case managers are the ultimate coordinators. In America, case
managers become involved as early as possible in order to ensure
that patients and their families receive information about treat-
ment opportunities that can maximise recovery during the acute
phase. Later they are responsible for identifying and coordin-
ating services between hospital and the community, providing,
where necessary, advice on long-term residential placement.

McMillan et al. (1988) emphasise the importance of a case
manager in promoting recovery and reducing the burden of stress
on families. They argue that the case management role cannot
be subsumed by other members of the therapy team on an occa-
sional or temporary basis. They also seek to distinguish this
role from that of a social worker. Most social workers become
involved at a particular stage of recovery, rather than throughout
the continuum, and may lack the knowledge of rehabilitation
procedures or patterns of recovery from different types of brain
injury necessary to evaluate progress and advise families on
alternative treatment opportunities.

TEAM DYNAMICS

How team members see themselves and their role often determ-
ines how they relate to other individuals in the team which, in
turn, determines the quality of communication and the opera-
tional effectiveness of the team. Several things influence this
perception: the first is the commitment of an individual to the
“team concept” as opposed to a “discipline concept”; the second
involves role and status factors affecting the cohesion between
team members; the third comprises personality and motivational
factors, which determine whether a team member works towards
team goals or their own personal (covert) goals.

Team oriented or discipline oriented?

Many team members also belong to departments within a hos-
pital and this may influence their sense of priority and feelings
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of allegiance. For example, a therapist may feel a responsib-
ility to work in a certain way that fits in with the activities of
the team but remains accountable to a head of department who
demands a style of working, time keeping, and reporting that is
incompatible with the team concept.

This can be a significant source of stress and tension to a
team member who, in trying to address the requirements of two
masters, succeeds in satisfying neither and antagonising both. In
some respects the solution to this dilemma is relatively simple
because it is a management or administrative problem which
should be referred to (and resolved by) a higher level of authority.
In practice, however, the bureaucratic nature of organisations
prevent such decision making, protracting and compounding the
problems experienced by clinical staff, often to the detriment
of their work. Such conflicts should be considered during the
early planning stage, before members of a team are identified,
in order that a proper frame of reference can be adopted by the
team members once they are brought together.

It must be realised, however, that discipline-oriented beha-
viour amongst team members may reflect feelings of anxiety on
the part of individuals who find it difficult to adjust to team-
working. As Snyder (1981) points out, there has been a lack of
educational preparation for teamwork amongst health-care pro-
fessionals, which means that the different therapy disciplines are
not sure how to relate to each other in a team context, allowing
divisions between therapists and nursing staff to become partic-
ularly pronounced, acting as a major constraint to the continuity
of care and the total integration of the treatment team.

Because young therapists, newly qualified, are not trained to
work in teams, they often feel more comfortable in a depart-
mental structure, surrounded by professional colleagues to
whom they can turn for advice and support. In an interdis-
ciplinary team, one may be seen as the “expert” for specific
areas of activity, creating anxieties about one’s ability to produce
innovative solutions to complex clinical problems. Alternatively,
experienced therapists, who should have no difficulty adapt-
ing their skills to suit new situations, often feel threatened by
having their ideas questioned, or being asked to change a well-
established work pattern in order to accommodate what the team
sees as a better style of working.

The cohesiveness of a team may depend largely on the meth-
ods used to integrate different skills, methods and concepts that
traditionally have separated individuals. Problems arise when
people lack a clear conception of what their role entails, or when
other people’s expectations of them are different from their own
(Kahn, Wolf, & Quinn, 1964). The implications of role ambigu-
ity according to Chell (1987) are: (1) inappropriate behaviours
and actions become wrongly associated with a particular role,
(2) decisions may be taken by the wrong people, and (3) conflict
both within and between role occupants may arise.

One way of avoiding role ambiguity is to avoid roles! Some
exponents of the rehabilitation team advocate a “blurring of
roles” (Eames et al., 1989), even to the point of using collect-
ive titles, such as rehabilitation officer, to avoid discriminating
between disciplines (Eames, 1989). Other writers (Lewis, 1984;

Payne, 1982) feel that this may not be the best practice, however,
because many individuals find role ambiguity very stressful and
therefore avoid working in team-oriented centres. However, as
Eames et al. point out, roles can be blurred without losing sight
of a person’s skills or when those skills should be utilised to
advise and lead the teams thinking about a problem.

To achieve the kind of cohesiveness that promotes interper-
sonal activity, increases communication, and improves treat-
ment delivery, teamwork must include: (1) a process for deciding
on goals, (2) a process for helping members adapt their personal
skills and responsibilities to achieve these goals, and (3) a pro-
cess of dividing up and distributing the work. Consideration
must also be given to the personal and career development
of team members allowing some integration of their personal
expectations with those of the parent organisation.

Personality and motivational issues

The fact that a rehabilitation team consists of a variety of dis-
ciplines and traditions makes its internal cohesiveness quite
fragile and provides conditions where personality differences
achieve asignificance out of all proportion to the problems which
precede them. Unless these differences are attended to, the “con-
tinuous intercommunication” Noon (1988) refers to will never
happen and the group will never function as a team, capable of
coordinating their efforts to achieve a common goal.

Chell (1987) argues that team management should reflect the
twin objectives of any organisation: to achieve operational goals
and satisfy individual needs. Payne (1982) claimed that personal
development and team development are inseparable in any kind
of collaborative team. Consequently, team development must
include efforts to establish a good level of interpersonal activity
between individuals in order for them to function properly as
a team and be effective. This is one reason why Dyer (1984)
described a team as “a collection of people who must rely on
group collaboration if each member is to experience the optimum
of success in goal achievement” (p. 4).

If motivation and personal development are such important
factors in team development the team leader should hold a series
of interviews with team members to identify their personal needs
and, where possible, accommodate these in terms of training
or counselling. This exercise can lead to alternative courses of
action. One alternative is to do nothing! This may be chosen if
only one individual presents a problem and when that person’s
needs are so out of line with the team’s needs that it is easier to
lose the individual than restructure the team. The other altern-
ative, a teambuilding exercise, needs to be considered if several
team members (especially key members) have personal needs
that are not being met by the team’s needs.

One procedure for teambuilding was proposed by Dyer (1984)
and consists of the following procedures:

(1) Take at least 1 day off for teambuilding and get away from
the hospital or clinic so that there will be no interruptions.
Also, the change of environment may create a change of



ambience that will help blur divisions between disciplines

and reduce status differentials.

(2) Each person should write his or her answers to the
following set of questions and be prepared to discuss these
answers with the other members of the team:

(&) What keeps you from being as effective as you would
like to be in your position?

(b) What keeps the staff in the rehabilitation unit or in your
department from functioning as an effective team?

(c) What do you like about this unit/team that you want to
maintain?

(d) What suggestions do you have for improving the
quality of working relationships and the functioning of
the team with respect to achieving patient goals or
providing better patient care.

(3) At the meeting, each person should present his or her
responses to the questions in (2) and these responses
should be written on a blackboard or flip chart. Responses
are categorised under four headings:

(a) blocks to individual effectiveness

(b) blocks to team effectiveness

(c) things people like

(d) suggestions for improvement.

(4) The group should list, according to priority, the problems
they want to address and this will form the agenda for the
rest of that meeting and subsequent meetings.

(5) The group should try to eliminate as many obstacles to
team development as possible. This may include clarifying
roles, resolving misunderstandings about interpersonal
attitudes, and sharing more information on each other’s
discipline activities.

The point of this exercise is to engage the team in a regu-
lar examination of its own effectiveness and to encourage the
development of solutions to its own problems. This can be a
complex process and the group will require some guidance to
address pertinent issues and not become sidetracked into unpro-
ductive arguments. Someone therefore needs to facilitate the
exchange of views and the elucidation of ideas and procedures
that will promote internal cohesiveness and the achievement of
team goals.

TEAM LEADERSHIP

Multidisciplinary teams obviously pose problems of status and
leadership. As Kane (1980) pointed out, any team with a doc-
tor in it tends towards a leader-centred pattern with the doctor
as leader, either because the other members of the group are
used to a subordinate position and the group process reflects
this (Odhnar, 1970) or because doctors argue that they are leg-
ally responsible for decisions about patients and therefore resist
the involvement of others.

Most clinical references to a rehabilitation team represent the
“consultant in charge” concept as the automatic criterion for
leadership. The Report of the Working Party on the Manage-
ment of Traumatic Brain Injury (Brooks et al., 1988) states that
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“the ward rehabilitation team should be led by the Consultant in
charge of the case . . .” followed by the statement that “this task
must not routinely be delegated” (p. 11). Chamberlain (1988)
and Wade (1987) point to the medical consultant as the natural
leader or manager by virtue of “clinical responsibility”. How-
ever, in the context of a multidisciplinary team, Furnell et al.
(1987) ask: “Who is responsible to whom, for what, and under
what circumstances?” (p. 15).

Responsibility and leadership

Furnell et al. (1987) describe the general concept of responsib-
ility as “the expectation, obligation or duty of individuals or
groups to perform certain functions and their culpability for
neglecting these” (p. 15). There are, however, social and profes-
sional expectations of responsibility and these are often confused
with formal organisational or legal definitions of responsibility.
It is necessary to discriminate between these different perspect-
ives if the question of responsibility and leadership is to be
properly understood.

One cannot confuse or contest the concept of medical respons-
ibility. It is based upon the formal training that every doctor
receives and their ultimate qualification in medicine. In addition,
the legal responsibilities of medical practitioners are incorpor-
ated in the National Health Service Act of 1946. However,
rehabilitation, especially in the later stages of recovery, is not
actually medical. If anything, the type of activity carried out at
most stages of rehabilitation is “clinical”, although at later stages
rehabilitation becomes essentially social. “Clinical rehabilita-
tion” covers a variety of skills, professions, and settings. This
changes the perspective of treatment from medical care to health
care, shifting what may be construed as legal responsibility away
from the medical doctor and establishing within every profes-
sional discipline a responsibility for the patient’s treatment and
quality of care.

The organisation and infrastructure of neurological rehabil-
itation has not received formal consideration by government
working parties, either in Britain or America, but one could
possibly make comparisons with the Nodder Working Group
(Nodder, 1980) who reported to the Department of Health and
Social Security on the organisation and management problems
of mental hospitals. They concluded that there was “no basis
in law for the commonly expressed idea that a consultant may
be held responsible for negligence on the part of others, simply
because he is the ‘responsible medical officer’ ” (p. 23). Within
the context of a multidisciplinary team it would seem that no
professional can be held responsible for another professional’s
actions, except in part by negligent delegation or referral.

Team leadership and team membership

What is the position of a doctor as team member? Most doctors,
especially consultants, will recognise that their actual involve-
ment with the team is quite limited, particularly in the later stages
of rehabilitation. Once medical stability has been achieved doc-
tors spend little time giving “hands-on” treatment (if they do
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any at all). Therapists, on the other hand, spend all their work-
ing hours in the rehabilitation unit and several hours each day
with individual patients. Doctors, by virtue of their different
role, have duties that take them away from the rehabilitation
unit, giving them less opportunity to involve themselves with
day-to-day rehabilitation activities. Consequently they tend to
see less of patients than other members of the rehabilitation team
and, by implication, are less involved in the total rehabilitative
care of a patient. This peripheral involvement can have a detri-
mental effect on the internal cohesiveness of the group, breeding
resentment and disharmony, which can destabilise the team at
times of pressure and stress.

One example illustrating this was recently given by a consult-
ant neuropsychiatrist in charge of a neurological rehabilitation
team in Houston, Texas (Cassidy, personal communication). He
explained how different therapy disciplines contributed each
morning to the dressing and personal hygiene programmes of
patients with various forms of disability. The medical staff,
however, did not become involved until later in the morning
when the progress of each patient was presented to them dur-
ing a team conference. This created a division of labour not
appreciated by the other members of the clinical team. Eventu-
ally the consultant-in-charge recognised this and accepted the
responsibility of helping to wash and dress one of the patients
each morning as part of his contribution to his schedule of
activities. His greater involvement with the more routine and
“menial” activities of the unit increased the motivation of the
other team members, altered the perceptions of patients about
the importance of morning hygiene activities, made him feel
a more central part of the team, and seemed to elevate morale
and team performance generally, making this an effective use of
his time.

Generally speaking, the skills and efforts of the various ther-
apy disciplines are the ones that determine whether or not a
patient will achieve his or her rehabilitation potential and, in
most respects, the doctor’s primary function is to actas a consult-
ant for the team, advising them on medical issues and pointing
out how certain conditions may impose constraints upon treat-
ment. If one therefore determines leadership by the amount of
involvement with the team or the contribution of team members
to achieve team goals, the doctor would hardly be in the running
in comparison with other disciplines.

Characteristics of a leader

Chell (1987) states that “Leadership is not a set of personal-
ity characteristics per se, nor a style of operating which can be
learned, but the ability to respond appropriately to the contin-
gencies of a situation” (p. 133). This definition distinguishes
between what leadership is as opposed to how to lead. With
respect to what makes a leader, several reviews of leadership
research find no substantive evidence to demonstrate that a leader
has any distinctive quality (or set of qualities) that separate him
or her from other members of the group (Chell, 1987; House &
Baetz, 1979; Yetton, 1984). House and Baetz suggest that there

are three “invariant characteristics” of all leadership situations:
(1) social skills, (2) the ability to influence others, and (3) the
ability to fulfil task requirements and organisational goals. In
specifying these characteristics the focus shifts from personal-
ity traits to skills and abilities (what Mischel, 1968 refers to as
competencies).

The principles of leadership appear to be the same at whatever
level in the leadership hierarchy one operates or whatever the
circumstances of the leadership role. The set of skills which
an effective leader must have and exercise are (1) an ability to
diagnose situations, (2) an ability to exercise judgement about
what needs to be done and to do it, and (3) to have an adapt-
ive personality, flexible enough to behave in ways demanded
by the situation in order to maintain appropriate social skills
and exercise influence. Belbin (1981) reduces the characterist-
ics of a leader to “someone tolerant enough to listen to others
but strong enough to reject their advice” (p. 53). In this respect a
fundamental aspect of leadership is perception. Leaders have to
protect themselves from the tendency to perceive aspects of the
situation selectively, possibly distorting what appears to have
happened, placing an incorrect interpretation on events.

Team structure and decision making

If the doctor is seen as the one who makes all the decisions,
then a hierarchical structure automatically develops within the
team and this tends to create an inflexible style of working.
Burns and Stalker (1961) argue that hierarchical control can be
effective when the problems that arise are predictable, but when
staff are required to find innovative solutions to problems a hier-
archically organised system can prevent (1) the right kind of
staff interaction, (2) the production of ideas, and (3) the sense
of responsibility that may be required to establish and achieve
groups goals. Wilkinson (1973) found that resistance to innov-
ation is less strong when there is a high level of interaction
amongst staff, implying that a leader-centred structure is the
least desirable system for a rehabilitation team.

A number of experts on team development have commented
upon the need for a leader to be open to influence (Ends & Page,
1977; Likert, 1961; Payne, 1982). Ends and Page claim that
the amount of influence a leader has over a team depends on
how much the team think they can influence the leader. Likert
felt that if team members were allowed to influence the leader’s
decisions they would have more commitment to them, based on
his principle of interaction influence. The value of this to the
leader is that if the team members adopt his decisions as their
own, the leader will actually (but covertly) have more control
over their subsequent actions.

Vroom and Yetton (1973) proposed a decision-making model
that would help balance the quality of a decision and its accept-
ance by team members. This model enables the team leader
to decide which management style to adopt according to the
demands of a situation. Five leadership styles were identified.

(1) The leader makes an executive decision autonomously,
based upon an appraisal of the situation.



(2) The leader asks team members for information and their
perceptions of the situation before making a decision.

(3) The leader shares the problem with team members
individually, obtains their opinion, and then makes a
decision that may or may not reflect the ideas of team
members.

(4) The leader shares the problem collectively with all team
members, obtains their views, but again makes a decision
that may or may not reflect these views.

(5) The leader shares the problem with the group, encourages
them to discuss it and collectively reach alternative
solutions. Once consensus is reached, the decision is
implemented.

The decision on which style to adopt depends upon (1) the time
available to reach a decision, (2) the amount of knowledge avail-
able to the group to help them reach a sensible decision, (3) how
important it is to have the team adopt the decision, and (4) the
general level of agreement existing in the group at any given
time. In a multidisciplinary team dealing with clinical issues,
these factors will always vary and therefore the model seems to
reflect the reality of most leadership situations.
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SUMMARY

Instead of providing a clinical utopia, attempts to establish and
implement rehabilitation teams often flounder on the rocks of
personality conflict, role ambiguity, status problems, or the lack
of a clinical model that will provide a framework for team activ-
ities and direct efforts in a way that unifies clinical staff rather
than fragments them. Management ideology often overlooks the
fact that there are “teams within teams” and that team members
also belong to departments. Team membership is not therefore
an all-or-none thing, and some consideration must always be
given to the multiple identities shared by some members of a
clinical team in order to understand how the team’s structure
and its position in a broader health care system may influence
the dynamics of team membership.

The development of teams in any health-care system has never
been easy and more effort is needed during staff training to
convey their value. It is also important to educate qualified staff
in the potential advantages (to patients) of a team approach. Part
of this education will inevitably involve disabusing some clinical
staff that working under the same roof or sharing treatment on
the same patient may be necessary, but not sufficient criteria for
a team approach to neurological rehabilitation.
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5. Measurement of disability and handicap

Christine Collin

INTRODUCTION

Assessment of disability and of handicap begins with an
appraisal of the patient, in a hospital bed, in an out-patient
department, or at home. It may be clarified or confirmed in those
with communication disorders or cognitive impairment, by an
interview with an immediate carer or next of kin. Other members
of the rehabilitation team will contribute more detailed informa-
tion. Assessment demands a knowledge of the tools available for
the job but, more fundamentally, requires a recognition of disab-
ility and handicap. The diagnostic approach to disease militates
against the careful functional analysis required in neurorehab-
ilitation. It is difficult to remember that the patient dying with
a paraneoplastic peripheral neuropathy may have independent
upper limb function extended for weeks or months by the use
of mobile arm supports or elbow coasters, when most medical
enthusiasm is directed towards finding the primary lesion or
considering the merits of cancer therapy.

This chapter aims to present a guide to the measures used
in disability and handicap. The 1970s onwards have seen an
explosion of these measures and most serious researchers in this
field have now called for an end to the development of new
measures suggesting that research interests can be focused on
validation and reliability studies of existing measures, and a
clear definition of their use, range, and limitations. An important
application of their use is in the development of clinical audit.

Measures of disability and handicap are not confined by their
descriptors. Some disability scales include impairments and
many handicap measures record disability. There are four main
categories of global disability and handicap measures. There
are the early Activities of Daily Living (ADL) scales, which
tend to record best the more severe levels of disability and are
more relevant to hospitalised patients. Instrumental or exten-
ded Activities of Daily Living (IADL) are the second group and
measure physical skills, but also reflect social skills and roles,
and function within an environment or community. There is a
third small group of measures, which are very short (five or six
items only), easy, and quick to use, and are used to measure out-
come in large medical trials. Last, there are many global health
and life status questionnaires that cover physical, emotional, and

social aspects of life, and attempt to record well-being or quality
of life. These scales are usually long and may be used to com-
pare communities, or groups of patients undergoing different
treatments. Focal measures of ability, measuring one attribute
or function such as gait speed, will not be covered in this chapter.

ICIDH AND ICIDH-2

The International Classification of Impairments Disabilities and
Handicap (ICIDH) developed by Philip Wood of the World
Health Organization (WHO, 1980) attempted to shed light and
order on disabling experiences and has been revised. The ori-
ginal three terms used in Wood’s 1980 ICIDH nomenclature—
impairment, disability, and handicap—are attributed to Riviere
(undated). They have become an accepted and useful frame-
work within which to consider disablement.! Vreede (1988)
commented on the negative aspect of these terms, preferring
the more positive terms “activities of daily living” and “instru-
mental activities of daily living”, and this suggested a continuum
of experience.

Premorbid health and social status is rarely quantified in
assessment scales although it is often the perceived rehabil-
itation goal of the patient and his family. The new ICIDH-2,
begun in 1993 (WHO, 1997), tries to take this into account and
removes some of the negative nomenclature, but changes two
of the three terms, disability and handicap (Gray & Hendershot,
2000; WHO, 1997). The aim of the revision was make the tool
more capable of use in different countries and cultures, and more
acceptable to different sociological and health-care disciplines.

“Impairment” (1) has survived unchanged and is defined as a
loss or abnormality of body structure or of a physiological or
psychological structure. Abnormality is defined as a significant
variation from a measured population norm.

“Activities” (A) replace “Disability” and are defined as the
“nature and extent of functioning at the level of the person.
Activities may be limited in nature duration and quality”.
This is a positive reframe of disability, removing the negative
terminology, and concentrates on ability or doing.

1 Disablement is a term that can be used less restrictively than the
ICIDH-defined term “disability”.
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Figure 5.1. Current understanding of interactions between the constructs of
ICIDH-2. (From -1 draft June 1997 with permission from WHO.)

“Participation” (P) replaces “Handicap”, and like handicap
deals with the societal consequences of the health condition.
It is defined thus: “Participation is the nature and extent of a
person’s involvement in life situations in relation to Impairments
Activities Health Conditions and Contextual factors.” As before
this still concentrates on being.

In practical terms in the health environment it was always dif-
ficult to achieve precise use of the terms disability and handicap,
and it is likely that similar problems will be evident with the use
of the new nomenclature. It retains the three-level classification
and it improves on the understanding of the interactions and lim-
itations of the model by including contextual factors in the new
diagrammatic representation (Figure 5.1). It also removes the
unidirectional and inevitable implications of the previous model.
Inclusion of contextual factors is an attempt to acknowledge the
premorbid status of the individual.

In ICIDH-2, participation emphasises interactions within
society and the environment but still focuses on seven areas: per-
sonal maintenance; mobility; exchange of information; social
relationships; education, work, leisure, and spirituality are the
fifth area; economic life is the sixth; and the seventh is civic
and community life. Survival roles are abandoned and there is
a separate grading of contextual factors in recognition of the
influence of premorbid and external factors on the generation of
handicap.

It has taken many years for the original ICIDH nomen-
clature to enter common usage. The new terminology has been
explained in this chapter but as it is not yet clear whether it will
be accepted the original terms are retained.

WHY MEASURE?

Measurement in most specialities assists clinical management,
research evaluation, and medical audit. In neurorehabilitation
ADL assessment leads to the identification of significant disab-
ilities. Regular measurement leads to the monitoring of change
and frequent review of the treatment programme. This has
a cascade effect and prompts both decision making and the

determination of an accurate prognosis. This is a practical and
educational exercise for all members of the rehabilitation team.
Use of an appropriate ADL measure also permits long-distance,
postal, or telephone follow-up.

In research evaluation use of a well-known and widely used
ADL scale such as the Barthel (Mahoney & Barthel, 1965)
means that entry and outcome data from different trials can be
pooled or compared. Communication between research work-
ers and different centres is enhanced if the same measurement
tools are being used. The results of different interventions or no
intervention can be more easily compared.

Attempts at audit in acute specialities have revealed many
difficulties which are relevant to the problems posed in rehabil-
itation medicine. Defining endpoints is particularly difficult and
can only be attempted with the use of appropriate measurement
tools. The efficiency of different units can be compared. Audit of
progress and management of specific disease processes becomes
an integral part of the medical workload. If health service
funding becomes insurance based then American experience
suggests that scored disability assessments will play a vital part
in securing remuneration for rehabilitation services. Thiswasthe
reason in 1983 for the development of the prototype of the Func-
tional Independence Measure (FIM) by Hamilton, Granger, and
colleagues. The FIM is now one of the more widely used global
measures of personal and extended ADL (Hamilton, Granger, &
Sherwin et al., 1987). Other reasons for measuring include pop-
ulation screening, goal setting, selection of patients for clinical
trials, and prioritisation or selection for specific treatments.

WHAT IS A GOOD MEASURE?

In the same way as one selects a screwdriver for screws or
a hammer for nails, a good measure is only good if it is the
most appropriate tool for the job. It is important to understand
the strengths and limitations of the measuring tools avail-
able. Does it measure what you want? Does it measure it
in units that you understand? The mathematical characterist-
ics of scales should be understood before attempting statistical
analysis (Collin, 1992). A scale might be ordinal, measuring
magnitude, or nominal, describing rather than quantifying the
data. Weighting might be added to give more emphasis to cer-
tain characteristics. Scores of disparate functions are often added
together to give a single rating—the summed score. This defies
mathematical logic but is all too often accepted in rehabilitation.
Imagine asking what fruit and vegetables were left in the food
store and being told, forty-three. Many disability scales are like
this. Attempts have been made to develop hierarchical scales
with Guttman scaling properties (Guttman, 1950) and interval
scales with Rasch analysis (Rasch, 1980). Tennant, Geddes, and
Chamberlain (1996) applied Rasch analysis to the Barthel Index
to test its appropriateness as an interval measure, and found that
a change in ability at the upper end of the scale was three times
greater, unit for unit, than an apparently similar change in the
middle of scale. This simply confirms that it is an ordinal scale
and requires non-parametric statistical methods.



The more complicated or sensitive a measure is, the less
reliable it is. A good scale is usually simple, measures the char-
acteristic you are interested in or has a valid relationship to it,
and is reliable. Repeating the test yields the same score and dif-
ferent people applying the scoring or doing the test, also achieve
the same answer. There are many statistical methods of analysis
in use to establish these properties. The pitfalls of measure-
ment are expertly reviewed by McDowell and Newell (1996)
and Wade (1992).

DISABILITY

Activities of daily living (ADL) are central to the measurement
of disability. What are they? They are the basic self-care skills
necessary for personal independence. The first published disab-
ility index that included everyday activities necessary for normal
living was reported by Marjorie Sheldon in the Journal of Health
and Physical Education in 1935. Judith Buchwald was the first
user to publish the term “activities of daily living” in the Phys-
ical Therapy Review (1949), although some attribute the term to
George Deaver (Deaver & Brown, 1945). Analysis of 25 ADL
indices by Donaldson et al. in 1973 revealed that there were
10 essential activities in any ADL assessment. These are:

(1) dressing

(2) bathing

(3) transfers

(4) grooming

(5) managing stairs
(6) walking

(7) feeding

(8) going to the toilet
(9) wheelchair skills
(10) continence.

The most important characteristics of any assessment are that
it should be reliable, valid, sensitive, and simple to perform.
Unfortunately, pursuit of individuality and sensitivity has led to
the proliferation of longer and longer assessments, with more
intricate scoring, covering a wider range of activities, that over-
lap into handicap. These are instrumental ADL scales and are
discussed later.

Feinstein, Josephy, and Wells (1986) reviewed 43 functional
disability indices and identified several problems. They poin-
ted out that there is an absence of attention to the collaborative
role of the patient, and suggested that complex psychoso-
cial attributes are difficult to coordinate with physical ratings.
Partridge and Johnston (1989) devised a rating of locus of con-
trol, which indicates whether the patient is passive (external) or
self-motivated (internal). This can be used to predict collaborat-
ive effort and subsequent reduction of disability and handicap.
Feinstein observed that patients’ preferences about the relative
importance of different disabilities was not sought. Other prob-
lems he noted included difficulties in measuring change, the
use of transitional indices, the absence of reliability data, the

MEASUREMENT OF DISABILITY AND HANDICAP 53

misinterpretation of summed scores, and the frequent absence
of conceptual justification and criterion validity.

Law and Letts (1989) found similar problems in a critical
review of over 20 ADL scales. After analysing the appropriate
functions of different scales, they recommended that no further
ADL scales should be developed. The Barthel index was the
most consistently recommended scale.

McDowell and Newell (1996) selected the seven ADL scales
with the best published evidence on validity and reliability, from
more than 50. They drew attention to the difference between
simple ADL scales such as the Barthel, measuring only the cent-
ral activities necessary for independence in personal care, and
measures of instrumental or extended ADL (IADL or EADL),
such as the FIM and the Nottingham Extended ADL—which
extend the disability theme into handicap with the inclusion
of social adjustment and environmental factors. This group of
measures could be renamed Participation ADL (PADL) in line
with ICIDH-2. These measures are often coupled with the basic
ADL scales because they retain ADL items in their content. In
similar vein the OPCS national survey of disability arrived at
12 categories, including seeing, hearing, consciousness, disfig-
urement, and reaching in addition to more basic ADL items
(Martin, Meltzer, & Elliot, 1988).

The recent development of PADL scales reflects first a trend
in rehabilitation towards focusing treatment programmes on
reduction of disability and handicap, with the aim of achieving
patient-oriented goals; and second the perceived requirement for
asingle outcome measure to demonstrate the effectiveness of the
programme. The ADL scale is not a global outcome measure,
but can be used with a number of other specific tools of assess-
ment to record change (e.g., Rivermead Behavioural Memory
Test, Boston Aphasia Tool, Hospital Anxiety and Depression
Scale). None of the measures used explain why change has taken
place or whether it is environment specific. If the perfect disab-
ility measure was available, then clinical assessment and skill at
suggesting interventions might become redundant.

ADL scales
Barthel ADL index

In this I will suggest that the Barthel ADL index (BI; Table 5.1)
be adapted as a standard against which other measures should be
evaluated. The Bl is most useful when monitoring progress in an
acute rehabilitation unit. It cannot stand alone, because it does
not measure communication, cognition, mood, or motivation.
Wade and Collin (1988) proposed that the Barthel index
should be in widespread use as the preferred measure of phys-
ical disability. Why? The BI contains the 10 activities usually
considered to be the core of any ADL assessment. It has been
used in more research than any other scale, and has covered a
wider range of conditions. In 1980 Gresham, Phillips, and Labi
showed that the BI was superior to both the Katz ADL index and
the Kenny self-care evaluation when considering completeness,
sensitivity to change, and amenability to statistical evaluation;
the BI also had greater familiarity because of its widespread
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Table 5.1. The Barthel ADL Index (from Mahoney & Barthel, 1965)

Item

Categories

Bowels

Bladder

Grooming

Toilet use

Feeding

Transfer

Mobility

Dressing

Stairs

Bathing

0 = incontinent (or needs to be given enemata)
1 = occasional accident (once per week)

2 = continent

If needs enema from nurse, then “incontinent”.
Occasional = once a week.

0 = incontinent/catheterised, unable to manage

1 = occasional accident (max once every 24 h)

2 = continent (for over 7 days)

Occasional = less than once a day.

A catheterised patient who can completely manage the
catheter alone is registered as “continent”.

0 = needs help with personal care

1 = independent face/hair/teeth/shaving
(implements provided)

Refers to personal hygiene: doing teeth, fitting false teeth,
doing hair, shaving, washing face.

Implements can be provided by helper.

0 = dependent

1 = needs some help but can do something alone

2 = independent (on and off, dressing, wiping)

With help = can wipe self, and do some other of above.

0 = unable

1 = needs help cutting, spreading butter, etc.
2 = independent (food provided in reach)
Help = food cut up, patient feeds self.

0 = unable—no sitting balance

1 = major help (one or two people, physical), can sit

2 = minor help (verbal or physical)

3 = independent

Dependent = no sitting balance (unable to sit); two
people to lift.

Major help = one strong/skilled, or two normal people.
Can sit up.

Minor help = one person easily, OR needs any
supervision for safety.

0 = immobile

1 = wheelchair independent (includes corners)

2 = walks with help of one (verbal/physical)

3 = independent (may use any aid, e.g., stick)
Refers to mobility about the house or ward, Indoors.

May use aid. If in wheelchair, must negotiate corners/doors

unaided.

Help = by one, untrained person, including supervision/moral

support.

0 = dependent

1 = needs help, does about half unaided

2 = independent, includes buttons, zips, shoes

Should be able to select and put on all clothes, which
may be adapted.

Half = help with buttons, zips, etc. (check!), but can put on
some garments alone.

0 = unable

1 = needs help (verbal, physical), carrying aid

2 = independent

Must carry any walking aid used to be independent.

0 = dependent

1 = independent (may use shower)

Usually the most difficult activity.

Must get in and out unsupervised, and wash self.

Independent in shower = “independent™ if
unsupervised/unaided.

use. They commented, “The Barthel ADL Index reflects the
pragmatism and long clinical experience of its designers in its
frankly preferential weighting of mobility and continence above
other variables.”

In 1996, 31 years after Mahoney and Barthel’s first public-
ation, McDowell and Newell are still recommending its use.
“The Barthel Index is wisely respected as a good ADL scale:
it also occupies an important place in the development of this
field. Validity data are more extensive than those for many other
ADL scales, and the results appear superior to others we review”
(p. 62). They describe the original and the most used modified
versions, including Granger’s 15-item version, the modified 10-
item version of Collin and Wade scoring 0-20 (Collin, Wade,
Davies, & Horne, 1988), and a revised scoring of the 10-item
version by Shah (Shah, Vanclay, & Cooper, 1989).

Does the BI have clinical utility? Is it quick and easy to use?
Avre the instructions clear? Is the scoring straightforward and can
the results be communicated easily to others and over time? The
Bl is certainly easy to use. The score is a summed aggregate and
there is preferential weighting of mobility and continence. Both
self-report and taking information from nurses or carers were
shown by Collin, Wade, Davies, and Horne (1988) to be reliable
and rapid (less than 5min.). The BI has also been shown to be
reliable when obtained over the telephone (Shinar et al., 1987)
and by post (McGinnis, Seaward, DeJong, & Osberg, 1986).

The BI is a 21-point scale, either 0-20 in one-point incre-
ments or 0-100 in five-point increments, and zero represents
the worst score. Wade and Langton Hewer (1987) showed that
in the 21-point scale the items showed a hierarchical tendency
and suggested that this should be the preferred scoring. Barer
and Nouri (1989) suggested that if the preferential weighting
was removed and each item simply scored “pass” or “fail” then
Guttman criteria are satisfied and it forms an ordinal scale of at
least 10 points. However, this modification would reduce sens-
itivity and would be undesirable since one common criticism is
that the BI lacks sensitivity.

Is the BI valid? Because it contains all the items usually
included in ADL indices it can be said to have as much face
validity as any other ADL measure. Concurrent and predictive
validity have been established (Granger, Dewis, et al., 1979;
Wade & Langton Hewer, 1987; Wylie, 1967). They related
Bl scores to the extent of motor loss, mortality, overall stroke
severity, depression, accommodation, social activities, clinical
judgement, and need for support in the community.

Factor analysis has confirmed that the Bl is measuring a single
domain. In stroke patients there seems to be a predictable pro-
gression through items as recovery occurs. The Bl has also been
shown to correlate closely with functional outcome in amputees
(Collin, Wade, & Cochrane, 1992; Kullmann, 1987).

Is it reliable? High test-retest reliability correlations have
been reported (Granger, Albrecht, & Hamilton, 1979). A well-
designed formal study, performed as part of a large-scale study
into stroke, found good reliability between different observers
and telephone reporting (Shinar et al., 1987). Our study found
an acceptable degree of reliability between testing observers and



asking observers, and established what appeared to be genuine
score changes (Collin et al., 1988).

Sensitivity signifies the smallest change detectable. Having
only 21 different values the Barthel would seem to be relat-
ively crude. Wade and colleagues (Wade & Langton Hewer,
1985; Wade, Wood, & Langton Hewer, 1987) and Granger,
Dewis, et al. (1979) found that it was sensitive to change and
determined that independence and dependence in selected items
correlated with total score. Granger, Hamilton, and Gresham
(1989) in a large multicentre stroke outcome study confirmed
its ability to detect change and its use as a predictor of eventual
outcome, but showed that there were no single cut-off scores
that were specific or sensitive enough to use as a sole criterion
for admission or discharge from rehabilitation services. A trade-
off for its robust reliability is the presence of ceiling and floor
effects, a lack of sensitivity at the extremes of scoring. This is
not important as the main clinical purpose of the Barthel is to
detect when someone starts to need personal help and quantify
this need to the level of total dependence.

These are convincing arguments in favour of accepting the
Barthel as the standard index of disability. Its use does not pre-
clude the use of other more detailed assessments which may be
necessary for the development of a particular course of treat-
ment. All assessments used should ideally have been tested for
validity and reliability. Therapists frequently suggest that it is a
crude measure and ignores quality of movement or safety, but as
these factors are usually associated with the ability to perform
the act independently, it does measure some aspects of quality.

There is always a great temptation to modify a good measure
in line with particular needs and, as described, this has happened
with the Barthel. It has been extended with more complex scor-
ing to give it greater sensitivity (Fortinsky, Granger, & Seltzer,
1981; Granger, Albrecht, & Hamilton, 1979; Shah, Vanclay, &
Cooper, 1989) and simplification of the scoring to only 10 points
has also been suggested (Barer & Nouri, 1989). As most of the
research confirming its validity and reliability was performed on
the original 21-point scale it seems sensible to continue using this
version. The guidelines and modifications (Table 5.1) sugges-
ted by Collin and Wade et al. (1988) are recommended because
they have been widely tested and shown to be reliable. When
using the Barthel it is important to know which version it is, and
this one can now be regarded as the English version. In prac-
tice it is now used widely in rehabilitation and is also used by
geriatricians, nurses, and social workers. It forms the core of
many assessment and protocols that govern nursing home and
community care allocations.

Katz ADL index

This was developed on orthopaedic and elderly patients.
Katz et al. (1963) observed that loss of functional skills occurs in
a particular order, the most complex skills being lost first. Com-
ponents measured include bathing, dressing, toileting, transfer,
continence, and feeding. It omits mobility, wheelchair skills,
grooming, and the use of stairs. The scoring is hierarchical but
is cumbersome, and not easily amenable to statistical analysis.
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Patients are assigned to one of seven categories according to
the activities in which they are independent. If they break the
ranking order more than once, then they are assigned to a separ-
ate unclassified category. The Katz ADL index has been widely
used. It records the lowest level of function over a 2-week period
of observation and takes 1-2 hours to perform. Although it has
been used widely there has been little published evidence on
reliability and validity.

Kenny self-care evaluation

This was developed by Hubert A. Schoening and staff of the
Sister Kenny Institute in 1965 (Schoening et al., 1965). It
includes trunk control, transfers, mobility, dressing, personal
care, excretion, and feeding. Each of these seven categories
have up to four activities with up to eight component tasks
for each activity. It does not rate continence or toileting. In
all there are 17 activities and 85 tasks. Each task is rated on
a three-point rating scale: “independent”, “requires help”, and
“dependent”. Task scores are combined to produce an activ-
ity score between 0 (dependent) and 4 (independent). These
are averaged to produce category scores. The Kenny provides
great detail, but statistically has not been shown to be of super-
ior discriminative ability to the Barthel. The scoring system is
complex. The test takes up to 2 hours to perform and relies on
direct observation.

PULSES

This is an acronym and was derived from earlier assessment
methods used to estimate fitness for military duty. It means:

P = physical condition

U = upper limb functions

L = lower limb functions

S = sensory components (speech, vision, hearing)
E = excretory functions

S = mental and emotional status

Each subcategory is graded from “1” (completely independ-
ent) to “4” (severely disabled and dependent). When first
introduced by Moskowitz and McCann (1957) it required a full
medical examination and access to appropriate social informa-
tion, but it was adapted in 1975 by Granger et al. so that the
criterion throughout was the need for assistance.

The scoring system gives a numerical score from “6” (fully
independent) to “24” (maximally dependent). PULSES differs
from the Barthel in that it contains a psychosocial measure and
a combined measure of speech, vision and hearing. The Barthel
in contrast measures independence in individual functions (e.g.,
eating), that have direct implications for providers of care, by
giving a clear assessment of need. PULSES has been found to
be a reliable and valid measure when compared with the Barthel
(Granger, Albrecht, & Hamilton, 1979), but when used to predict
vocational status (Goldberg, Bernard, & Granger, 1980) was
found to be inferior.

The Barthel and the PULSES profile were incorporated by
Granger into the Long Range Evaluation System with a group
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of psychosocial measures. Using computer methodology he pro-
duced feedback reports, to permit rapid programme evaluation
and comparison of individuals at different times in different loc-
ations (Granger et al., 1975). It is a very simple measure but is
not used a great deal.

HANDICAP

The ICIDH format describes handicap as a disadvantage result-
ing from an impairment or disability, that limits or prevents the
fulfilment of a role that is normal, depending on age, sex, social,
and cultural factors, for that individual. It describes handicap
in terms of its interference with what can be designated as sur-
vival roles. These are classified into six categories: orientation,
physical independence, mobility, occupation, social integration,
and economic self-sufficiency. A seventh category “other” has
been included to allow coding of other areas of disadvantage not
included in the six survival roles.

Handicap has been regarded as the mismatch between disabil-
ity and environment. Critics of this simple concept of handicap
have developed a broader image of handicap. This takes into
account the contributing factors of impairment, disability, self,
physical environment, cultural environment, and their interac-
tion. ldentical disabilities can result in differing handicaps due to
cultural factors and it becomes increasingly important in a multi-
cultural society to identify the important rehabilitation goals for
each patient taking into consideration the aims and intentions of
the family.

These criticisms were responsible for the ICIDH-2 and the
development of a new language in which the societal con-
sequences of a state of health and its interaction with the
environment are described as participation.

Simple social and environmental measures can be aston-
ishingly effective in reducing handicap and it may require
government legislation, as in Canada, to make it happen (Hahn,
1987). This would ensure that wheelchair users had freedom
of access to all public places and use of public transport.
Many young tetraplegic patients face a horrendous barrage of
difficulties before successfully achieving the transition from
hospital to independent status in the community and some are
not successful. The simple removal of physical barriers can-
not remove handicap entirely because of the broader social and
cultural factors involved. It is disappointing that environmental
mountains are encountered so frequently when attempting to
rehabilitate patients back into the community.

Many of the following scales infer handicap from disability
measures. Handicap is a personal experience and it is probably
unreasonable to suggest that it can be measured in a reliable way
using any scales. A concert pianist will have enormous handicap
if unable to perform because of a tendon injury in the hand, but
will probably score maximum points on most extended ADL
scales. It is difficult to believe that any scale can satisfactorily
measure handicap due to its subjective content.

It can be argued that all human activity is modified by limiting
conditions, which can be interpreted as handicap. It would be

difficult to develop a score that could encompass or express this
range. Quality of life or satisfaction with life measures come
closest to measuring handicap but are not truly synonymous.

Instrumental or participating ADL

These usually include a wider range of activities that encom-
pass domestic, leisure, and work spheres. The result obtained
is a useful outcome measure. It infers “something” about
handicap—usually a subjective judgement by the assessor—
rather than an appraisal by the person with the disability.
Assessment of mobility restriction is usually included by asking
whether the patient walks outside, crosses roads, uses public
transport, or drives a vehicle and does his or her own shop-
ping. Some measure social interaction by asking the frequency
of social outings, use of telephones, and writing letters. A few
preclude the use of a separate ADL scale by including self-care
activities, but these areas are better assessed separately because
ADL scores are usually used during an acute event, whereas
IADL measures are usually used during out-patient or distant
follow-up. Many of the combined measures are simply too long
to have any clinical utility. The Frenchay Activities Index and the
Nottingham Extended ADL Scale are two similar assessments
and both have demonstrated reliability and clinical utility.

Frenchay activities index

The Frenchay activities index (Table 5.2) was developed by
Holbrook and Skilbeck (1983) and concentrates on social activ-
ities that span domestic, leisure, and work interests, indoors and
outdoors. They recorded the frequency of 22 activities in stroke
patients and then used factor analysis, which reduced the num-
ber of activities to 15. It is quick and easy to use, taking only
5 min to score and can be completed by interview or be used as
a postal questionnaire. It gives a single summary score or can be
used to give separate domestic, leisure, and social scores. Factor
scores were produced to account for potential sex differences.
These are rarely used in clinical practice.

Nottingham extended ADL scale

Nouri and Lincoln (1987) looked at activities undertaken by
stroke patients and ranked them hierarchically. The Nottingham
extended ADL scale (Table 5.3) is organised in four sections:
mobility, kitchen, domestic, and leisure. The Guttman scaling
procedure showed that all sections were valid unidimensional
scales except for mobility which narrowly missed with a coef-
ficient of reliability of 0.85 instead of 0.9 or above. The scale
was developed very rigorously and the kappa coefficient was
used to estimate test—retest reliability. This was excellent for 19
of the 22 questions, but was lower for some of the housework
guestions.

As the discrepancies were only observed in male respondents,
it may be another example of the “he can, but does he” issue.
This activities scale is also useful because the scoring, which is
simple to understand, records whether the activity is performed



Table 5.2. Frenchay activities index (from Holbrook &
Skilbeck, 1983, ‘An activities index for use with stroke
patients’, Age and Ageing, 12, 166-170, by permission of
Oxford University Press)

Score

In the last 3 months:
Preparing main meals
Washing up

0 = never

1 = under once weekly
2 = 1-2 times/week

3 = most days

0 = never

1 = 1-2 times in 3 months
2 = 3-12 times in 3 months
3 = at least weekly

Washing clothes

Light housework

Heavy housework

Local shopping

Social occasions

Walking outside longer
than 15 min

Actively pursuing hobby

Driving car/going on bus

In the last 6 months:
Travel outings/car rides 0 = never

1 = 1-2 times in 6 months

2 = 3-12 times in 6 months

3 = at least twice weekly

Gardening 0 = never
Household/car maintenance 1 = light
2 = moderate

3 = all necessary

0 = never

1 = one in 6 months

2 =< one per fortnight
3 => one per fortnight

Reading books

0 = never

1 = up to 10 h/week
2 = 10-30 h/week
3 = over 30 h/week

Gainful work

The aim is to record activities which require some
initiative from the patient. It is important to concentrate upon
the patient’s actual frequency of activity over the recent past,
not his distant past performance or his potential performance.
One activity can only score on one item.

independently, independently with difficulty, with help, or not
at all. Scoring for each activity can be 4 points or 2 points (inde-
pendent/dependent) and statistical evaluation was carried out on
the two-point scale.

The use of either of these two scales as social activity measures
is recommended because they have been carefully developed,
are quick and easy to use, and are equally reliable as self-report
measures. The Frenchay activities index includes gainful work
and therefore has a wider range than the Nottingham extended
ADL. The strength of the extended ADL is its demonstrated
hierarchical properties.

Functional status index and questionnaire

Jette (1980) developed the Functional Status Index to provide
a comprehensive assessment of non-institutionalised adults. It
measures pain and difficulty in performing tasks as well as level
of dependence, reflecting its original purpose which was to eval-
uate a programme of care for elderly arthritics. The original
version was very long, and a shortened version (20-30 min)
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Table 5.3.  Nottingham extended ADL scale (from Nouri &
Lincoln, 1987 with permission from Hodder/Arnold Ltd)

Response categories: 2 points 4 points
“no”, “with help” Scores 0
“on my own with difficulty”, “on my own” Scores 1
Questions:
Mobility

1. Do you walk around outside?

2. Do you climb stairs?

3. Do you get in and out of the car?
4. Do you walk over uneven ground?
5. Do you cross roads?

6. Do you travel on public transport?

In the kitchen

1. Do you manage to feed yourself?

2. Do you manage to make yourself a
hot drink?

3. Do you take hot drinks from one
room to another?

4. Do you do the washing up?

5. Do you make yourself a hot snack?

Domestic tasks

1. Do you manage your own money
when you are out?

. Do you wash small items of clothing?

. Do you do your own housework?

. Do you do your own shopping?

. Do you do a full clothes wash?

eisure activities

. Do you read newspapers or books?
. Do you use the telephone?

Do you write letters?

. Do you go out socially?

. Do you manage your own garden?
. Do you drive a car?

that covers five areas, mobility, personal care, hand activities,
home chores and interpersonal activities was produced. Results
of validity testing were rather low.

The functional status questionnaire (Jette et al., 1986) was
then developed and is attractive because it is self-administered,
but unattractive because it requires computer analysis to produce
a single-page report including six summary-scale scores and
six single-item scores. It is a screening tool to detect levels of
disability in the community and addresses psychological well-
being, work performance, and social and personal factors in
addition to physical function. Little attention has been paid to it
inthe UK, possibly because it is dependent on dedicated software
available from one American source.

FIM and FIM + FAM

The Functional Independence Measure (FIM) and the Functional
Assessment Measure (FIM + FAM) were barely mentioned in
the first edition of this book but in a recent survey of 180 rehab-
ilitation units in the UK (Turner-Stokes & Turner-Stokes, 1997)
123 reported that they were using some form of global measure
of which the commonest was the Barthel index (78%) and the
next was the FIM or FIM + FAM (45%).

The FIM was started in 1984 by a national task force from
the American Congress of Rehabilitation and the American
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Academy of Physical Medicine and Rehabilitation in response
to fiscal pressure to form a reliable assessment system on which
to base payment for rehabilitation services. The Uniform Data
System for Medical Rehabilitation (UDS) was developed by
Granger Hamilton and Sherwin and included demographic data,
length of stay, hospital changes, and the FIM data. There are
18 items in FIM of which 13 are personal care, continence, and
mobility and were derived from the Barthel, and 5 are concerned
with communication and social cognition. Each item was origin-
ally scored on a four-point scale which has now been expanded
to seven points.

During the implementation phase of the four-point scale score
sheets bore the inscription “copy freely”. The current FIM is
copyright to UDS, training programmes are provided, and users
of the system subscribe annually to UDS and are provided with
newsletters containing details of difficult or unusual scoring
situations. Participating units report their FIM data allowing
outstanding documentation of the use of FIM and also of the
rehabilitation settings in which it is used.

Reliability and validity have been established by Dodds et al.
(1993), Hamilton et al. (1994), and Kidd et al. (1995) but the
five social and cognitive items were found to be less reliable by
Davidoff et al. (1990), who found a low ceiling effect. He used
specific neuropsychological assessments for comparison which
he found more reliable. The most robust and reliable items in
the FIM are those based on the Barthel, and the FIM physical
components can be transformed into a Barthel score. It takes a
long time to score and in the UK is usually done as a team effort.
This facilitates communication and other aspects of teamwork.
There are still ceiling and floor effects and the total score is
difficult to interpret.

Granger has used FIM scores to demonstrate that a change
of one point is equivalent to a change in help of 2.2 minutes
per day. This is a dangerous philosophy. It implies an accuracy
that does not exist and gives a double-edged tool to managers of
health-care systems.

The Functional Assessment Measure (FIM + FAM) was
developed as an extension of FIM to measure outcome in brain
injury. It includes 12 additional subscales on cognitive and
psychosocial interaction. These have also proved difficult to
score, and where there is disagreement between team mem-
bers the lower score is adopted. Turner-Stokes and colleagues
(1999) have developed the UK FIM-FAM taking out the 10
most troublesome items and revising and testing them. There
was only slight improvement achieved in accuracy over the 10
items, although on some individual items there was significant
improvement.

The most entertaining aspect of the scale is the software that
has been developed to support it. The FAM-splat (Microsoft
Excel) might remind some physicians of shady ink blots
but gives an instant impression of the change observed dur-
ing a rehabilitation programme with admission scores, the
goals, and the discharge scores all clearly represented in one
diagram. There is a UK FIM + FAM users group coordin-
ated by the Regional Rehabilitation Unit at Northwick Park

Table 5.4. The modified Rankin scale (from Rankin, 1957)

Grade Description

0 No symptoms at all

1 No significant disability despite symptoms: able to carry out
all usual duties and activities

2 Moderate disability: requiring some help, but able to walk
without assistance

3 Moderately severe disability: requiring some help, but able to
walk without assistance

4 Moderately severe disability: unable to walk without assistance,
and unable to attend to own bodily needs without assistance

5 Severe disability: bedridden, incontinent, and requiring

constant nursing care and attention

Original Rankin scale did not contain grade 0, defined grade 1 as “no
significant disability: able to carry out all usual duties”, and defined grade
2 as “slight disability: unable to carry out some of previous activities”
(Van Swieten et al., 1988).

and they provide training programmes for new users and
support.

Short outcome scales

These are included as a separate category because they were
specifically developed as reliable outcome measures for use in
multicentre trials in which some aspects of early management
of acute illness or injury were being evaluated. They were not
designed to be sensitive measures that record change on a week-
by-week basis but were developed as simple, coarse, long-term
outcome measures with high reliability. The two most well-
known measures are the Rankin scale and the Glasgow outcome
scale, which were developed respectively to record outcome
after stroke and head injury.

Rankin scale

Rankin developed his scale in 1957 (Table 5.4). Warlow and
colleagues (UK-TIA Study Group, 1988) modified it to take
into account language disorders and cognitive deficits. Using
six grades it measures overall independence but also refers
to previous activities and abilities. Van Sweeten et al. (1988)
found acceptable interobserver reliability with most disagree-
ment occurring in the middle grades. He suggested that this
may be because of the assumption in this scale that there is a
constant relationship between walking skills and ability to lead
an independent life. Condensing it to three or four grades would
improve its reliability but would reduce its sensitivity and ability
to detect clinically significant differences between patients. It is
used widely.

Glasgow outcome scale

Jennett and Bond (1975) expressed the need for an objective
scale to describe the ultimate results of early management of
head injury after observing the frequently overoptimistic and
vague reports of outcome. He designed a simple five-point
scale. The points are 1—death, due to head injury, 2—persistent



vegetative state, 3—severe disability (conscious but disabled),
4—moderate disability (disabled but independent), 5—good
recovery (resumption of normal life but not necessarily work).
In 1981 Jennett, Snoek, Bond, and Brooks subdivided grades
3to 5 into a better and worse level to improve sensitivity.

Both versions have acceptable levels of reliability, and
repeated assessments at 3-monthly intervals have shown a pre-
dictable pattern of recovery. This is a widely used and respected
epidemiological measure of outcome after head injury.

GLOBAL HEALTH AND LIFE STATUS MEASURES

Quality of life, health status, well-being, and satisfaction with
life are all terms that tend to be used interchangeably in health
literature. This loose use of terms creates confusion. These have
all been used as titles of health measures and sound different,
but are they measuring the same concept? In practice three
dimensions are usually incorporated in each measure relating
to physical, psychological, and social functioning. Measures
of health status, or health-related quality of life, are by defini-
tion more restricted than those of quality of life, and measure
how people feel about their physical and mental health, whereas
measures of well-being focus on feelings of depression, anxiety,
energy, and positive well-being: Health status and well-being
may not correlate with quality of life.

There has been an explosion of these measures in the last
20 years, not least because health economists link quality of life
measures with resource allocation.

Quality of life measures should not be confused with qual-
ity adjusted life years (QALYS). These are numerical values
designed to demonstrate the cost effectiveness of different forms
of treatment by assigning values to changes in well-being res-
ulting from treatment, considering the cost of treatment and
the increased time of survival resulting from it. Treatments not
associated with increased survival are obviously disadvantaged
in this analysis. The cost of not treating patients is not con-
sidered in this monetary policy, although this can be high if as
a result of no treatment a patient requires a nursing home bed.
Another important flaw in this area of health economics is that
health-care needs may be overlooked in favour of cost-effective
procedures when resources are purchased.

Spitzer (1987) draws an interesting distinction between health
status and quality of life measures. He says that health status
measures should be used on healthy, unselected, geographically
defined populations, whereas quality of life measures should be
reserved for those who are definitely sick. Fallowfield (1990)
does not differentiate between health status and quality of life
measures in her treatise on quality of life issues, but their dif-
ferentiation is discussed by Andressen and Meyers (2000) and
Dijkers, Whiteneck, and El-Jaroudi (2000), and emphasised by
Bradley (2001).

Two health status measures that demand attention, because
of the thoroughness with which they have both been evaluated,
are the sickness impact profile and the Nottingham health pro-
file. The major difference here is that the Nottingham health
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profile asks about feelings and emotional states directly rather
than through changes in behaviour. The sickness impact profile
(Bergner, Bobbitt, Carter, & Gibson, 1981) comprises 136 state-
ments in 12 categories concerning the impact of sickness on
behavioural function. The functional limitation profile is the
British version. Its role is in research evaluation and in com-
munity surveys. It is less good at detecting individual change.
It is a time-consuming measure, which prevents it being used
repeatedly as a clinical measure of handicap.

The Nottingham health profile (Hunt & McEwen, 1980; Hunt,
McEwen, & McKenna, 1985) consists of 38 statements on health
problems and 7 statements on areas of daily life affected by
health problems. One problem with it is that it only expresses
negative states of health and cannot indicate feelings of well-
being. Both these measures have been shown to have a high
level of reliability and have established content validity. They
have been used to measure the outcomes of care or treatment in
a wide variety of clinical situations.

Quality of life measures include indicators of psychological
well-being and satisfaction with life ratings. Some of the interest
in their development stems from the observations of poor qual-
ity of life experienced by terminal cancer patients undergoing
heroic treatment, and the trend in geriatric medicine to determine
management according to the philosophy “adding life to years,
not years to life”. Quality of life is influenced by many factors,
including personality, personal expectations, family or their
absence, illness impairment and disability, psychological factors
including coping ability, and physical and cultural environment.

This list bears a close similarity to the factors that influence
handicap (participation) and other social outcomes, and the two
concepts are very similar. Dijkers et al. (2000) and Fallowfield
(1990) explore these issues in a valuable contribution to the lit-
erature, and a collection of key articles can be found in a 1987
special issue of the Journal of Chronic Diseases, entitled “Meas-
uring Quality of Life in Clinical and Epidemiological Research”,
with an editorial by Katz (1987a).

The EuroQol (EQ5D; 1990) and the Short Form 36 (SF-36)
Health Survey (Wade, 1992) are two recently developed ques-
tionnaires that are comprehensive but brief. They have been
extensively researched and are now well validated and have
been shown to be reliable, but they do have floor and ceiling
effects. The EQ5D has two parts: The first has five questions
about mobility, self care, usual activities, pain, and anxiety, and
a second “thermometer” requiring an overall rating of health
status. It may be less sensitive to change than the SF-36. Origin-
ally American, an English version of the SF-36 is now available
(Brazier et al., 1992). It has been used successfully as a pop-
ulation survey tool (Sullivan et al., 1994) and as an outcome
measure. Domains include physical function, role limitations,
pain, social function, mental health, energy, and general health
perceptions. It was drawn from work of the Rand Corporation
of Santa Monica and the Medical Outcome Study. There is also
a shorter 12-item form (Ware, Kosinski, & Keller, 1995). SF-36
has become a well-used tool in a remarkably short space of
time reflecting its careful development and is now available
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as an “international version”, SF-36 V2 (Jenkinson, Stewart-
Brown, Petersen, & Paice, 1999). Permission to use it should
be sought from the Medical Outcomes Trust, PO Box 1917,
Boston, Massachusetts, 02205, USA.

SUMMARY

It sometimes appears that measurement is done for its own
sake—*“If it moves, count it”. In any situation, research or clin-
ical, one must decide which attribute is of greatest interest and
choose the most suitable accredited measure for the purpose.
Handicap remains an elusive concept and anyone interested in
measuring it would benefit from studying the ICIDH-2 classi-
fication first and considering whether it could be used, rather
than using a global measure with poor definition. Transforming
a handicap into a numerical score does not improve it or explain
it, although it may be the only feasible way of doing population
studies.
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6. Ethical implications of disablement

Michael Saunders

INTRODUCTION

Practical philosophy concerns a fundamental question that is
relevant to the ethics of disability. What is the best or right way
for people to live as individuals or in community? Ethics or moral
philosophy is concerned traditionally with the behaviour of indi-
viduals, whereas political philosophy is involved with the best
way of organising society. Both aspects impinge on the everyday
life of the disabled person. Since the Enlightenment moral philo-
sophy has become fragmented and emotivism has emerged as a
dominant feature in personal morality (Macintyre, 1985). A sim-
ilar situation prevails with theories of justice and the rationality
that underpins them (Macintyre, 1988). This presents serious
difficulty when debating ethical aspects of health care; agree-
ment or disagreement may be disconnected from any common
framework.

With these limitations in mind this chapter explores some
general concepts relating to the ethics of disability and rehabil-
itation and examines briefly illustrative issues that arise in the
day-to-day lives of people affected by neurological disease.

CONCEPTS AND PRINCIPLES
Non-maleficence and beneficence

The distinction between these two principles is blurred
(Frankena, 1973). However it is possible to distinguish them.
Non-maleficence is the duty to avoid doing harm. Beneficence
is the duty to prevent harm, to remove evil and to promote or
do good (Beauchamp & Childress, 1983). Non-maleficence is at
the heart of health-care delivery but there may be considerable
disagreement about harms and benefits in particular situations.
An example of this is the issue of truth telling. Some physi-
cians avoid revealing diagnoses such as multiple sclerosis at an
early stage (Elian & Dean, 1985) on the grounds that the patient
will be asked to carry a burden that will increase distress and
foreboding when there is minimal disability. Although such a
decision is paternalistic and denies the patient full autonomy;,
it may be regarded as avoiding inflicting an unnecessary harm,
which upholds the principle of non-maleficence. Truth telling
in these circumstances is judged to be harmful. The alternative

view is that, unless the patient indicates that he or she does
not want to be told what is wrong, his or her autonomy should
be respected and the harm done in withholding information is
greater than that done by truth telling in the long term. It could be
argued that individual examples might not support the principle
of truth telling but such outcomes are not known in advance and
are not a convincing argument for a denial of autonomy.

It is clear that philosophical medical ethics does not provide
simple agreed answers to problems. People rank principles in
different orders and apart from an unadorned utilitarianism there
is no simple route through the complexities of moral dilemmas.
What can be achieved is informed dialogue and an exposure of
the assumptions on which practice is based.

Personhood

A concept much discussed recently is the nature of personhood
(Gillett, 1987; Harre, 1987; Harris, 1985). This has particular
relevance to those with brain diseases as in medical ethics the
discussion has centred around the presence or absence of specific
cerebral criteria (Glover, 1987; Lockwood, 1985). The practical
outcome of regarding personhood in this way is that it provides a
structure for treating certain categories of humanity as less than
people and this can be used as a means to justify destructive acts
(Harris, 1985).

On the surface it would seem that those with physical disabil-
ity and an intact brain escape the issues surrounding the concept
of personhood but reflection indicates that this is not the case.
Many people with disabilities are regarded as impaired mentally
whatever evidence there is to the contrary. An obvious example is
those with cerebral palsy who are unable to communicate freely;
but the problem is not restricted to this group. There is a general
tendency to regard anyone with a disability as globally impaired
and this leads to paternalism, ignoring the individual’s right to
exercise autonomy and having a limited perspective on his or
her potential. The most sinister outcome of regarding disabled
people as less than persons is neglect.

The concept of personhood founders on boundary definitions
and is an unsatisfactory basis for caring (Warnock, 1987). The
essential of good health care is that an individual matters.
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Paternalism

Benign paternalism is at the heart of a great deal of medical
practice (Faulder, 1985). People with physical disabilities are
at risk of being ignored and cared for in a beneficent but pater-
nalistic manner. Remarkably little notice is taken of disabled
people when it comes to planning clinical services and those
designated as expert often have difficulty in consulting a repres-
entative body of opinion with personal experience of disability.
The argument in favour of some form of soft paternalism centres
around the view that the skilled health-care professional has a
level of expertise that puts him or her in a position of know-
ledge which the uninformed cannot hope to achieve; there is a
perspective that can be acquired only after years of specialised
training and experience. On the other hand the disabled person
has an individual knowledge of what disability means in daily
living. There is no substitute for this. Only a mutual exchange
of knowledge and experience with each group respecting the
“expertise” of the other will lead to satisfactory decision making.

Freedom and autonomy

Disability involves loss of freedom to do what one wants. The
loss varies but the options available decrease as disability pro-
gresses. One purpose of rehabilitation is to restore freedom to
carry out intentions but in many instances there is inevitably a
dependence on others, which is restrictive.

The disabled person may be unable to walk, travel unac-
companied, work, or live at home independently. There is an
impaired capacity to shape one’s life and even the simplest
activities may be dependent on the assistance of others.

Freedom and autonomy are linked (Beauchamp & Childress,
1983), but in the context of disability medicine it is worth separ-
ating them. Autonomy is a concept which requires the presence
of adequate intellectual capacities to make an informed decision.
Thus, someone with serious mental illness may be unable to
come to a conclusion about the risks and benefits of any pro-
posed treatment. Autonomy is impaired in people with mental
illness, severe organic brain disease and in children. One can-
not make an autonomous decision without adequate information
being made available and disabled people are at risk of being
excluded from decision-making processes regardless of their
intellectual capacities.

Loss of freedom often has political connotations but impaired
freedom affects everyone to some extent; those with a severe dis-
ability are restricted in a specific way. A disabled person may be
able to come to a decision about what he or she wants to do, but
physical limitation and the attitudes of individuals and society
may restrict the freedom to enact the decision. A school leaver
may find that job opportunities are restricted and the restriction
unrelated to the capacity to perform the job. Loss of freedom
in the context of disablement has at least three elements: inevit-
able restriction resulting from physical disease; loss of physical
independence, which is soluble with help; and impaired freedom
imposed by individuals and society. Rehabilitation is concerned
with overcoming the second and third factors.

Loss of freedom and autonomy raise important issues con-
cerning the rights of the disabled. What rights has a disabled
person to expect assistance in restoring freedom and value
to life?

Rights and duties

The concept of rights is associated with the related concepts of
duties and obligations. People talk of all sorts of rights but it is
important to enquire whether the concept has much relevance if
the right is not enforced in law. One may argue that a foetus has
a right to life but unless that right is protected in some way it is
likely to be violated. In a humane society there is likely to be
some agreement about basic rights although they may conflict
with one another. There is a general right to life, although this is
by no means absolute and may be violated when individual and
communal interests conflict with it.

Most would agree that there is a right to food and shelter and
that those disadvantaged through no fault of their own should
receive some form of special provision to facilitate their well-
being. On the other hand in many societies stress is placed on
the freedom of the individual and this may be in conflict with
obligations to provide for the disadvantaged. It may be objected
that the funding of services for the disabled from personal tax-
ation is in conflict with individual liberty and that the provision
of care should be left to acts of charity rather than State legisla-
tion. An individual may feel some sense of duty and obligation
to those near at hand but have no such response at a state or
international level. The limits of duty and individual freedom
lead to a variety of solutions to the provision of facilities for
people with disabilities embodied in theories of justice (Brown,
1986).

Justice

Justice is an integral part of social morality. When we regard
something as just we consider it right in a particular kind of
way. In the case of those with severe physical disability we
may think it important that special measures should be taken
to provide them with adequate health care and financial grants
to mitigate loss of earning capacity and the increased cost of a
disabled existence.

We often contrast justice with generosity or charity. Justice is
linked to the concept of fairness. Those who are disadvantaged or
handicapped are entitled to particular treatment because in most
societies it would be accepted that when this has happened ran-
domly without personal fault resources should be made available
to provide a reasonable quality of life. There may be disagree-
ment as to whether special provisions should be means tested,
and the basic level of provision may vary enormously.

It is difficult to judge the various theories of justice without
some concept of what the good life is. If one can agree the nature
of the basic human goods, any worthwhile theory of justice needs
to have the aim of making them available to all even if that
involves depriving others of non-essential goods. This assumes



that the acquisition of the basic goods for all is equally important
for the advantaged as for the deprived; one cannot have a truly
good life in the presence of widespread deprivation.

Conclusion

The problem of how to organise a society that takes into account
the burdens and benefits of life remains an unsolved challenge.
We can distribute according to need, merit, or desert, or equally;
whichever theory we work with we tend to run into a conflict of
principles. One way forward is to identify the basic goods that
are the framework of a satisfactory human life. Obvious candid-
ates are: pleasure, work, rest and play, social relationships, and
aesthetic experience. These are goods beyond the basic needs of
food and shelter but form the goal that should be at the heart of
all care for the disabled.

SOME PRACTICAL PROBLEMS

The principles discussed briefly have practical implications
across the whole range of disability medicine. What follows
is illustrative of some of the practical issues in everyday life.

Selection for treatment

Clinical practice involves inevitably decisions which may appear
unjust to the disabled person. There are relatively few special-
ised neurological rehabilitation units and they are unequally
distributed within countries and across the world. Those who
are involved in disability medicine have to be realistic and it
helps if those to whom they seek to provide a service can share
in that realism; a good deal of anguish can be avoided if adequate
communication takes place, paternalism is reduced, and the cli-
ent is part of the decision-making process. The basic criteria for
intervention at in-patient or out-patient level need to be related
to whether the therapist can assist the promotion of the ele-
ments of the good life referred to earlier. Because the goods
are not directly, in many instances, related to acts of health-
care intervention one needs to question in what way treatment
or assessment will enhance human well-being. The contact of
patient and therapist may have social and psychological benefits
that encourage acceptance for treatment for reasons unconnected
with the specific therapeutic activity. Although understandable
this involves role confusion. The doctor and therapist have par-
ticular skills and once they take on a broader and unstructured
social role they impair the effectiveness of their prime func-
tion. Acceptance for specific therapeutic programmes has to be
related to what can be achieved realistically and this has to be
discussed with client and family.

The problem of limited resources raises the principle of
justice. The just basis of the good life is that all should have
an equal opportunity of sharing it and the disabled require such
provision that maximises this possibility. The health-care worker
who has to choose between one client or another is involved in
an ethical dilemma. One can enter into complicated analyses of
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individual circumstances and make judgements using a variety
of principles but the most just procedure is to toss a coin given
that both people would benefit equally or operate on a first come
first served policy. Within a cash-limited framework, rationing
in health care is inevitable.

The rights of the carer

The disabled person and the carer have equal rights to the good
life. Caring for a severely disabled person is productive of
chronic stress and the carer may have given up work, friends,
and lovers and many of the pleasures that make life worth living.
It may be argued that to give oneself unconditionally for love
of another person is one of the highest ends of humanity. This
is unrealistic as most people under the strain of a prolonged
caring role, if not supported, suffer a variety of physical and
psychological problems.

The fundamental question is the extent of the duty of a relative
or close friend towards a disabled person. Although there may
be a duty to care for a sick relative there is no duty to undertake
a responsibility that is self destructive as this undermines the
concept that everyone should have an opportunity to enjoy the
goods of life. Unfortunately in most societies there is consider-
able pressure put on relatives to care, often over long periods of
time, without significant aid or respite. Such circumstances may
reduce the willingness of relatives to care for family members,
leading to anger and conflict with health-care workers and per-
sonal guilt and confusion. These situations can be mitigated if
there is a level of communal support that recognises the carer’s
need to pursue some individual goals without recrimination.

Consent for therapeutic trials

Recent years have been associated with vigorous debate con-
cerning consent procedures for therapeutic research (King,
1986; Silverman, 1989). People with severe disability are usu-
ally eager to avail themselves of opportunities to enter clinical
trials. They are a vulnerable group open to manipulation and if
individual autonomy is impaired relatives may be equally keen
to include their loved ones in trials. Therapeutic trials should be
conducted with adequate consent procedures and this requires
that a neutral informed party should seek the consent, that there
should be no pressure of any kind, and that ample time for
reflection should be allowed. It is impossible for an autonom-
ous decision to be obtained in certain circumstances, such as
progressive dementia and severe learning difficulties.

The connections between autonomy, beneficence, and
informed consent in such circumstances has been discussed by
Shatz (1986) and Thomasma (1984). In trial situations it is
debatable whether anyone else can act for the patient. This is
a different circumstance to the giving of the best available care
to an incompetent patient, although this situation contains prob-
lems related to autonomy as well (Ekman & Norberg, 1988).
In certain situations a person might wish to issue a directive for
someone to act on their behalf prior to their autonomy becoming
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impaired, but in the complex area of clinical trials no directive
could be adequate. It is an uncomfortable fact that a rigid policy
on consent would reduce the number of patients available in
areas such as dementia research unless the principle of utility is
ranked above that of individual autonomy.

Behaviour modification

Behaviour modification is used because it is claimed that it
works. In the context of disability neurology it may be claimed
justifiably that nothing else does and that these two elements
alone are sufficient to provide a moral reason for the treatment.
This is the view taken by Giles and Fussey (1988), who consider
that those who object on philosophical grounds should demon-
strate that there are alternative effective methods for improving
quality of life.

The ethical problems are summarised in a statement by
Mechanic (1981), which draws attention to the lack of con-
sensus concerning the use of coercive therapies to stimulate and
maintain “appropriate functioning”. He suggests practices vary a
good deal from one context to another, depending on the values
and commitments of those involved. However, aversion tech-
niques, “token economies”, and other forms of behaviour control
raise questions concerning the limits of treatment methods.

Behaviour control involves the use of power (London, 1969),
but its particular difficulty is the diminution of the concept of
“the whole person”; it is problems not people that are at issue
and this leads to the mechanisation of humans. The therapist
can be seen as a social reinforcement machine (Krasner, 1962).
The picture is created of manipulation regardless of the person’s
will or by-passing the will to achieve specified ends (Bandura,
1975). The fact that behaviour techniques are efficient is beside
the point; one does need to ask whether such procedures without
consent from the subject can be justified. The therapist is some-
times seen as a “mole” working for society and using techniques
that are disciplinary or dependent on reward incentives (Karasu,
1981).

Because there are two incompatible ethical views at issue
there will never be agreement concerning this matter. The util-
itarian will point to the clear advantages of more acceptable
social behaviour that makes life easier for everyone. Those who
are deontologists and hold individual autonomy to be of supreme
importance will not accept the end as worthwhile if it involves
violating human dignity. Practitioners will want to affirm that
they are seeking to restore dignity and that their motives are
directed entirely towards the welfare of their client.
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7. Mechanisms of cellular damage and recovery

Andrew J. Larner

Michael V. Sofroniew

... the functional specialization of the brain imposed upon the
neurones two great lacunae; proliferative inability and irreversibility
of intraprotoplasmic differentiation. It is for this reason that, once the
development has ended, the fonts of regeneration of the axons and
dendrites dried up irrevocably. In adult centres the nerve paths are
something fixed, ended, immutable. Everything may die, nothing may
regenerate.

It is for the science of the future to change, if possible, this harsh
decree. Inspired with high ideals, it must work to impede or moderate
the gradual decay of the neurones, to overcome the almost invincible
rigidity of their connections, and to re-establish normal nerve paths,
when disease has severed centres that were intimately associated.

—S.R. Cajal, 1928

INTRODUCTION

150 years ago, Dax and Broca provided the first unequivocal
evidence that loss of a higher function, language, could be
ascribed to damage to a specific brain region. Since that time
it has become clear that all forms of neurological or psychi-
atric dysfunction have cellular and molecular substrates. Cajal
was among the first to recognise the importance of minimising
cellular degeneration and re-establishing cellular functions after
injury or disease because he had correctly surmised that interac-
tions between cells formed the basis of all functions performed
by the central nervous system (CNS). As the goals he laid down
70 years ago are slowly realised, rehabilitation after neurolo-
gical injury or disease will increasingly be influenced by efforts
to minimise cellular dysfunction and promote cellular recovery.

SUBSTRATES OF DYSFUNCTION IN
THE NERVOUS SYSTEM

Most forms of neurological or psychiatric dysfunction can now
be associated with specific disruptions of structural integrity or
specific disturbances in chemical processes localised to defined
regions in the CNS. At the cellular level, structural degener-
ation capable of causing neurological dysfunction can involve
both neurones and glia. The types of changes that can affect
neurones include outright neuronal cell death, neuronal atrophy
(e.g., shrinkage of the cell body and dendrites, retraction of pro-
cesses, and loss of synapses), subcellular abnormalities (e.g.,
neurofibrillary tangles), and aberrant growth (e.g., hypertrophy

of the cell body and dendrites, growth of inappropriate or dys-
trophic neurites, and formation of neuritic plaques). Glial cell
changes include cell loss, demyelination, gliosis, and glial scar-
ring. Molecular disturbances that can lead to CNS malfunction
in the absence of obvious structural abnormalities are less well
characterised, but include metabolic disturbances, dysfunction
of transmitter associated enzymes, and effects mediated via spe-
cific receptors either by exposure to exogenous ligands such as
drugs or other environmentally derived substances, or by expos-
ure to inappropriate levels of endogenous ligands. It is not known
whether prolonged dysfunction of this type can occur in the
absence of eventual structural changes. Here we will focus on
events that lead to detectable degenerative changes in neural
tissues.

Understanding the basis of CNS dysfunction at the cellular
level is complicated by the likelihood that clinical symptoms
associated with a particular condition are due to a mixture of
disturbances occurring in several regions in the CNS. Thus,
the identification of a single form of cellular dysfunction usu-
ally cannot be equated with an understanding of the disease
mechanism. Moreover, the degree of cellular change required to
cause clinically apparent CNS dysfunction is generally uncertain
because the CNS shows a remarkable ability to retain complex
function in the face of substantial and irreversible tissue damage.
For example, it has been estimated that over 80% of the striatal
dopamine innervation from the substantia nigra must be lost
before the symptoms of Parkinson’s disease begin to manifest
themselves (Zigmond, Abercrombie, Berger, Grace, & Stricker,
1990). The ability to maintain function despite structural damage
is probably due to a certain amount of redundancy of function
in CNS organisation (Glassman, 1987), as well as a consider-
able capacity for plasticity in the injured adult CNS, both in the
form of reorganisation of local and afferent cellular constituents
(Isacson & Sofroniew, 1992; Kolb, 1995), and the ability of
certain nerve cells to compensate for the functions of damaged
counterparts (Chollet et al., 1991).

Recovery without regeneration

Useful if incomplete recovery of neurological function after
brain injury is commonly observed in clinical practice, for
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example speech, swallowing, or limb function after an ischaemic
cerebrovascular event. In view of the limited scope for axonal
regeneration within the CNS, it seems unlikely that this is the
mechanism underpinning such recovery, and this has led to
the concept of “functional regeneration” or “recovery without
regeneration”, even though anatomical changes may be relev-
ant to these phenomena (Boyeson, Jones, & Harmon, 1994).
It seems that at least three mechanisms may be responsible for
this “neuroplasticity”, as revealed by functional studies using
positron emission tomography (PET) scanning and transcranial
magnetic stimulation (TCMS): Undamaged cortical regions may
“take over” the lost functions, perhaps reflecting the redundancy
of CNS circuitry (Glassman, 1987); existing but function-
ally inactive neuroanatomical pathways may be unmasked or
uncovered through loss of the inhibitory effects of interneurones;
or there may be sprouting of fibres from surviving neurones to
form new synapses (Lee & van Donkelaar, 1995). Evidence for
the uncovering of silent or accessory pathways has come from
PET studies: Weiler, Ramsay, Wise, Friston, and Frackowiak
(1993) showed that, following a capsular infarct, recovery of
function was associated with activation of undamaged ipsilateral
and contralateral motor pathways, with considerable interindi-
vidual variation. A doubling in size of the cortical representation
of the pharyngeal musculature in the undamaged hemisphere, as
shown by TCMS, has been demonstrated during recovery from
post-stroke dysphagia (Hamdy et al., 1996). The somatotopic
and columnar organisation of the cerebral cortex may favour
these mechanisms of reorganisation. Clearly such observations
may have implications for appropriate therapeutic interventions
following brain injury.

In view of the absence of spontaneous repair of the dam-
aged nervous system, exploiting and maximising the capacity
for plasticity in the adult CNS will form an important part of
attempts to influence positively the cellular mechanisms that
contribute to rehabilitation after clinical dysfunction of the CNS.
It will also be important to identify and counteract the degener-
ative processes that occur early in disease or after injury, as well
as to develop ways of repairing dysfunctional neuronal connec-
tions by replacing lost nerve cells and/or facilitating the regrowth
of axonal connections. There has long been a debate about the
use of steroids in the acute phase of CNS injury to minimise
damage and hasten recovery, but their place remains uncertain
(Alderson & Roberts, 1997) and there are experimental data sug-
gesting that their effects may be deleterious (Chan et al., 1996;
Goodman, Bruce, Cheng, & Mattson, 1996).

MECHANISMS OF NEURAL DAMAGE

A number of intracellular metabolic pathways potentially detri-
mental to neuronal integrity have been described. Experimental
work regarding these pathways will be briefly reviewed, fol-
lowed by evidence implicating them in particular neurological
diseases. Especial reference will be made to ischaemic-hypoxic
brain injury, multiple sclerosis (MS), and to a number of neuro-
degenerative diseases including Alzheimer’s disease (AD),

Parkinson’s disease (PD), Huntington’s disease (HD), and motor
neurone disease (MND), although other conditions will be men-
tioned where they are thought to be illustrative of particular
pathogenetic mechanisms. These observations form a prelude to
consideration of rational therapeutic approaches to neurological
disease aimed at preventing neuronal dysfunction and death, and
hastening cellular recovery.

Endogenous substances

Glutamate excitotoxicity. Glutamate is the principal excit-
atory neurotransmitter in brain and spinal cord. It acts through
two major receptor subclasses, namely metabotropic (mGIuR,
coupled to G proteins, leading to modulation of intracellular
second messengers) and ionotropic (iGIuR, coupled to mem-
brane ion channels). Of the ionotropic glutamate receptors, a
variety of subtypes have been described according to the dif-
fering pharmacological specificity of their preferred agonists,
namely N-methyl-D-aspartate (NMDA); «-amino-3-hydroxy-
5-methyl-4-isoxazole propionate (AMPA), or quisqualate; and
kainate (KA). The cloning of glutamate receptor genes has
revealed multiple functional receptor subunits from each family
(Hollmann & Heinemann, 1994).

The NMDA receptor is a ligand-gated ion channel permeable
to both Nat and Ca®* ions that is further regulated by Mg+
ions in a voltage dependent manner; only after a basal level of
depolarisation is reached do Mg2™* ions leave the channel and
allow passage of Ca* ions. NMDA receptor function is liable to
modulation by various agents: Glycine is an allosteric activator;
zinc inhibits receptor-gated ion fluxes; and there is also a redox
modulatory site(s) which down-regulates activity: Nitric oxide
(NO™) can act at this site to exert a neuroprotective effect.

NMDA channels have a high Ca®*/Na™ permeability but
rather slow kinetics whereas AMPA receptors have fast kinet-
ics but, usually, a much lower permeability to Ca*. However,
this latter property may be modified. Some AMPA and kain-
ate receptors which lack a single positively charged amino
acid residue in the channel structure have a high permeabil-
ity to Ca®*. Four genes encoding AMPA preferring subunits
have been described (GIuR1-GluR4); absence of GIuR2 RNA
transcripts results in the AMPA channel having high Ca®*
permeability. Some neurones, particularly GABAergic inhib-
itory neurones, possess large numbers of such Ca?t permeable
AMPA channels and may therefore be particularly vulnerable
to damage induced by AMPA receptor activation. Moreover,
ischaemic insults have been reported to reduce GIuR2 expression
in hippocampal neurones, leading to increased vulnerability to
AMPA receptor-mediated Ca®* toxicity (Pellegrini-Giampietro,
Zukin, Bennett, Cho, & Pulsinelli, 1992).

Usually neurones are only briefly exposed to glutamate in
the course of excitatory neurotransmission. However, under
certain pathological conditions, reduced cellular uptake and
increased efflux can lead to excessive levels of extracellular
glutamate which causes excessive stimulation of iGIUR with
consequent deleterious effects on neurones. The toxic effects



on CNS neurones of excessive exposure to glutamate or related
amino acids was first noted by Lucas and Newhouse (1957)
and Olney and Sharpe (1969), and Olney labelled this process
“excitotoxicity”. Different glutamate receptor subtypes do not
contribute equally to excitotoxicity, two main patterns of which
have been observed (Choi, 1997): rapidly triggered, induced by
brief stimulation of NMDA receptors; and slow triggered, fol-
lowing prolonged stimulation of AMPA/kainate receptors. The
former is critically dependent on the presence of extracellular
Ca®*, and therefore seems dependent on Ca®* influx through
the NMDA receptor-gated ion channel. “Slow triggered” excito-
toxicity may also be related to Ca®* influx, either directly
through GluR2-deficient AMPA channels or, probably more
importantly, indirectly through voltage-gated Ca?* channels
activated by Na™ influx and membrane depolarisation and/or
reverse operation of the Na™/Ca?* exchanger. Ca%* ions enter-
ing through NMDA and AMPA/KA channels activate various
intracellular enzymes and effector mechanisms, and may trig-
ger a cascade of deleterious events (as discussed in greater detail
later; Meldrum & Garthwaite, 1990). These various mechan-
isms have implications for therapeutic manipulation of iGIuR
function.

mGIuRs are currently not thought to mediate excitotoxic
injury, but may be able to modify it (Bruno, Copani, Battaglia,
Casabona, & Nicoletti, 1997), with some subtypes facilitat-
ing and others attenuating NMDA receptor mediated toxicity.
Selective mGIuR agonists may therefore find a role as neuro-
protective agents.

Astrocytes take up extracellular glutamate and convert it to
glutamine; this latter is then recycled to neurones for further
use. This cycle is energy dependent and impeded in situations
of energy failure. The importance of this function of astrocytes
as a sink for the uptake of excess glutamate is demonstrated
by the observation of neurotoxicity at lower concentrations
of glutamate in neuronal cultures devoid of glia (Rosenberg
& Aizenman, 1989). In addition, experimental disruption of
astrocyte glutamate uptake, by genetic deletion of glutam-
ate transporters, increases neuronal vulnerability to excitotoxic
death (Rothstein et al., 1996; Tanaka et al., 1997). Glial cell
glutamate receptors may also initiate Ca®*-dependent gene
transcription and regulate glial proliferation and differentiation
(Steinhauser & Gallo, 1996).

Excitotoxicity may mediate, at least in part, a wide variety
of acute neurological disorders (Lipton & Rosenberg, 1994),
such as hypoxia/ischaemia, hypoglycaemia, trauma, and epi-
lepsy (especially status epilepticus). It has also been implicated
in chronic neurodegenerative disorders such as MND, HD,
human immunodeficiency virus (HIV)-associated dementia, and
neuropathic pain. In hypoxic/ischaemic brain injury, there is
impairment of neuronal ATP production and a failure of cellular
Na™/K*-ATPases with resultant loss of transmembrane ionic
gradients, depolarisation of neurones, and increased glutam-
ate release (Benveniste, Drejer, Schousboe, & Diemer, 1984).
Failure of the astrocyte glutamate recycler may also contrib-
ute to elevated glutamate levels. The pathology of hypoxic and
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excitotoxic injury is similar, and excitatory pathway deaffer-
entation can reduce hypoxic neuronal injury (Siesjo, 1991).
Moreover, many studies have shown that laboratory models of
hypoxic-ischaemic neuronal death can be attenuated by drugs
which block excitotoxicity.

Kainic acid is a potent limbic convulsant, administration of
which to rats produces lesions similar to those seen in human
mesial temporal sclerosis, the commonest neuropathological
substrate of temporal lobe seizures, hence affording a useful
model system for the study of this condition (Nadler, 1981).
Human temporal lobe tissue, surgically resected for the treat-
ment of intractable epilepsy, has been reported in some studies
to contain increased autoradiographic density of KA and NMDA
receptors in certain subregions (Geddes et al., 1990; McDonald
et al., 1991), suggesting that enhanced excitatory amino acid
neurotransmission occurs in these areas, although the precise
correlation of structure with function remains uncertain.

The neurotoxicity of gp120, an envelope glycoprotein of HIV,
may be exerted through activation of neuronal NMDA receptors,
and in HIV-associated dementia increased levels of the NMDA
receptor agonist quinolinic acid have been found (Heyes et al.,
1991), although this finding is not specific to HIV-associated
dementia. Putative environmental neurotoxins causing motor
neurone diseases such as neurolathyrism and amyotrophic lateral
sclerosis-parkinsonism-dementia complex (ALS-PD) of Guam
(e.g., BOAA, BMAA,; discussed later) may operate through
excitotoxic mechanisms; selective loss of motor neurones in
MND itself may also result from excitotoxic mechanisms (Shaw,
1994). Glutamate toxicity may contribute to the deleterious
effects of other neurotoxins, such as amyloid g-peptide in AD
(Koh, Yang, & Cotman, 1990; Mattson et al., 1992).

Autoimmunity to glutamate receptors has been implicated in
the pathophysiology of a number of progressive degenerative
CNS conditions. For example, autoantibodies to GIuUR3 have
been identified in some patients with Rasmussen’s syndrome of
chronic encephalitisand intractable epilepsy, and have been used
to create an animal model of this condition (Rogers et al., 1994).
Autoantibodies to other GluRs have been described in a subset of
paraneoplastic degenerations and olivopontocerebellar degen-
eration. It is postulated that an autoimmune GluR-mediated
excitotoxic mechanism produces the observed pathology, but
definitive evidence is currently lacking and it remains possible
that the autoantibodies are epiphenomenal.

Toxicity of other neurotransmitters and neuromodulators.
Overactivation of transmitter pathways other than glutamate
can promote neuronal injury, possibly through pathways con-
vergent with those mediating glutamate-induced damage. For
example, exposure to catecholamines prior to an ischaemic
insult augments necrotic neuronal death, possibly by producing
hyperglycaemia and/or antagonising the effects of insulin. In
contrast, post-ischaemic exposure of neurones to catecholam-
ines decreases necrotic death (Chan et al., 1996). Hyperactivity
of mutant acetylcholine receptor (AChR) channels can cause
neuronal degeneration in nematodes (Treinin & Chalfie, 1995);
similarly, in the congenital human condition of slow-channel
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myasthenic syndrome, in which mutant AChRs show pro-
longed channel opening times, calcium-mediated degeneration
of post-synaptic mitochondria and nuclei is observed (Gomez
etal., 1997). This condition is the prototypic hereditary excito-
toxic disorder: Sustained AChR ion channel activation leads
to post-synaptic accumulation of cytosolic Ca2*. Cholinergic
agonists have been reported to enhance the toxicity of the par-
kinsonian neurotoxin MPTP, perhaps by upregulating dopamine
metabolism (Hadjiconstantinou, Hubble, Wemlinger, & Neff,
1994).

Amphetamines such as “Ecstasy” (3,4-methylenedioxy-
methamphetamine, MDMA\), used as a drug of abuse, can cause
acute toxicity through release of the brain neurotransmitter sero-
tonin (5-hydroxytryptamine, 5HT), manifesting clinically as
hyperpyrexia and behavioural excitation. Long-term destruc-
tion of serotoninergic axons, perhaps due to free radical release
and oxidative stress, may also occur; this may be modulated
through increased dopamine release secondary to 5HT release.
There is a concern that this neurodegenerative process may in
the future lead to major depression in regular users of “Ecstasy”
(Green & Goodwin, 1996). The neurotransmitter nitric oxide
(NO) may also exert deleterious effects on neurones in certain
circumstances (discussed later).

The hippocampus contains high levels of zinc ions (Zn®*)
which are released from excitatory synapses and bind to and
modulate activity at postsynaptic glutamate receptors; excess-
ive levels of Zn?t are highly toxic to hippocampal neurones
both in vitro and in vivo. Zn?* may act by entering neurones via
NMDA receptors which they inhibit. Zn?* has been reported
to promote aggregation of amyloid S-peptide and may exacer-
bate cognitive impairment in AD (Bush et al., 1994). However,
other studies have suggested that AD may be associated with
Zn?* deficiency, possibly dietary in origin, and that this may
contribute to the formation of neurofibrillary tangles. Hence,
there is currently no consensus about the precise role of Zn?+
in the pathogenesis of AD, nor its appropriate manipulation for
therapeutic purposes (Nachev & Larner, 1996).

Swollen astrocytes release large amounts of the inhibitory
neuromodulator taurine, which could affect neuronal excitability
and thereby contribute to neuronal dysfunction in patholo-
gical situations associated with astrocyte swelling (Kimelberg,
Goderie, Higman, Pang, & Waniewski, 1990).

Glucocorticoids increase neuronal vulnerability to excitotox-
icity, oxidative injury, and amyloid B-peptide (AB) toxicity
(Goodman et al., 1996), observations of possible relevance
to the pathogenesis of AD. Hippocampal neurones are partic-
ularly susceptible to glucocorticoid induced damage, perhaps
due to failure of energy production (reduced glucose uptake),
impaired neuronal defence mechanisms, and/or reduced avail-
ability of neurotrophic stimuli (Chan et al., 1996). Other
hormones may also augment experimental necrotic neuronal
death, such as corticotropin-releasing factor and thyroid hor-
mone, whereas insulin and oestrogen are protective (Chan etal.,
1996). The latter observation is of particular note in view of
the postulated protective effect of postmenopausal oestrogens
on the development of AD (Henderson, 1997).

Calcium. Excessive intracellular Ca®* ion concentration
([Ca2+]i) may contribute to the overstimulation of normal cel-
lular processes, such as enzyme activation, and lead to neuronal
damage and death in a variety of disease processes (Meldrum
& Garthwaite, 1990; Siesjo, 1991). Ca®* triggers a cascade of
biochemical reactions that may be detrimental to cellular integ-
rity, encompassing activation of lipolysis with cell membrane
damage, altered protein phosphorylation, proteolysis, increased
production of reactive oxygen species (for example by activa-
tion of nitric oxide synthases), and disassembly of microtubules,
leading to apoptotic or necrotic cell death (Siesjo, 1991).

There are two potential sources for increased intracellular cal-
cium: release from intracellular stores, or influx from the extra-
cellular environment where ambient [Ca®*] is on average ten
thousand fold higher than in the intracellular compartment. Ca®*+
influx from the extracellular environment may itself activate
intracellular calcium release, a process termed calcium-induced
calcium release (CICR). A number of pathways for entry
of extracellular Ca?>* are known, including voltage-gated (or
voltage-sensitive) calcium channels (of which L, N, P, Q,and T
subtypes are described), ligand-gated calcium channels (includ-
ing the NMDA and AMPA excitatory amino acid receptors), and
stretch channels “activated” by loss of membrane integrity.

Ca®*-induced lipase and phospholipase activation leads to
increased production of free fatty acids and lysophospholipids
which are potentially toxic. Activation of phospholipase C
leads to the release of arachidonic acid, a substrate for cyclo-
oxygenase and lipo-oxygenase enzymes, reactions which lead
to the formation of free radicals, particularly superoxide. These
reactions may cause sustained membrane dysfunction due to
changes in ion channels and receptor activity. Likewise, Ca®*-
mediated changes in the activity of enzymes which control the
phosphorylation state of proteins such as protein kinases and
phosphatases can affect not only ion channel and receptor activ-
ity but also gene transcription and translation which may activate
intrinsic cell death programmes (apoptosis).

Increased [Ca*]; may activate proteolytic enzymes which
degrade cytoskeletal proteins. Consequences of microtubule
dysfunction include plasma membrane blebbing and impaired
cytoplasmic and axonal transport. These changes may be critical
factors in promoting neuronal dysfunction and death.

Mitochondria may have an important role in buffering excess-
ive intracellular changes in [Ca?*], but their capacity to do this
is both ATP dependent and finite. Excessive mitochondrial Ca®*+
uptake leads to increased mitochondrial membrane permeabil-
ity, possibly through phospholipase activation and membrane
lipid breakdown, with consequent release of Ca®*, acidosis,
generation of reactive oxygen species, and reduced energy pro-
duction. An autocatalytic process may thus be activated leading
to energy failure and irreversible neuronal damage. This failure
of mitochondrial function may explain delayed neuronal death
after transient metabolic insults and possibly may contribute to
“slow triggered” excitotoxicity.

Influx of extracellular Ca?* may follow various pathological
stimuli, for example ischaemia, or exposure to neurotoxic pep-
tides, both of which may cause activation of excitatory amino



acid receptors. In ischaemia, early and delayed increases in
[CaZt]; are observed; the former may be relevant to the trig-
gering of the neurotoxic cascades mentioned earlier; the decline
in [Ca2™); presumably reflects the activation of various cellular
buffering, sequestration, and extrusion mechanisms. The larger
secondary [Ca®J; rise reflects a failure to adapt, perhaps con-
current with mitochondrial failure, and is coincident with cell
death when membrane integrity is lost.

The HIV coat protein gp120 has been shown to increase
[Ca®*); in rat retinal ganglion cells (Dreyer, Kaiser, Offerman,
& Lipton, 1990), an activity which may be relevant to the neuro-
degenerative effects of HIV. AB peptides destabilise [Ca2Tt]
(Joseph & Han, 1992; Mattson et al., 1992), an effect that may
render neurones more susceptible to excitotoxic insult (Mattson
et al., 1992). Ca®*-mediated damage to oligodendrocytes may
play a role in the process of demyelination in multiple sclerosis
(Scolding, Morgan, Campbell, & Compston, 1992). Many of
these effects can be blocked or abrogated with calcium channel
antagonists of varying specificity.

Nitric oxide. Since its first identification as the *“endo-
thelium-derived relaxing factor”, the ubiquity and physiological
importance of nitric oxide (NO) as a neurotransmitter have been
increasingly recognised. Roles have been defined in blood pres-
sure regulation (as a potent vasodilator), inflammation, and
cytotoxicity (bacteria may be killed following NO production
by macrophages). A role in the pathogenesis of certain neur-
ological diseases has also been suspected (Dawson & Snhyder,
1994; Moncada, Palmer, & Higgs, 1991).

NO isashort-lived free radical gas. It may exist as a number of
different species (NO™, NO-, NO™) which participate in differ-
ent chemical reactions with sometimes diametrically opposed
effects on neuronal survival. Hence NO- reacts with superox-
ide anion to form the highly toxic peroxynitrite (ONOO™),
whereas NO™ modulates the NMDA receptor with neuroprotect-
ive effects. Nitric oxide synthase (NOS) catalyses the reaction
between the amino acid L-arginine and molecular oxygen which
produces NO. Three NOS isoforms exist: The constitutively
expressed neuronal (NNOS) and endothelial (eNOS) forms, and
an inducible form (iNOS), all encoded by separate genes on
different chromosomes. The different sources of NO may have
differing effects on neuronal integrity.

Although essential to a variety of physiological functions,
excess NO can exert deleterious effects via a number of mech-
anisms. For example, it may impair mitochondrial function by
inhibiting enzymes such as complexes | and 1l of the electron
transport chain. The formation of ONOO™ may be the major
pathway through which cell death is mediated (Beckman, 1997),
since, unlike the free radical superoxide and hydroxyl ions, per-
oxynitrite is relatively stable and able to diffuse over several cell
diameters. The balance between physiological and pathological
NO effects may depend upon the redox state of the cell: Under
oxidising conditions, NO may reduce excitatory neurotransmis-
sion, whereas in reducing conditions ONOO™ formation may
be favoured.

These oxidants may damage DNA, mediate NMDA toxicity,
and initiate programmed cell death. Cortical cultures exposed
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to NO donors have shown delayed neuronal death with apop-
totic features, which may be attenuated by superoxide dismutase
and catalase, probably by reducing formation of peroxynitrite
(Bonfoco, Kraine, Ancarcrona, Nicotera, & Lipton, 1995).
Since mutations in the gene encoding copper-zinc superoxide
dismutase have been linked to familial MND (Rosen et al.,
1993), it is possible that peroxynitrite may play a role in the
selective death of motor neurones seen in this condition. NO can
induce microfilament and microtubule disruption in cells, and
cytoskeletal accumulations are seen in motor neurones in MND
(Beckman, 1997); however, other explanations of the effects of
SOD mutations are available, as discussed later. With regard to
other neurological diseases, it has been reported that iNOS is
increased in the plaques of multiple sclerosis, predominantly in
astrocytes; that NO can induce the necrosis of oligodendrocytes
in vitro (Mitrovic et al., 1995); and that NO donors can induce
conduction block in axons, particularly if they are already partly
demyelinated (Redford, Kapoor, & Smith, 1997).

Further information about the roles of NO has been derived
from observations on NOS knockout animals and the use of
NOS inhibitors. Transgenic mice lacking the gene for nNOS
have smaller infarcts following middle cerebral artery occlusion
(amodel of global ischaemia; Huang et al., 1994), whereas defi-
ciency of eNOS results in larger infarcts (Huang et al., 1996).
These results suggest that neuronally derived NO is detrimental
during ischaemia, whereas NO from the endothelium is protect-
ive. INOS knockouts have a delayed reduction in susceptibility
to cerebral ischaemia, suggesting that iNOS expression contrib-
utes to brain damage in the post-ischaemic period (ladecola,
Zhang, Casey, Nagayama, & Ross, 1997). Hence, selective
nNOS and iNOS inhibition might be of possible therapeutic
benefit in cerebral ischaemia. In humans, NOS inhibition with
NC monomethyl L-arginine results in a pronounced decrease
in resting cerebral blood flow but does not inhibit the hyper-
aemic response to hypercapnia; it is thought that NO inhibition
may therefore be neuroprotective in acute stroke but that the fall
in cerebral blood flow induced by non-selective inhibitors may
be potentially deleterious (White, Deane, Vallance, & Markus,
1998).

Reactive oxygen species. The central nervous system is
peculiarly vulnerable to oxidative injury. It has a high con-
sumption of oxygen and is rich in oxidisable substances such
as polyunsaturated fatty acids and catecholamines; moreover,
certain areas have high concentrations of iron, which can cata-
lyse the production of free radicals; yet it is relatively deficient
in antioxidative defence capacities, such as the enzymes catalase
and glutathione peroxidase. Hence, this is an environment with
considerable potential for the formation of reactive oxygen spe-
cies, including free radicals. These latter are chemical species
possessing an unpaired electron, chemically a highly unstable
state, and having the ability to donate or accept an electron
to complete their molecular orbitals. Hence, they are able to
propagate and take part in chain reactions that may contrib-
ute to tissue damage and the mediation of neurodegeneration in
ischaemia and other conditions (Halliwell, 1992; Simonian &
Coyle, 1996).
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The oxygen molecule is a potentially powerful oxidising agent
with two unpaired electrons, and acceptance of a single electron
will form the free radical superoxide, O, . All agrobic cells con-
tain superoxide dismutases (SODs), enzymes that specifically
scavenge O, to convertitto hydrogen peroxide (H202), strongly
suggesting that superoxide radicals represent a major source of
potential oxidative toxicity to cells. When H,O, comes into
contact with reduced forms of certain metal ions, such as iron
or copper (the Fenton reaction), or interacts with superoxide, it
decomposes into the exceptionally reactive and toxic hydroxyl
radical (*OH). The hydroxyl radical reacts at great speed with
almost every molecule found in living cells. The roles of NO and
peroxynitrite (ONOO™) have already been mentioned. All these
molecules (the free radicals O , *OH, NO, and the non-radicals
H>02 and ONOO™) contribute to cellular redox state.

These species are shortlived and hence can usually only be
studied indirectly, for example through trapping procedures,
such as spin trapping and salicylate trapping. Alternatively, the
consequences of oxidative damage may be observed; reactive
oxygen species can produce changes in lipids, proteins, and
nucleic acids. As a consequence of lipid peroxidation, there
is a gradual loss of membrane integrity: Membrane fluidity
is reduced, resting membrane potential falls, and membrane
permeability to Ca®* may increase, eventually resulting in cyto-
toxicity. Nitrotyrosine is a stable product of ONOO™ attack on
proteins; ONOO™ also inhibits complexes Il and IV of the mito-
chondrial electron transport chain. Protein carbonyl groups are
also markers of oxidative protein damage. Reactive oxygen spe-
cies can cause strand breakage and base modification in DNA,
activities that may trigger either necrosis or apoptosis (Halliwell,
1992; Simonian & Coyle, 1996).

There are multiple intracellular pathways by which reactive
oxygen species are generated, but the primary source is as a
by-product of oxygen metabolism in mitochondria: complex |
and complex Il of the electron transport chain form superox-
ide, which is dismutated by manganese superoxide dismutase
(MnSOD) to H20,. Uncoupling of mitochondrial respiration,
for example in acidosis, can enhance the production of reactive
oxygen species. Disease-specific and neuroanatomically select-
ive mitochondrial dysfunction has been reported in PD (see
later), and the mitochondrial toxin 3-NP has been reported
to produce a picture similar to HD in the striatum (Portera-
Cailliau, Hedreen, Price, & Koliatsos, 1995). Overexpression of
the mitochondria-localised MnSOD in both cell lines and trans-
genic animals has been shown to attenuate the accumulation of
peroxynitrite and prevent apoptosis (Keller et al., 1998).

Various enzymes can also be a source of reactive oxy-
gen species, particularly mixed function oxidases, including
lipo-oxygenases and cyclo-oxygenases, monoamine oxidase
(MAO), the P450 system, and xanthine oxidase. These enzymes
may be of varying significance for the induction of oxidat-
ive stress in the brain: For example, the restricted distribution
of xanthine oxidase to the brain endothelium suggests it may
be of little pathological significance. Since hypoxia/ischaemia
leads to increased levels of free arachidonic acid in the brain

(Bazan, 1970), lipo-oxygenases and cyclo-oxygenases may be
an important source of oxidative stress in this situation. Activ-
ated leucocytes are able to produce large amounts of superoxide,
for example when phagocytosing bacteria, and their presence in
certain brain disorders may be of pathological significance.

SOD enzymes form the major defence system against the O,
formed in aerobic cells, while most H,O, formed is disposed
of by glutathione peroxidase. Catalase, glutathione, vitamins A,
C, and E, and DNA repair enzymes also contribute to cellular
antioxidant defence capacity. None the less, these agents may
be overwhelmed during certain pathological situations when
multiple pathways generating reactive oxygen species may be
activated. For example, in ischaemia and/or reperfusion injury,
NMDA receptor activation leads to increased activity of the
enzyme phopholipase Ay, and hence increased breakdown of
membrane phospholipids with release of arachidonic acid which
is a substrate for cyclo-oxygenases and lipo-oxygenases. Con-
currently, a fall in the levels of ATP leads to formation of
adenosine and its metabolites inosine and hypoxanthine, the
latter being a substrate for xanthine oxidase with formation
of superoxide. During reperfusion, a burst of enhanced oxid-
ative metabolism may have deleterious effects on biochemical
integrity.

Free radicals and reactive oxygen species have been implic-
ated in the pathogenesis of a number of other neurological
disorders, particularly neurodegenerative disorders (Simonian
& Coyle, 1996). As previously mentioned, familial MND has
been linked to mutations in the gene encoding copper-zinc super-
oxide dismutase (Rosen et al., 1993), suggesting increased
availability of superoxide anions, which are injurious to motor
neurones in in vitro model systems. Although at first sight it
would seem that this results from loss of SOD enzyme function,
the mutations described affect the backbone of the enzyme rather
than the active site and it is possible that they may in fact result
in gain of function, perhaps copper or zinc toxicity, or increased
peroxynitrite attack on neurofilament proteins. In PD, a num-
ber of experimental observations suggest a pathogenetic role for
oxidative stress: Dopamine metabolism results in generation of
reactive oxygen species, specifically H,O», through the activ-
ity of tyrosine hydroxylase and MAO-B. Moreover, there is an
increased concentration of iron in the basal ganglia (Dexter et al.,
1987) which may enhance conversion of H,O, to *OH by the
Fenton reaction. Glutathione levels are low in the basal ganglia,
which may promote, or be a consequence of, oxidative stress.
Mitochondrial dysfunction (complex | deficiency) specific to the
substantia nigra (Mann et al., 1992) has also been documented in
PD, and this may further contribute to oxidative stress. It seems
likely that an interaction between an underlying genetic suscept-
ibility and exposure to some kind of environmental toxin may be
the trigger for this disease process. Amyloid 8-peptides, which
are thought to be important in the pathogenesis of AD, have been
observed to exert their damaging effects through the generation
of reactive oxygen species such as hydrogen peroxide (Behl,
Davis, Lesley, & Schubert, 1994). Free radical peptides have
been detected in aqueous solutions of A (Butterfield, Hensley,



Harris, Mattson, & Carney, 1994), and evidence for increased
oxidative damage in AD brains has been presented (e.g., Lyras,
Cairns, Jenner, Jenner & Halliwell, 1997; Mecocci, MacGarvey,
& Beal, 1994). Clearly, these observations may have therapeutic
implications for neurodegenerative disorders.

Abnormal protein isoforms.  Abnormal isoforms of cellu-
lar proteins, formed by aberrant folding to produce structures
rich in B-sheet conformation, have been implicated in a num-
ber of neurological disease processes. Examples include prion
proteins in transmissible spongiform encephalopathies such as
scrapie and Creutzfeldt-Jakob disease (CJD; Pan et al., 1993;
Smith & Clarke, 1997), and amyloid B-peptide in AD (Barrow
& Zagorski, 1991; Busciglio et al., 1993); both proteins aggreg-
ate to form plaques. Further possible examples of aberrant
folding due to B-sheet formation have recently been reported
(Lansbury, 1997), including the polyglutamine tail of the hunt-
ingtin protein in HD (Scherzinger et al., 1997). The Contersi
kindred of autosomal dominant PD has been linked to a sub-
stitution mutation in the gene encoding «-synuclein (labelled
PD1) in a region which disrupts a-helix to form g-sheet; it
is possible that self-aggregation of the mutant protein might
be the result (Polymeropoulos et al., 1997). Despite the fact
that a number of other autosomal dominant PD kindreds have
not been found to show genetic linkage to PD1 nor to har-
bour mutations in the «-synuclein gene (Farrer et al., 1998;
Vaughan et al., 1998), «-synuclein immunohistochemistry has
shown this protein to be the major filamentous component
of Lewy bodies in both PD and dementia with Lewy bodies
(DLB; Spillantini, Crowther, Jakes, Hasegawa, & Goedert,
1998).

In prion disease, the profound effects on disease phenotype
exerted by polymorphism at the prion protein codon 129 may
result from an effect on protein folding. In AD, the S-sheet
structure of amyloid B-peptide is critical, favouring aggreg-
ation and the formation of fibrils, which harbour neurotoxic
activity (Jarrett, Berger, & Lansbury, 1993; Pike, Burdick,
Walencewicz, Glabe, & Cotman, 1993).

It is possible that post-translational structural change of cel-
lular proteins may be a common pathogenetic motif, not only
in neurodegeneration but also in a variety of other conditions
which may be labelled as “conformational disorders” (Carrell &
Lomas, 1997), including neoplasia (e.g., p53 related oncogen-
esis; Milner & Medcalf, 1991). The mechanism by which these
abnormal proteins exert deleterious effects on neurones is not
always clear: Loss of function, gain of toxicity, or both, are pos-
sible in both AD and prion disease. However, such observations
do imply that prevention, or even reversal, of abnormal protein
folding could be of therapeutic relevance (Lansbury, 1997).

Growth factors and cytokines

Many growth factors and cytokines are now recognised as being
present in the adult CNS with a variety of effects on neurones.
They can increase neuronal size, increase terminal branches
and regulate transmitter phenotype, and many growth factors
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can also exert “protective” effects against a variety of insults,
including physical injury, hypoxia, glutamate excitotoxicity,
and other forms of toxicity, including reactive oxygen species
(Dugan, Creedon, Johnson, & Holtzman, 1997; Grimes, Zhou,
Li, Holtzman, & Mobley, 1993; Lam et al., 1998; Lucidi-
Phillipi & Gage, 1993; Mattson, Cheng, & Smith-Swintosky,
1993; Persson, 1993; Sofroniew, 1996; Sofroniew et al., 1993;
Svendsen & Sofroniew, 1995).

The consequences of dysfunction of cytokines and growth
factors are incompletely understood. Cytokines may contrib-
ute to neurological dysfunction by inducing neurophysiological
and pathological changes, as for example in multiple scler-
osis, and possibly other CNS inflammatory disorders. The
effects of cytokines may interact with other mechanisms, for
example interleukin-18 may exacerbate excitotoxic cortical
neuronal damage secondary to activation of AMPA receptors,
and interleukin-1 receptor antagonists may inhibit such damage
(Lawrence, Allan, & Rothwell, 1998). Disruption of constitutive
growth factor signalling may also underlie certain forms of
neuronal atrophy and dysfunction, as discussed later.

Environmental toxins

A number of examples of neurological disease occurring after
the ingestion of toxins, either naturally occurring or synthetic,
have been reported. Although the exact pathogenesis of some of
these diseases remains to be fully elucidated, it is clear that spe-
cific toxins can exert profoundly deleterious effects on neuronal
structure and function. Whether similar mechanisms might be
applicable to the common neurological disorders such as AD,
PD, and MND remains to be determined.

A number of disorders affecting primarily motor neurones
have been ascribed to the consumption of environmental toxins
of plant origin (Nunn, 1994). Neurolathyrism is an irrevers-
ible non-progressive spastic paraparesis caused by consumption
of the chickling pea, Lathyrus sativus, and is endemic in
Ethiopia, India, Bangladesh, Nepal, and China where this
legume is grown as a food staple (Tekle-Haimanot, 1996). The
active principal is believed to be a non-protein amino acid,
B-N-oxalyl-«, B-diaminopropionic acid (8-ODAP; synonym,
B-oxalyl-amino-L-alanine, BOAA), acute administration of
which to experimental animals produces a neuropathological
picture similar to that seen with excitotoxins acting at non-
NMDA receptors. However, the pathology of neurolathyrism
is much more selective, seeming to affect motor neurones only,
and a non-excitotoxic mechanism of action remains a possibility.
Furthermore, the precise role of 8-ODAP in human neurola-
thyrism remains unclear, since attempts to model the disease by
chronic oral administration of L. sativus or purified 5-ODAP
to macaques produced clinical signs that reversed after toxin
withdrawal (Hugon et al., 1988), unlike the human situation.

Consumption of insufficiently processed roots of cassava
(Manihot esculenta) in rural African communities can lead to
epidemics of a symmetrical spastic paraparesis, clinically sim-
ilar to neurolathyrism but for the fact that it usually comes on
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very acutely after cassava consumption, often in less than 1 hour.
The resulting non-progressive syndrome is known as konzo in
Zaire (meaning “tied legs”) and mantakassa in Mozambique,
and outbreaks have also been reported in the Central African
Republic and Tanzania (Rosling & Tylleskar, 1996). Inadequate
soaking of the starchy root of cassava, a food staple, leads to
retention of cyanide, which can inhibit the enzyme cytochrome
oxidase, the terminal reaction of the mitochondrial electron
transport chain, with cessation of cellular energy metabolism.
Concurrent low sulphur intake may also be important in patho-
genesis, since this may contribute to impaired detoxification
of cyanide (Rosling & Tylleskar, 1996). The reasons for the
selectivity of neuronal injury by a toxin that could affect all cells
are unclear. Interestingly, reports of high dose chemical cyanide
poisoning from various parts of the world have indicated that
survivors can develop a parkinsonian syndrome.

A similarly confused picture has emerged regarding the
amyotrophic lateral sclerosis-parkinsonism-dementia (ALS-
PD) complex seen in the Chamorros people of Guam. Some
authors have ascribed this condition to consumption of the seed
of the false sago palm, Cycas circinalis. A putative neuro-
toxin isolated therefrom, «-amino-B-methylaminopropionic
acid (MeDAP; synonym, B-methylamino-L-alanine, BMAA),
produced some motor neurone dysfunction following oral
administration to macaques, but not the complete neurological
or neuropathological picture seen in the human disease (Spencer
et al., 1987). Hence, the role of MeDAP is not certain, nor yet
its mechanism of toxicity, which cannot be entirely ascribed to
agonism at NMDA receptors, and may also involve the form-
ation of carbamates. The hypothesis that Guamanian ALS-PD
has an excitotoxic aetiology now seems untenable in view of the
marked differences in disease incidence in villages separated by
only a few miles, and a genetic explanation for the clustering of
ALS-PD cases is now being investigated. However, the possible
role of excitotoxicity in this exotic motor neurone disorder was
amajor stimulus to the search for such mechanisms in MND and
to the evaluation of treatment for MND with excitatory amino
acid receptor antagonists.

Poisoning with domoic acid following ingestion of mussels
infested with the phytoplankton Nitzschia pungens was reported
from Canada in 1990, producing a variable syndrome encom-
passing headaches, loss of short-term memory, seizures, and
myoclonus (Perl et al., 1990). An excitotoxic pathogenesis for
this syndrome is possible since domoic acid acts at kainate
receptors.

Anoutbreak of a pure parkinsonian syndrome in young people
in northern California in the early 1980s was eventually traced to
consumption of the synthetic meperidine analogue 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP; Langston, Ballard,
Tetrud, & Irwin, 1983). Although a very rare cause of human
parkinsonism, this compound has none the less proven useful in
developing animal models that resemble idiopathic PD and may
shed light upon its aetiopathogenesis (Langston, 1996). MPTP
must be converted by glial monoamine oxidase B (MAO-B)
to the 1-methyl-4-phenylpyridinium ion (MPPT) to exert its

neurotoxic effect on dopaminergic neurones. MPPY is a sub-
strate for the dopamine re-uptake pathway and is therefore
concentrated in substantia nigra pars compacta (Snpc) neur-
ones. Intracellularly, MPPT is concentrated in mitochondria
where it irreversibly inhibits NADH-CoQ1 reductase (complex
I) of the respiratory chain (Mizuno, Suzuki, Sone, & Saitoh,
1988). This effect can be prevented with free radical scavengers
such as glutathione, ascorbate, and catalase (Cleeter, Cooper,
& Schapira, 1992), suggesting that MPP™ interacts with com-
plex I to increase free radical production, which further damages
complex I.

Common pathways: Energy failure

Of the mechanisms of neuronal injury discussed, several are
common to various disease processes, €.g., excitatory amino
acid release, increased [Cat];, and production of reactive
oxygen species including nitric oxide. Moreover, a similar
pathological cascade of events may also be initiated by “energy
failure”, for example secondary to glucose or oxygen depriva-
tion. This has led to the realisation that disturbances in neuronal
energy status, leading to reduced ATP production and Na™ /K*-
ATPase dysfunction, can render neurones more susceptible to
pathological processes such as excitotoxicity (Novelli, Reilly,
Lysko, & Henneberry, 1988). Inhibition of the mitochondrial
electron transport chain, for example by toxins, can also com-
promise neuronal energy status and this may be relevant to
the pathogenesis of a number of neurodegenerative disorders
(Beal, Hyman, & Koroshetz, 1993). It has been suggested
that the detrimental effects of NO on DNA may activate the
DNA repair enzyme poly(ADP-ribose) synthase which con-
sumes large amounts of ATP, thus leading to cellular energy
failure. Thus, inability to maintain energy homeostasis may
be critical in rendering neurones vulnerable to other non-toxic
insults.

Hence, it has been suggested that, individually or collect-
ively, certain events may represent a “final common pathway”
for cellular damage and death, all being concomitants of cellu-
lar “energy failure”. Whether this is true, or whether individual
components play greater or lesser roles in specific disease pro-
cesses remains a subject of ongoing research, but none the
less this formulation does suggest that therapeutic interventions
aimed at these intermediates, such as excitotoxic amino acid
receptor blockade and free radical scavenging, might have wide-
spread applicability. However, because of the multiple parallel
toxic processes, monotherapy may be insufficient to produce
the desired clinical effects; this may explain why certain of the
mechanisms employed to halt or minimise neuronal degenera-
tion have failed in the clinical arena despite favourable results
in animal model systems.

Infectious agents

Infectious agents can give rise to many forms of neurodegenerat-
ive change that are for the most part well described in textbooks



of neuropathology and are beyond the scope of this chapter.
Nevertheless two examples that illustrate novel concepts will be
considered.

Prion diseases. Prions were originally characterised as pro-
teinaceous infectious particles associated with transmissible
neurodegenerative disorders (Prusiner, 1982), a category now
known to encompass animal disorders such as scrapie and
bovine spongiform encephalopathy (BSE; Bradley, 1997), and
human disorders such as CJD, variant CJD (vCJD), Gerstmann—
Straussler-Scheinker syndrome (GSS), and kuru (Collinge &
Palmer, 1997; Prusiner, 1994). Initially all these diseases were
thought to share common neuropathological features, namely
spongiform vacuolation affecting any part of the cerebral grey
matter, astrocytic proliferation and gliosis, neuronal loss, and
variable deposition of amyloid plaques consisting of prion pro-
tein (Ironside & Bell, 1997; Prusiner, 1994). However, advances
in the knowledge of the molecular basis of these conditions has
led to the description of prion diseases without classical spon-
giform change (Collinge et al., 1990; Gambetti et al., 1993).
Hence, the prion disease phenotype is an expanding one.

The transmissibility of these conditions was established by
intracerebral inoculation of non-human primates with brain
homogenates from individuals affected with CJD and kuru. The
“infective agent”, or prion, consists of an abnormal isoform,
designated PrPS¢, of a host encoded prion protein, PrPC, tran-
scribed from the prion protein gene (PRNP) on chromosome 20;
hence it is probably better to speak of prion proteins rather than
prions. Mutations in PRNP have been identified in familial CID
(Owen et al., 1989) and GSS (Hsiao et al., 1989), and transgenic
animals expressing an analogous mutation develop spontaneous
spongiform change (Hsiao et al., 1990).

There is no difference in the primary structure of PrP¢ and
PrPSC, and hence the conversion to the abnormal isoform is pre-
sumed to be a post-translational conformational event, probably
related to protein folding; PrPS¢ has considerably more pre-
dicted B-sheet structure than PrPC (Pan et al., 1993). Studies in
transgenic animals (Prusiner et al., 1990) suggest that PrPS¢ can
promote the conversion of PrPC to the disease-related isoform
leading to an autocatalytic chain reaction resulting in accumu-
lation of progressively more PrPSC. Hence, it is envisaged that
acquired or iatrogenic CJD results from direct inoculation of
PrPSC: in sporadic CJD this conversion occurs spontaneously
as a stochastic event; and in inherited CJD there may be direct
production of PrPS¢, or mutant PrPC is unstable leading to more
rapid conversion to PrPSC. In keeping with this hypothesis, PrP
null mice are resistant to infection with scrapie. Likewise, the
variable age of disease onset in inherited prion disease dependent
upon codon 129 genotype (earlier in homozygotes; discussed in
greater detail later) may also be explicable in terms of protein
folding, homozygosity favouring g-sheet formation, and hence
formation of the PrPS¢ isoform.

The physiological function of PrPC is uncertain. PrP null mice
appear to develop and behave normally but electrophysiological
studies show impaired GABAa-mediated synaptic inhibition
in the hippocampus, raising the possibility that loss of PrP¢

MECHANISMS OF CELLULAR DAMAGE AND RECOVERY 79

function as well as gain of PrPSC toxicity may contribute to
neurodegeneration (Collinge et al., 1994).

Human immunodeficiency virus (HIV). HIV infection is
associated with a wide variety of neurological disorders, affect-
ing CNS, PNS, and muscle (Price, 1996). Although these
syndromes may occur at any time during the course of the
disease, neurological morbidity and mortality occur mainly
after the onset of profound immunodeficiency. These dis-
orders may be related to opportunistic processes (e.g., infection,
lymphoma) of the nervous system, or as a direct or indirect
consequence of HIV infection (Glass & Johnson, 1996; Price,
1996). Pathological features may be inflammatory, demyelin-
ating, or degenerative; however, there is a poor correlation
between severity of neuropathological change and extent of
neurological symptoms.

HIV is a neurotropic virus; it enters the nervous system at
an early stage of the incubation period and is found there in
the majority of patients dying of AIDS. The route of entry is
still unclear; although astrocytes and neurones can be infec-
ted in vitro, it is likely that cells of the macrophage lineage
are important for HIV penetration into the CNS and are the
predominant cells productively infected.

A number of mechanisms have been postulated to account
for the neurovirulence of HIV (Glass & Johnson, 1996). Dir-
ect toxicity of gp120, the envelope glycoprotein of HIV, which
acts as a ligand for the lymphocyte CD4 receptor during infec-
tion, has been suggested on the basis of both culture and animal
models. Picomolar amounts of gp120 can produce increased
[CaZt]; in rat retinal ganglion cells, and this can be blocked
by calcium channel antagonists (Dreyer et al., 1990). gp120-
mediated calcium entry may involve the activation of neuronal
NMDA receptors, suggesting an excitotoxic mechanism (Lipton
& Rosenberg, 1994). Secretion of diffusible toxins by infected
macrophages has been intensively studied but no firm conclu-
sions reached; one candidate neurotoxin of macrophage origin
is quinolinic acid which is an excitotoxin at the NMDA receptor
(Heyes et al., 1991). However, increased CSF concentrations of
quinolinic acid are not specific to AIDS, suggesting that this is
a marker, rather than a mediator, of disease. Certainly macro-
phages and microglia are the source of various proinflammatory
cytokines, such as tumour necrosis factor-«, interleukins 18 and
6, which are known to be elevated in response to HIV infection
and which could produce a milieu conducive to further HIV
replication and progressive immunosuppression.

Increasing knowledge of the pathogenetic mechanisms of
HIV-related neurological diseases will increase the number of
potential therapeutic targets in this situation. Thus, although
treatment with zidovudine to block or slow viral replication
has been reported to reverse or improve HIV-associated demen-
tia, infection of the nervous system is unlikely to be the sole
determinant of this syndrome.

Genetic predisposition

Many genes that are deterministic for human neurological dis-
ease have now been identified, although such identification has
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not always immediately elucidated the underlying pathogenetic
mechanisms (e.g., huntingtin in HD, other trinucleotide repeat
disorders; Paulson & Fishbeck, 1996). In addition, genesthat are
non-deterministic but that render individuals possessing them
more vulnerable to certain neurological disease processes have
also been described. Two examples may be given, in the context
of prion disease and AD.

In iatrogenic CJD, an increased frequency of homozygos-
ity for valine or methionine at codon 129 of the prion protein
gene has been documented (Billette de Villemeur et al., 1996;
Collinge, Palmer, & Dryden, 1991), a finding subsequently
confirmed for sporadic CJD (Palmer, Dryden, Hughes, &
Collinge, 1991). All cases of vCJD to date have occurred
in individuals homozygous for methionine at codon 129. In
addition, heterozygosity at codon 129 can delay disease onset
in inherited CJD for 1-2 decades in comparison to homo-
zygotes (Baker et al., 1991). Fatal familial insomnia (FFI),
an inherited prion disorder, is linked to a substitution muta-
tion at codon 178 of the prion protein gene (asparagine for
aspartic acid); the same mutation is found in some cases
of inherited CJD. However, in FFI, codon 129 always spe-
cifies methionine in the mutant allele in affected subjects,
i.e., FFI is linked to the 129Met/178Asn haplotype, whereas
129Val/178Asn segregates with CIJD (Goldfarb et al., 1992).
Clearly, the codon 129 polymorphism can have profound effects
on the expression of prion disease phenotype and age of disease
onset, possibly due to a mechanism related to protein folding
(see earlier).

In familial AD, linkage to a marker on chromosome 19
led to the recognition of the apolipoprotein E (ApoE) geno-
type as a significant risk factor for the development of familial
AD, a finding subsequently extended to late-onset sporadic AD
(Saunders et al., 1993). Specifically, possession of the g4¢4
genotype increases the risk of developing AD by eight-fold
compared to the commoner £3¢3 genotype, whereas posses-
sion of an ¢2 allele may be protective (Roses, 1996). The exact
mechanism by which the ¢4 allele confers this increased risk
remains uncertain. One possibility is that it increases brain
amyloid B-peptide burden through binding of AS to ApoE4
(Polvikoski et al., 1995); a subset of dementia patients with
minimal amyloid burden and a high incidence of the 2 allele
has been reported (lkeda et al., 1997). Alternative explana-
tions include a destabilising effect of ApoE4 on microtubule
binding and hence neuronal cytoskeletal integrity (Strittmat-
ter et al., 1994), and a direct neurotoxic effect confined to
ApoE4 (Crutcher, Tolar, Harmony, & Marques, 1997; Nathan
et al., 1994). In families with AD due to mutations in the APP
gene, ApoE genotype can influence age of disease onset (Hardly,
1995).

ApoE allelism may also influence the phenotypic expression
of other neurodegenerative conditions such as prion diseases
and MND. It has been suggested that the ¢4 allele is a risk
factor for CJD and that £2 increases disease duration (Amouyel
et al., 1994), although other studies have not confirmed this
association. The ¢4 allele is reported to be associated with a

bulbar onset of MND, perhaps by influencing the precise pattern
of motor neurone loss (Al-Chalabi et al., 1996); in this context,
it may be relevant to note that pseudobulbar MND is associated
with frontal lobe cognitive dysfunction.

CELLULAR FORMS OF DEGENERATION
Demyelination

Although the aetiology of multiple sclerosis (MS), the com-
monest of the demyelinating neurological disorders, depends
on interactions between genetic and environmental factors,
the pathogenesis of the condition is clearly immunologic-
ally driven (Scolding, Zajicek, Wood, & Compston, 1994).
Blood brain barrier (BBB) disruption, as shown by leakage
of gadolinium-DTPA in magnetic resonance imaging (MRI)
studies, is one the earliest identifiable events in the devel-
opment of new inflammatory lesions. The triggers for BBB
breakdown are unknown, but may include rather non-specific
insults such as viral infection. Influx of T-lymphocytes cap-
able of interacting with antigen(s), as yet undefined, within
the brain parenchyma is also an early event which may be
cause and/or consequence of enhanced BBB vascular permeab-
ility. T cell : myelin antigen interactions, release of cytokines,
ingress of complement components through the leaky BBB, and
recruitment of microglial cells, all contribute to the amplifica-
tion of the inflammatory response. The consequence is injury
to the oligodendrocyte-myelin complex, possibly mediated by
a number of pathways: complement-mediated attack on the
oligodendrocyte membrane; destabilisation of oligodendrocyte
[Ca%t];; and cytokine-mediated damage of oligodendroglia.
Macrophage-mediated removal of myelin debris and stripping of
myelin from axons is then observed. Attempts at remyelination
may occur, but these are usually incomplete. The factors that
directly damage oligodendroglia also stimulate astrocyte prolif-
eration, hence producing the characteristic scarring manifest as
the plaques of MS (Scolding et al., 1994).

The importance of inflammation, rather than demyelination
per se, in the pathogenesis of acute neuronal dysfunction in
MS has become more apparent recently. A correlation between
BBB leakage and changes in neurophysiological function of the
optic nerve has been demonstrated in optic neuritis (Youl et al.,
1991). Recrudescence of previously experienced MS symp-
toms immediately following administration of the humanised
anti-lymphocyte monoclonal antibody CAMPATH-1H (Moreau
et al., 1996) is thought to be related to release of inflammat-
ory cytokines and/or NO, since the latter has been shown to
cause axonal conduction block in experimental models of demy-
elinated nerve (Redford et al., 1997). Persisting neurological
disability seems to be the result of sustained demyelination of
axons and eventually axonal loss (Coles et al., 1999).

Immune dysregulation in HIV disease may play a role in the
occurrence of inflammatory demyelinating neuropathies in this
condition (Glass & Johnson, 1996).



Retrograde changes after axonal injury

Axotomising injury, resulting from direct axonal transection or
indirect tissue reactions to injury, is an important consequence of
clinical conditions such as neuronal trauma, compression, and
ischaemia. Neurones in the central and peripheral nervous sys-
tems show a variety of responses to axotomy, ranging from cell
death or severe atrophy without axon regeneration, to full recov-
ery with axon regeneration (Brodal, 1981; Lieberman, 1971,
Sofroniew, 1999). Retrograde degenerative changes can occur
rapidly, or very gradually over periods of many months. The
cellular and molecular mechanisms that underlie the neuronal
response to axotomy and determine these differences are not
known. In most cases, similar reactions to axotomy are observed
amongst neurones that can be grouped together on the basis of
topography, function, projection and/or developmental origin.
For example, in adults, most motor neurones react similarly
to axotomy, as do most cerebellar Purkinje neurones or most
retinal ganglion cells. However, these different groups react
quite differently to each other: Motor neurones survive axo-
tomy and regenerate (Brodal, 1981); Purkinje cells survive but
do not regenerate (Rossi, Jankovski, & Sotelo, 1995); and retinal
ganglion cells die (Bray, Villegas-Perez, Vidal-Sanz, Carter, &
Aguayo, 1991). The reasons for the similarity in reaction of spe-
cific groups of neurones is likely to be related both to common
intrinsic properties and to similar extracellular environmental
factors. Current hypotheses regarding signals that mediate the
neuronal response to axotomy include: the loss or introduction
of large molecules that signal via retrograde transport along the
axon to the perikaryon; molecules that derive from glial cells
around neuronal perikarya; and fast retrograde signals mediated
by the influx of ions through membrane damage at the site of
axonal injury (Sofroniew, 1999).

Most axotomising injury of clinical significance in the CNS is
caused by blunt compression, crush, or shearing forces (Hilton,
1995). After ablunt injury, a core area is likely to suffer irrevers-
ible damage caused by direct mechanical axotomy. Neural tissue
in a penumbra zone surrounding this core will also be damaged
and become oedematous with high levels of extracellular [K™],
glutamate, cytokines, and an inflammatory reaction. Treatment
with methylprednisolone and other anti-inflammatory agents
such as indomethacin has been reported in some trials to improve
clinical outcome significantly, and to reduce the amount of tissue
damage and the number of axotomised neurones, apparently by
blocking components of the inflammatory response (Bracken
et al., 1990; Guth, Zhang, & Roberts, 1994; Naso, Perot, &
Cox, 1995; Young, 1993; Young, Kume-Kick, & Constantini,
1994). However, an overview of many trials of the use of ster-
oids in acute CNS injury concluded that their place in treatment
remains uncertain (Alderson & Roberts, 1997). None the less,
the clinical observations suggest that a component of the inflam-
matory response can cause delayed “secondary” axotomising
injury, resulting in a greater degree of axonal discontinuity than
that caused by the original direct physical trauma. Character-
ising the extent and importance of such secondary axotomy,
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and identifying the cellular and molecular events that mediate
this reaction, as well as additional ways to block it, represent
important areas of future research.

Ageing and degenerative disease

Normal ageing does not inevitably lead to severe neurodegenera-
tion and cognitive decline in humans or laboratory animals. Most
cognitive decline in aged humans can be associated with specific
diseases, such as AD (Rapp & Amaral, 1992). Laboratory anim-
als can also show age-related variation in cognitive ability due
to specific underlying causes (Fischer et al., 1987). Modern ana-
tomical studies using unbiased stereological techniques indicate
that there is not substantial neuronal death in normal ageing in
animals or humans. Anatomical studies also indicate that some
populations of neurones show age-related atrophy, which in part
may be due to dysfunction of growth factor signalling (Cooper,
Lindholm, & Sofroniew, 1994; Mufson, Conner, & Kordower,
1995; Sofroniew, 1996). Age-related functional changes have
also been noted: In some aged rats there is a reduced ability to
induce and sustain long-term potentiation (LTP) in the hippo-
campus, and this reduction correlates significantly with reduced
spatial memory (Barnes, 1994).

Atrophy

Neuronal atrophy in the form of shrinkage of the cell body and
dendrites, can occur as a result of normal ageing, as well as in
degenerative diseases such as AD, and as a consequence of injury
(Pearson et al., 1983; Sofroniew, 1996; Sofroniew & Cooper,
1993). The causes underlying neuronal atrophy are not certain,
but in some cases may involve dysfunction of target-derived
growth factor signalling. Studies in experimental animals show
that growth factors are able to increase neuronal size, and that
loss of access to target-derived growth factors can cause neur-
onal atrophy (Gage et al., 1989; Sofroniew, Galletly, Isacson, &
Svendsen, 1990). The degree of functional disturbance caused
by neuronal atrophy is not certain. However, improved perform-
ance in behavioural tests has been correlated with reversal of
atrophy of basal forebrain cholinergic neurones after treatment
with NGF in aged rats (Fischer etal., 1987). In addition, atrophic
neurones are more vulnerable to glutamate-receptor induced
excitotoxicity.

Cell death: Apoptosis and necrosis

Apoptosis is a morphological description of a cell undergoing
programmed or physiological cell death (Wyllie, Kerr, & Currie,
1980). The features of apoptosis comprise a highly ordered
sequence of organelle abnormalities: swelling of the endoplas-
mic reticulum, vesiculation of the Golgi, followed by nuclear
changes and mitochondrial disruption. These latter involve
shrinkage of the nucleus, condensation, and fragmentation of
chromatin, with or without DNA degradation (internucleosomal
DNA fragmentation). This latter process follows release of
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nuclear endonucleases, which cut the DNA into fragments in
multiples of 180-200 base pairs, producing a characteristic
“laddering” pattern on gel electrophoresis. Apoptotic cells are
swiftly phagocytosed. Such death programmes are constitutive
and may be triggered by extracellular signals, for example the
withdrawal of growth factors efficiently induces apoptosis in
immature neurones.

Apoptosis is often contrasted with necrosis, the features of
which include loss of membrane permeability, loss of mem-
brane polarisation and plasma membrane rupture with spillage
of cytosolic contents into the environment: This may have a
“knock-on” effect, causing damage to adjacent cells, not seen
in apoptotic cell death. Nuclear changes include karyolysis and
dissolution; there is also organelle swelling, for example disrup-
tion of mitochondria with loss of cristae. However, rather than
being mutually exclusive events, it is possible that apoptosis and
necrosis may simply be different ends of a spectrum, necrosis
reflecting the failure to carry out the death programme if a cell is
rapidly overwhelmed by adverse stimuli (Bonfoco et al., 1995).
Neuronal death following adminstration of kainic acid to the
immature rat brain is not uniform, with apoptotic, necrotic, and
overlapping morphologies being observed; “apoptotic” DNA
laddering can occur simultaneously with morphological evid-
ence of necrosis (Portera-Cailliau, Price, & Martin, 1997a).
Furthermore, in the adult brain, the NMDA receptor agonist
quinolinate produced a necrotic picture of cell death, whereas
non-NMDA receptor agonists produced neuronal death more
reminiscent of apoptosis (Portera-Cailliau, Price, & Martin,
1997b). These findings have been interpreted as showing that
degree of brain maturity and stimulation of different glutamate
receptor subtypes can influence the degenerative phenotype fol-
lowing excitotoxic injury to neurones, independent of the sever-
ity of the excitotoxic insult, confirming previous evidence of a
morphological continuum or gradient ranging from apoptosis to
necrosis (Bonfoco et al., 1995; Portera-Cailliau et al., 1997a,b).
Hence, the earlier debate as to whether amyloid B-peptide
may exert deleterious effects in AD through the stimulation of
apoptotic or necrotic neuronal death may in fact be redundant:
Both morphologies have been documented in in vitro paradigms
(Behl, Davis, Klier, & Schubert 1994; Loo et al., 1993).

It has been known for some time that apoptotic neuronal death
isacritical feature in the developmental patterning of the nervous
system (Oppenheim, 1991), but its role in the adult brain and in
the pathogenesis of neurological disorders is only now becoming
clear. It seems likely that alterations in cell survival contribute
to the pathogenesis of neurodegenerative disorders, particularly
those in which specific sets of neurones are gradually lost, such
as AD (LeBlanc, 1997), PD (Mitchell et al., 1994), and MND.
However, definitive evidence is currently lacking in all but a few
situations. In retinitis pigmentosa, an inherited and selective loss
of retinal rod photoreceptors resulting from mutations in various
genes, the early stages of photoreceptor degeneration suggest
apoptosis as a common pathway (Chang, Hao, & Wong, 1993).
Likewise, certain varieties of inherited spinal muscular atrophy,
inwhich there is selective loss of motor neurones within the vent-
ral horn of the spinal cord, have been associated with deletions

in a gene whose normal function is to inhibit apoptosis (Roy
et al., 1995). Overexpression of the bcl-2 gene, whose product
inhibits apoptosis, delays onset of disease in a model of familial
MND with an attenuation of spinal cord motor neurone degen-
eration (Kosic, Jackson-Lewis, de Bilbao, Dubois-Dauphin, &
Przedborski, 1997). Apoptosis has been suggested to be a feature
of the selective effects of ischaemia, epilepsy, and gp120 tox-
icity in HIV infection (Charriaut-Marlangue, Aggoun-Zouaoui,
Represa, & Ben-Ari, 1996) and may also contribute to loss
of dopaminergic striatal projection neurones in PD (Mitchell
etal., 1994), possibly accelerated by L-dopa therapy (Ziv et al.,
1997). Overexpression of MnSOD has been reported to prevent
neuronal apoptosis and reduce ischaemic brain injury, actions
concurrent with suppression of ONOO™ production, lipid per-
oxidation, and mitochondrial dysfunction (Keller et al., 1998).
Many apoptosis-modifying compounds have been claimed for
clinical use but none has yet proven efficacious (Larner, 2000).

Plaques

Accumulations of proteinaceous material bearing the neuropath-
ological hallmarks of amyloid (i.e., staining with Congo Red
and thioflavine T, apple green birefringence in polarised light
with Congo Red staining) are found within the brain in a num-
ber of neurological conditions; these accumulations are known
as plaques and may have a variety of morphologies. In AD,
Down’s syndrome, dementia pugilistica, and in the normal age-
ing human brain these plagues have been shown to consist of
amyloid B-peptide (AB), whereas in prion disorders the peptide
is the prion protein (PrP).

ApB was first characterised from vascular amyloid deposits in
AD by Glenner and Wong (1984) and subsequently from plaque
amyloid by Masters et al. (1985) as a 39-43 amino acid peptide:
The variability in C-terminus, initially thought to be a procedural
artefact, is significant. Ag is derived from a longer amyloid pre-
cursor protein (APP), encoded on chromosome 21. The structure
of APP is suggestive of a membrane spanning glycoprotein but
its exact function remains uncertain; APP knockouts display
only minor neuroanatomical, neuropathological, and behavi-
oural anomalies (Maller et al., 1994). Antibodies to A8 reveal
additional and widespread amorphous or diffuse plaques in the
AD brain, not stained by Congo Red. These are thought to be the
forerunners of the senile plaques containing compact or mature
amyloid in which the peptides have aggregated to form insol-
uble fibrils that take up the Congo Red stain. Plaques seem
to consist of Ag molecules in a dynamic steady state equilib-
rium of aggregation and disaggregation processes (Cruz et al.,
1997). Mature, fibrillar plaques may be surrounded by a halo of
dystrophic neuritic processes and hence are sometimes known
as neuritic plaques.

Since neuritic plagues may occur in normal ageing (albeit in
lesser numbers than in the AD brain), and since extensive diffuse
amyloid deposition may occur without cognitive impairment,
the significance of amyloid in the causation of the dementing
process has been debated; it has been argued that disruption
of neuronal integrity is obligatory for cognitive impairments



to develop. However, the pivotal role of Ag in the pathogen-
esis of AD became apparent when mutations within the APP
gene which co-segregated with the disease were described in a
small number of families (about 20 worldwide) with autosomal
dominant AD (Hardy, 1995). All the APP mutations produce an
increase in the synthesis of the longer variants of Ag (i.e., AB1-
42/43) which have a greater propensity to self-aggregate into
B-sheet conformations (Jarrett et al., 1993; Pike et al., 1993).
The B-sheet structural motif occurs in a number of abnormal
protein isoforms and may be relevant to the pathogenesis of a
number of neurological disorders. AB1-42/43 may therefore
be the main pathogenetic culprit in AD (Younkin, 1995): It is
deposited first in Down’s syndrome (lwatsubo, Mann, Odaka,
Suzuki, & lhara, 1995) and in transgenic animal models of AD
bearing mutant human APP genes (Masliah et al., 1996). Hence,
reducing the production of this particular peptide might reduce
plaque formation. However, although many neurotoxic activit-
ies have been ascribed to Ag (Iversen etal., 1995) the possibility
remains that loss of APP function as well as gain of Ag toxicity
may be important in AD pathogenesis (Larner, 1995c).

In certain of the transmissible spongiform encephalopathies
or prion diseases, particularly kuru, Gerstmann—Straussler—
Scheinker disease (GSS), and vCJD, amyloid plaques consisting
of accumulations of prion protein (PrP) are common. Like AB
plaques, PrP plaques have a variety of morphologies, and PrP
immunohistochemistry reveals a greater number and extent of
deposits than are seen using routine histological techniques;
diffuse deposits lacking amyloid characteristics may be seen
(Hauw etal., 1996). The pathogenetic relevance of these plaques
is uncertain, since they are not found in the majority of cases
of sporadic CJD; their occurrence may simply reflect a greater
tendency for protein aggregation in individuals with codon 129
homozygosity. As in the situation with Ag and AD, it is possible
that loss of a normal function of PrP (for example, in synaptic
transmission) may be of greater significance to disease patho-
genesis than PrP accumulation (Collinge et al., 1994). Some
authors have claimed that neurological symptoms and neuronal
death may be transmitted without detectable abnormal prion
protein accumulation (Lasmezas et al., 1997).

Accumulations of abnormal proteins without the tinctorial
properties of amyloid may also be seen using appropriate
immunohistochemistry in HD (Scherzinger et al., 1997) and PD
(Spillantini et al., 1998).

Neurofibrillary tangles

Neurofibrillary tangles (NFTs) are argyrophilic intracellular
structures composed at the ultrastructural level of paired helical
filaments (PHFs). Extracellular or “ghost” tangles are thought
to be “tombstones” for dead neurones. NFTs are observed in a
variety of neurodegenerative disorders, as well as normal age-
ing, but in AD their cortical density, especially in temporal
neocortex and parahippocampal gyrus, correlates with the sever-
ity of cognitive impairment better than senile plaque density
(Arriagada, Growdon, Hedley-White, & Hyman, 1992) and their
distribution allows the staging of the disease (Braak & Braak,
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1991). At the molecular level, PHFs are composed principally
of the microtubule-associated protein tau (z; Wischik et al.,
1988) in an abnormally hyperphosphorylated state (Goedert,
1993). In this form, t is less able to bind to microtubules and
this may lead to dysfunction of the cytoskeleton, for example
impaired axonal transport, leading to dystrophic neurite forma-
tion, neuronal disconnection and eventually neuronal death. The
E4 isoform of ApoE may exert its effects through a destabil-
ising effect on microtubule binding and hence on neuronal
cytoskeletal integrity (Strittmatter et al., 1994); A8 may also
act as a stimulus to these cytoskeletal changes (Busciglio,
Lorenzo, Yeh, & Yankner, 1995; Vickers, 1997). Immunohis-
tochemistry for 7 also reveals the dystrophic neurites around
senile/mature/neuritic plagues and in a third location, dystrophic
neurites scattered throughout the neuropil. These latter struc-
tures may be indicative of aberrant neurite growth in AD brain.
A hypothetical model, which attempts to draw together the many
molecular and cellular factors that interact in the pathogenesis
of AD, is presented in Figure 7.1.

Tau positive filamentous lesions are also evident in a number
of other neurodegenerative conditions, including Pick’s disease,
corticobasal degeneration, and frontotemporal dementias with
parkinsonism linked to chromosome 17 (FTDP-17). Mutations
in the tau gene have recently been identified in FTDP-17, estab-
lishing the importance of tau in the neurodegenerative process
(Hardy, Duff, Hardy, Perez-Tur, & Hutton, 1998; Spillantini &
Goedert, 1998).

Aberrant growth

Altered neuronal morphology with the formation of aberrant
and meganeurites is a recognised neuropathological feature of
human and animal gangliosidoses, a group of rare conditions
characterised by the accumulation within neurones of ganglios-
ides (sialic acid containing glycosphingolipids normally located
in the outer leaflets of neuronal cell membranes; Purpura, 1978;
Purpura & Baker, 1978). These observations suggested that
abnormal neurite growth can lead to neuronal dysfunction as
devastating as that caused by neuronal atrophy or death. More
recently, the possibility that aberrant neuritic growth may be
relevant to the pathogenesis of common neurodegenerative dis-
eases has been suggested. The pathological features of AD
include evidence of aberrant neurite growth, manifested as
T-immunopositive dystrophic neurites scattered throughout the
neuropil and surrounding mature/senile plaques. The stimuli
responsible for this aberrant growth pattern are uncertain, but
may include increased expression of neurite growth-promoting
factors, reduced expression of neurite growth-inhibitory factors,
or changes in the expression of receptors for these classes of
molecules (Larner, 1995b). The abnormal cytoskeleton within
dystrophic neurites is likely to be dysfunctional, contributing
to disordered axonal transport and synaptogenesis, which may
in turn lead to neuronal disconnection and death, manifest clin-
ically as dementia. Hence, although dystrophic neurites may
reflect an attempted regenerative response to ongoing neuronal
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Figure 7.1. Schematic integrating the various molecular and cellular changes implicated in the pathogenesis of Alzheimer’s disease. (Reprinted with permission of

the editor from Expert Opinion on Therapeutic Patents, 1998, 8, 1753-1759.)

loss, they could also reflect a more primary pathogenetic pro-
cess, actually contributing to neuronal death. Indeed, since
dystrophic neurites are seen, using various immunohistochem-
ical techniques, in many neurodegenerative disorders, this may
be a common neuropathological motif underpinning dementia
syndromes (Larner, 1997).

Glial cell changes

Since glial cells outhumber neurones by a ratio of approxim-
ately 10: 1 in the vertebrate CNS, it is perhaps to be expected

that they may exert significant effects in pathological processes.
Of course, neoplastic glial proliferation is a common cause of
tumour formation in the adult CNS, which may cause neur-
onal dysfunction through local pressure effects, but changes
in glial metabolic function may also be of pathogenetic rel-
evance: Hepatic encephalopathy is thought to be primarily a
disorder of glial function with secondary neuronal dysfunction.
Furthermore, glial dysfunction may contribute to various neur-
ological diseases. Glial swelling is seen in ischaemia, trauma,
hypoglycaemia, status epilepticus, hypotonicity, and fulminant
hepatic failure, and may be a stimulus for reactive astrocytosis



or gliosis, the most characteristic response of the CNS to
destructive tissue injury (Norenberg, 1994). Reactive astrocytes
show characteristic morphological changes; moreover, they are
metabolically active cells, filled with filaments which stain with
antibodies to glial fibrillary acidic protein (GFAP) and vimentin.
GFAP immunopositivity is widely used as a marker for react-
ive astrocytosis, and this may be seen in the absence of tissue
injury and astrocyte morphological change; for instance, in AD,
although astrocyte numbers are increased they show no morpho-
logical indications of reactivity (Frederickson, 1992) but none
the less there is a generalised increase in GFAP immunopositiv-
ity suggestive of generalised glial activation (Delacourte, 1990).
Ap can induce reactive astrocytosis in vitro; since glial scars
inhibit axonal outgrowth it is thought that this astrocytosis may
contribute to the formation of dystrophic neurites around neur-
itic/senile plaques (Canning et al., 1993), but other possible
molecular mediators include S1008, a cytokine that promotes
excessive neurite growth, and basic fibroblast growth factor.
Up-regulation of many proteins with potent biological activities
accompanies reactive astrocytosis (Norenberg, 1994). Astrocyt-
osis is commonly seen in prion diseases, along with spongiosis
and plaque formation; this may be accounted for by the fact that
PrP causes astrocyte proliferation.

Microglia are cells of the macrophage-monocyte lineage
which may have critical roles in the genesis of immune responses
within the CNS. They have been suggested as the main culprits
in the immunopathogenesis of MS (Sriram & Rodriguez, 1997)
and may play a role in HIV-related neurodegeneration (Stanley
etal., 1994). Microglia produce cytokines such as interleukin-1,
which can provoke astrocytosis. Activated microglia are seen at
the periphery of mature AD plaques. This may be in response to
the presence of AB, which can contribute to microglial activation
(Meda et al., 1995), or may reflect active phagocytosis of cel-
lular remnants similar to the removal of apoptotic bodies. This
inflammatory component in plaques could be a therapeutic target
in AD: There is some evidence that anti-inflammatory therapy
may delay the onset of the condition (Breitner et al., 1994).

The metabolic activities of glial cells may have beneficial or
detrimental effects on adjacent neurones. For example, they may
protect against excitotoxic injury, possibly through the uptake
of glutamate and its conversion to glutamine (Rosenberg &
Aizenman, 1989; Rothstein et al., 1996; Tanaka et al., 1997).
However, glial MAO-B converts MPTP to the dopaminergic
neuronal toxin MPP+, which may be relevant to the pathogen-
esis of PD. iNOS in astrocytes, microglia, and macrophages may
contribute to the inflammation in the MS plaque. The different
behaviour of adult and neonatal glia in respect of scar formation
may be relevant to the loss of CNS regenerative capacity during
ontogeny (McKeon, Schreiber, Rudge, & Silver, 1991).

AXONAL GROWTH AND NEURAL REGENERATION

Peripheral nervous system

Following axotomy of a peripheral nerve, axonal regeneration
and recovery of function are possible, dependent on a number of
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factors including species, age, and the nature of the injury. The
response to axotomy may be conveniently divided into two pro-
cesses: The degeneration and clearing of the distal stump, known
as Wallerian degeneration, which is crucially dependent on mac-
rophages; and successful axonal regeneration, which seems to be
critically dependent upon Schwann cells (Brecknell & Fawcett,
1996; Fawcett & Keynes, 1990; Tonge & Golding, 1993).

Wallerian degeneration. Since the arborisations of a neur-
one are dependent for their survival on molecules synthesised
and transported from the perikaryon, the distal portion of an axon
will degenerate if severed from the cell body. Myelin sheaths
and axonal debris are phagocytosed and recycled by Schwann
cells and macrophages. The latter are recruited to the degenerat-
ing distal segment 2—3 days after a lesion, possibly in response
to the secretion of chemotactic substances. In the C57BL/Ola
mouse mutant, in which macrophage recruitment and Wallerian
degeneration do not usually occur, wild-type nerve transplanted
into the mutant will undergo normal degeneration, suggesting
that the axon is the source of the chemotactic signal (Lunn, Perry,
Brown, Rosen, & Gordon, 1989). Once recruited, macrophages
play a key role not only in removing debris but also in secret-
ing factors which are mitogenic for Schwann cells (Beuche &
Friede, 1984), such as platelet-derived growth factor, transform-
ing growth factor-g, and fibroblast growth factors (Schubert,
1992). The proliferated Schwann cells within the remaining
endoneurial tubes form the morphological feature known as the
bands of Blingner.

Axonal regeneration. Within a few hours of lesioning,
axons within the proximal stump of an injured nerve will form
growth cones at the node of Ranvier adjacent to the site of
injury (nodal sprouting) or from the terminals of injured axons
themselves (terminal sprouting). Axonal elongation through
remaining Schwann cell tubes may permit reconstitution of
appropriate synaptic contacts (homotypic sprouting) and full res-
toration of function. Undamaged axons can also sprout collateral
branches in response to partial deafferentation, and these collat-
eral sprouts are able to fill vacated synaptic contacts (heterotypic
sprouting), thus effectively “reorganising” synaptic circuitry.
Such aberrant regeneration may be detrimental, as seen for
example following recovery from a Bell’s palsy, leading to mus-
cular synkinesis and “crocodile tears”. A similar phenomenon
may also underpin the reorganisation of CNS circuitry after
injury, for example inthe hippocampus in temporal lobe epilepsy
(Larner, 1995a).

Axonal sprouts enter the distal stump in intimate contact
with the Schwann cell basal lamina and Schwann cell mem-
brane. Experimental studies suggest that this targeting is due to
the secretion of a neurotrophic activity from the degenerating
nerve stump. However, Wallerian degeneration is not absolutely
crucial to this process since it may be observed in the C57BL/Ola
mouse in which degeneration does not occur (Brown, Perry,
Hunt, & Lapper, 1994). A number of molecules may contrib-
ute to this activity: Increased secretion and/or transcription of
nerve growth factor (NGF), brain-derived neurotrophic factor
(BDNF), and ciliary neurotrophic factor (CNTF) has been
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shown; these agents can exert specific neurotrophic actions on
subsets of neurones (sensory, sympathetic, motor), as evid-
enced by the phenotypic changes in animals in which individual
neurotrophin genes or their receptors have been “knocked out”
(Snider, 1994). However, their precise role is unclear since anti-
bodies to individual components, such as NGF, do not block
successful PNS regeneration. Cell surface and extracellular mat-
rix molecules with adhesive properties may also be important,
such as laminin, fibronectin, J1/tenascin, L1 and N-cadherin.

Axonal regeneration can be effectively blocked by glial scar
tissue, inflammatory exudates, and infection. The larger the
gap between cut nerve ends the less the chance of sprouts find-
ing their appropriate endoneurial tubes and hence regenerating
to correct targets; hence crush injuries tend to recover better
than sections. However, even if successful axonal elongation
occurs, there is no guarantee that effective synaptic contacts
will be made.

It is therefore clear that environmental factors are important
in determining the success of peripheral nerve regeneration, but
intrinsic neuronal factors may also play a role. Accuracy of
reinnervation may be better in lower vertebrates: For example,
in the neuromuscular system, regeneration with the formation of
appropriate connections is seen in adult urodeles, larval anurans,
and neonatal rats, whereas aberrant reinnervation is seen in adult
mammals and adult anurans (Fawcett & Keynes, 1990; Tonge &
Golding, 1993). There may also be differences in the capacities
of motor and sensory fibres to regenerate, perhaps due to the
persistence or recapitulation of developmental cues for axonal
growth (Fawcett & Keynes, 1990). However, these phylogenetic
and ontogenetic parameters seem less important in determining
the efficacy of regeneration in the PNS than the CNS.

Central nervous system

Unlike the situation in the PNS, spontaneous axonal regrowth
with the establishment of appropriate, functional neural con-
nections does not occur after axotomy in the adult mammalian
CNS. In contrast, in anamniote poikilothermic non-mammalian
vertebrates, such as cyclostomes, fish, urodeles, and anurans,
certain CNS pathways, such as the spinal cord and retinotectal
tract, are able to undergo structural regeneration with resti-
tution of function; similar phenomena are also observed in
embryonic birds and neonatal mammals (Larner, Johnson, &
Keynes, 1995). The implication that regenerative properties have
been lost during CNS evolution and development begs the ques-
tion as to the factors responsible for this loss of regenerative
capacity in the CNS. Two major areas have been focused on:
The CNS environment, and intrinsic properties of CNS neurones
themselves (Brecknell & Fawcett, 1996).

Cues in adult CNS environment that may prevent regen-
eration. It was recognised in the early years of the twentieth
century that whereas axotomised CNS axons demonstrated only
abortive spontaneous regeneration, they could none the less
grow for short distances into PNS grafts implanted into the
CNS (Cajal, 1928; Forsmann, 1900; Tello, 1911). However,

these observations were apparently forgotten and for many years
the notion that CNS axons were intrinsically incapable of mak-
ing the necessary metabolic responses to sustain regeneration
held sway. The rediscovery of the PNS graft paradigm showed
convincingly, with the aid of modern tract tracing techniques,
that extensive CNS axonal regeneration was possible when the
appropriate environmental cues were present (David & Aguayo,
1981; Richardson, McGuinness, & Aguayo, 1980). Indeed,
CNS axons can regenerate extensive distances through PNS
grafts and emerge to make appropriate functional synaptic con-
tacts (Carter, Bray, & Aguayo, 1989, 1994). These studies
suggested that the adult mammalian CNS was a constitutively
inhibitory environment for axonal growth, as did the inability
of dissociated neurones to grow into optic but not sciatic nerves
(Schwab & Thoenen, 1985). The cellular and molecular sub-
strates of the inhibitory CNS environment remain subjects of
intensive investigation.

Oligodendrocytes and myelin.  Berry (1982) suggested that
myelin breakdown products might account for the failure of
mammalian CNS regeneration, and a body of evidence has sub-
sequently been forthcoming to indicate that oligodendrocytes
and myelin are inhibitory to axonal growth. CNS white matter
(rat and human), but not grey matter, is a non-permissive sub-
strate for neuronal cell adhesion and axon elongation (Crutcher
& Privitera, 1989; Schwab & Caroni, 1988), and two pro-
teins have been characterised from adult rat CNS myelin, NI135
and NI250, which inhibit axon growth and fibroblast spread-
ing (Caroni & Schwab, 1988). It took more than a decade for
the full characterisation of these proteins as No-go (Chen et al.,
2000). In the meantime, a monoclonal antibody raised against
them (IN-1) was shown to permit the growth of axons in a vari-
ety of “non-permissive” situations, e.g., adult rat corticospinal
tract fibres through a glial scar (Schnell & Schwab, 1990),
acetylcholinesterase-positive septo-hippocampal fibres within
the hippocampus following fimbria-fornix lesions (Cadelli &
Schwab, 1991), and retinal ganglion cell axons following optic
nerve crush (Weibel, Cadelli, & Schwab, 1994). Claims for func-
tional recovery after lesioning and IN-1 application have been
made, e.g., recovery of segmental reflexes following spinal cord
injury (Bregman et al., 1995) and reaching behaviours after pyr-
amidal tract lesions (Z’Graggen, Metz, Kartje, Thallmair, &
Schwab, 1998).

Similar inhibitory molecules have been identified in fish
optic nerve myelin (Sivron, Schwab, & Schwartz, 1994), even
though this system has long been known to undergo spontaneous
regeneration. Differing regenerative capacity has therefore been
attributed to differing response to injury, the prompt macrophage
and microglial response in fish, but not rat, optic nerve clear-
ing away growth-inhibitory material to produce a temporarily
(rather than constitutively) permissive CNS environment for
axonal growth (Sivron et al., 1994).

Astrocytes and the glial scar. CNS injury causes astrocytic
proliferation and hypertrophy with the production of a glial
scar. Regenerating axons come to a stop when they encounter
such a scar and form synapse-like terminals as though their



physiological “stop” pathway had been activated (Liuzzi &
Lasek, 1987). Although the dense astrocytic scars were ini-
tially thought to be a mechanical barrier to regeneration, the
morphology of the arrested axon terminals is unlike that of
regenerating peripheral axons obstructed by a neuroma (Liuzzi
& Lasek, 1987) and therefore it is likely that neurite inhibitors of
astrocyte origin are responsible for regenerative failure. A num-
ber of chondroitin sulphate proteoglycans derived from adult,
but not neonatal, astrocytes have been shown to inhibit neur-
ite growth (Bovolenta, Wandosell, & Nieto-Sampedro, 1993;
Levine, 1994; McKeon etal., 1991; Smith-Thomas et al., 1994).

Intrinsic neuronal properties. Although the role of the
adult CNS environment in blocking axonal regeneration has
received increasing attention in recent years, the role of intrinsic
neuronal properties, once held to be the key to CNS regeneration
failure, should not be forgotten. Thisarea has attracted less atten-
tion, perhaps because of the difficulty in designing experiments
to test hypotheses related to intrinsic factors (Fawcett, 1992).
However, it seems that neurones at different stages of develop-
ment, and different neuronal types, have differing regenerative
capacities.

Developmental stage. That neuronal age may influence
regenerative capacity is suggested by the more vigorous regen-
eration seen in younger teleosts and urodeles, and embryonic
birds and neonatal mammals (Larner et al., 1995). The neural
transplantation paradigm has also provided evidence of this:
Foetal mesencephalic dopaminergic allografts have replaced
adult adrenal autografts for clinical transplantation in Parkin-
son’s disease (see Chapter 9), and in experimental animals
neuroblasts are capable of even more extensive axonal regener-
ation, even along myelinated tracts (Wictorin, Brundin, Sauer,
Lindvall, & Bjorklund, 1992). The capacity of foetal neurones to
regenerate independently of environmental constraints, includ-
ing white matter, has now been demonstrated in several model
systems (Davies, Field, & Raisman, 1994; Dusart, Airaksinen,
& Sotelo, 1997; Li, Field, & Raisman, 1995; Shewan, Berry,
& Cohen, 1995). It has been suggested that neuronal matur-
ity is marked by the turning off of a “growth programme”,
which cannot be reinstituted despite the presence of a permissive
microenvironment, perhaps due to developmental regulation of
receptors for inhibitory cues.

Neuronal types. There are various examples of the dif-
fering efficacy of regeneration of different neuronal types. In
cyclostomes, the simplest vertebrates, identified reticulospinal
neurones with cell bodies and axons located in similar areas
of the nervous system consistently show different regenerat-
ive responses after section (Davis & McClellan, 1994), as do
frog optic axons and tectal efferent axons encountering similar
environments after section by a single diencephalic lesion (Lyon
& Stelzner, 1987). Cerebellar axons from the deep nuclei, but not
from the cortex, will grow into peripheral nerve grafts inserted
into the cerebellum (Dooley & Aguayo, 1982) and GABAergic
neurones of the thalamic reticular nucleus extend axons into sim-
ilar grafts in greater numbers than other thalamic neuronal types
(Benfey, Bunger, Videl-Sanz, Bray, & Aguayo, 1985; Morrow,
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Campbell, Lieberman, & Anderson, 1993). In addition, injured
CNS axons encountering PNS grafts show varying responses
dependent upon the distance of the injury from the perikaryon
(Richardson, Issa, & Aguayo, 1984).

APPLICATION TO TREATMENT AND RECOVERY
Halting or minimising degeneration

Prevention of excitotoxicity by receptor blockade. Antag-
onists to both NMDA and AMPA receptors have been shown to
be of benefit in experimental paradigms of focal brain ischaemia.
For example, the high-affinity use-dependent NMDA non-
competitive antagonist MK-801 (dizocilpine) has been shown to
be neuroprotective in rodent models of focal ischaemia. Unfor-
tunately, this agent failed to translate to the clinical situation
because of toxicity and vacuolation in the cingulate cortex, but
other candidates are currently under trial, and it may be that
AMPA receptor anatagonists will have more to offer in terms of
protecting against the delayed neuronal death in the ischaemic
penumbra of an infarct (Buchan et al., 1993).

In epilepsy, some of the newer anticonvulsant agents may act,
at least in part, through interactions with glutamate: Felbamate
protects against kainic acid induced seizures and may be a com-
petitive antagonist at the glycine-binding modulatory site of the
NMDA receptor (it has also been shown to be neuroprotective
in focal hypoxic-ischaemic lesions); lamotrigine acts through
inhibition of presynaptic glutamate release; and topiramate
apparently has antagonistic effects on KA/AMPA receptors.

Various lines of evidence have suggested that primary or
secondary excitotoxic mechanisms may contribute to selective
neuronal damage in MND (Shaw, 1994), as originally sugges-
ted in other motor neurone disorders such as neurolathyrism
and ALS-PD of Guam (Nunn, 1994). Hence the rationale for
attempting to treat this condition with the glutamate antag-
onist riluzole; one widely reported trial apparently did show
riluzole to be beneficial (Bensimon, Lacomblez, Meininger, &
the ALS/Riluzole Study Group, 1994) but a closer analysis of
all the various trials of riluzole, including unpublished ones,
has been less compelling (Anonymous, 1997). None the less,
riluzole has been licensed for the treatment of MND and is now
in regular clinical use.

Protection from intracellular calcium overload. Since
raised [Ca®*]; may play an important part in the pathogenesis of
many processes injurious to neurones, blockade of calcium entry
from the extracellular space may be a viable therapeutic option.
The efficacy of excitatory amino acid receptor blockade may
derive, at least in part, from an effect on this ligand-gated cal-
cium ion ingress. Blockade of voltage-gated calcium channels
is also possible through the availability of specific antagonists,
a number of which have been shown to have effects in exper-
imental paradigms and/or clinical neurological disorders. For
example, calcium channel antagonists can block the increase in
[Ca?*); induced in rat retinal ganglion cells by HIV coat protein
gp120 (Dreyer et al., 1990), a process which may contribute
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to HIV neurotoxicity. There is some evidence that the neur-
otoxic effects of amyloid g-peptide in vitro may be partially
abrogated by voltage-gated calcium channel antagonists such
as nimodipine (Weiss, Pike, & Cotman, 1994) and nifedipine
(Larner, 1998); trials of calcium channel antagonists in demen-
tia are ongoing. However, it is in the field of hypoxic-ischaemic
brain injury that calcium channel antagonists may have most
to offer, particularly the possibility that they might enhance the
viability of neurones within the ischaemic penumbra. There is
no doubt that nimodipine prevents ischaemic neurological defi-
cits following aneurysmal subarachnoid haemorrhage, and this
has prompted a number of studies of nimodipine in ischaemic
stroke. Overall, these have failed to show improved patient out-
come, but the belief remains that such agents could be helpful
in selected patients, for example those with a progressing neur-
ological deficit in the face of haemodynamic stability (Grotta,
1991).

Protection from NO-induced neurotoxicity. As previously
mentioned, the actions of the NO group may be either neuro-
protective or neurotoxic, dependent upon redox state; hence,
NO and ONOO™ are neurotoxic, whereas NO™ equivalents are
neuroprotective through an action on the NMDA receptor redox
modulatory site(s). Appropriate manipulation of NO for thera-
peutic purposes may therefore be difficult, depending on cellular
redox state and origin of NO. Knockout animals suggest that
selective inhibition of nNOS and iINOS may be neuroprotective
in cerebral ischaemia (Huang et al., 1994; ladecola et al., 1997),
as may scavengers of superoxide anions (which react with NO to
produce the highly toxic ONOO™). Neuroprotection may also
be facilitated through the transfer of NO™ equivalents to the
redox modulatory site of NMDA receptors, so down-regulating
receptor activity.

Although pharmacological manipulation of NO-induced
neurotoxicity is currently of little therapeutic utility, this field is
likely to become a major growth area in the near future. Recently
it has been shown that NGF rapidly suppresses basal as well as
NMDA- and AMPA-evoked increases in hippocampal NO syn-
thase activity (Lam et al., 1998), which may partially explain
the neuroprotective effects of NGF in models of excitotoxic
neurodegeneration.

Protection from reactive oxygen species. Although neur-
ones have endogenous mechanisms to protect against the effects
of reactive oxygen species, including the enzymes superoxide
dismutase, catalase, and glutathione peroxidase, these are some-
times overwhelmed during pathological processes, which may
lead to neurological dysfunction. The use of exogenous antiox-
idant enzymes for treatment purposes has proved impractical,
for example due to the very short half-life of SOD and its fail-
ure to cross the intact BBB. Hence, there has been an ongoing
search for exogenous antioxidant agents, which might prove
useful in the prevention or treatment of neurological disease.
These agents include inhibitors of the formation of reactive oxy-
gen species and antioxidants. In the first category are included
inhibitors of xanthine oxidase (e.g., allopurinol), phospholi-
pase (e.g., mepacrine), and of arachidonic acid metabolism

(e.g., indomethacin, piroxicam, flurbiprofen). Although formal
clinical trials of such agents have not yet been undertaken,
it is of interest that prior treatment with non-steroidal anti-
inflammatory agents such as indomethacin has been reported
to delay the onset of AD (Breitner et al., 1994). Antioxidant
agents include spin trapping agents, «-lipoic acid, the vitamin A
precursor S-carotene, vitamin C (ascorbic acid), and vitamin E
(the biologically active component of which is «-tocopherol).
Certainly vitamin E deficiency can have profound detrimental
effects on the nervous system (spinocerebellar syndrome, peri-
pheral neuropathy, dementia; Harding, 1987), although whether
these effects are mediated through reactive oxygen species is
currently not known. 21-aminosteroids (“lazaroids™) are non-
glucocorticoid steroids with antioxidant activity through the
inhibition of lipid peroxidation, independent of steroid receptor
pharmacology.

Routine clinical use of such agents is still awaited, but there
are theoretical reasons to believe that they may find a niche.
Trials of the 21-aminosteroid tirilazad mesylate (U74006F) in
acute neural insults (CNS injury, ischaemia, and subarachnoid
haemorrhage) are in progress (Hall, 1997). The neurotoxic
effects of AB in vitro can be partially blocked by agents such
as catalase (Behl, Davis, Lesley, & Schubert, 1994), vitamin E
(Behl, Davis, Cole, & Schubert, 1992), and n-propyl gallate
(Behl et al., 1992; Larner, 1998). «-tocopherol, the moi-
ety of vitamin E which can attenuate lipid peroxidation by
trapping free radicals, was not found to be helpful in slow-
ing the progression of PD in the DATATOP trial (Parkinson
Study Group, 1993), but the question remains as to whether
an appropriate dose was used. Deprenyl, an MAO-B inhib-
itor, certainly delayed functional disability in PD (Parkinson
Study Group, 1993), but it is not clear whether this was
solely a symptomatic effect or whether it was related to an
antioxidant action (decreased reactive oxygen species, such
as Hzoz).

Protection from abnormal protein isoforms. In AD, the
identification of factors which promote the aberrant folding of
the AB protein and its aggregation into insoluble fibrils may
be of great importance in designing therapies to interrupt the
pathogenetic cascade and so halt the clinical progression of
AD (Larner & Rossor, 1997). Synthetic peptides which prevent
B-sheet formation have been reported to block Ag fibril forma-
tion and neurotoxicity (Soto, Kindy, Baumann, & Frangione,
1996). Such a strategy may be applicable not only to other
neurological disorders associated with abnormally folded pro-
tein isoforms, such as prion diseases (Prout & Larner, 1998),
but also to a wide variety of other conditions characterised by
post-translational structural change of cellular proteins (Carrell
& Lomas, 1997), including neoplasia (e.g., p53 related onco-
genesis; Milner & Medcalf, 1991). Recently, transgenic mice
bearing mutant APP genes known to be deterministic for AD
have been shown to be protected from the development of
AD pathology by immunisation with AB peptides (Schenk
et al., 1999). Clinical trials of A vaccine are now being
planned.



Protection from degeneration, and upregulation of
function, by growth factors.  Growth factors have been demon-
strated to protect various neuronal populations from degenera-
tion both in vitro and in vivo, and following a variety of insults
including toxic, traumatic, and ischaemic. The cascade of events
mediating the protective effects of growth factors and cytokines
appears to involve the activation of receptors that stabilise
[Ca2t]; and/or reduce the generation of free radicals or nitric
oxide stimulated by excitotoxic activation of glutamate recept-
ors (Dugan et al., 1997; Mattson, Cheng, & Smith-Swintosky,
1993). Of possible clinical relevance, basic fibroblast growth
factor (bFGF) protects hippocampal neurones from Ag-induced
increases in [Ca®*]; (Mattson, Tomaselli, & Rydel, 1993), an
effect not seen with NGF. Nevertheless, NGF protects striatal,
retinal, and hippocampal neurones from infusions of excitotoxic
glutamate agonists or from ischaemic events thought to involve
excitotoxiciy (Aloe, 1987; Holtzman, Sheldon, Jaffe, Cheng,
& Ferriero, 1996; Schumacher, Short, Hyman, Breakefield, &
Isacson, 1991). Gene therapy with glial-cell-line-derived neur-
otrophic factor (GDNF) can protect dopaminergic cells from
neurotoxic insults (Choi-Lundberg et al., 1997). There may be
overlap or redundancy of trophic effects: The increased survival
of axotomised corticospinal tract neurones observed following
treatment with exogenous GDNF requires endogenous BDNF,
the latter acting as a paracrine/autocrine survival factor (Giehl
Schutte, Mestres, & Yan, 1998).

In addition to having protective effects, growth factors can
augment neuronal function by inducing neuronal hypertrophy,
increasing gene expression or altering synaptic plasticity, which
in some cases appears to lead to enhanced performance in
behavioural tests in experimental animals (Fischer et al., 1987;
Gage et al., 1989; Garofalo, Ribeiro-Da-Silva, & Cuello, 1992;
Sofroniew & Cooper, 1993).

MS therapies. The importance of immunological mech-
anisms in the pathogenesis of demyelinating lesions in MS
(Scolding etal., 1994) has directed attention to immunomodulat-
ory agents as possible treatments for this condition. Interferon
(IFN)-81b has been reported to reduce relapse rate in MS by
approximately one-third (IFNB Multiple Sclerosis Study Group,
1993), a finding also observed with IFN-B1a (Jacobs et al.,
1996). The latter was also claimed to produce a small but
significant delay in the acquisition of disability in relapsing-
remitting MS (Jacobs et al., 1996), the first agent for which
such a result has been found. These reports, although far from
compelling, none the less suggest that IFN-8 may be the first
therapy to alter the natural history of MS, although trials to assess
whether IFN-8 slows progression in secondary progressive MS
have been contradictory. The exact mechanisms whereby IFN-3
exerts its beneficial effects are not currently clear: There is evid-
ence that it has actions on microglia and T-lymphocytes, key
players in the pathogenesis of demyelination (Scolding et al.,
1994), but antagonism of endogenous IFN-y by exogenous IFN-
B has been suggested to be the critical effect (Hall, Compston, &
Scolding, 1997). IFN-8 is now in clinical usage, despite major
difficulties with the funding of its prescription.
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The human monoclonal antibody CAMPATH-1H is a treat-
ment directed at lymphocytes: Infusion produces a profound
and long-lasting lymphocytopenia. In MS it has been shown to
reduce disease activity (Moreau et al., 1994). Infusion is occa-
sionally associated with an acute but transient recapitulation of
neurological dysfunction previously encountered in the course
of the individual patient’s disease, phenomena associated with
the release of cytokines such as interleukin-6, interferon-y, and
tumour necrosis factor-o (Moreau et al., 1996). Concurrent treat-
ment with steroids blocks these effects. These results, along with
previous MRI evidence for acute BBB changes (Youl et al.,
1991), have suggested the critical role of inflammation in the
pathogenesis of acute neurological dysfunction in MS (Coles
et al., 1999). Nitric oxide may also contribute to these phe-
nomena since in experimental models it can induce conduction
block in axons, more so in previously demyelinated preparations
(Redford et al., 1997).

Replacement of cells

The replacement of lost neurones would seem to be a logical
therapeutic approach in neurodegenerative disorders in which
specific neuronal populations are lost (see Chapter 9). Much
experimental work, particularly using experimental paradigms
of PD, has been performed, and some of the lessons learned are
now being applied in the clinical situation (Chapter 9; Dunnett,
Kendall, Watts, & Torres, 1997; Larner, 1995d). Transplantation
of neurones may also be feasible in HD (Dunnett et al., 1997).
Repair of areas of demyelination through transplantation of oli-
godendrocyte precursors may also be possible (Groves et al.,
1993).

Symptomatic treatment strategies

In the absence of definitive strategies for repair of damaged
neural tissue, clinicians have had to rely on symptomatic
therapies to maintain or enhance neurological function. This
approach has been particularly evident in the field of neuro-
degenerative diseases, the most salient example being the
replacement of the striatal dopamine deficiency in PD with the
precursor L-dopa, which is metabolised by remaining nigrostri-
atal neurones to dopamine. This strategy produces symptomatic
benefit in most PD patients. There is a persisting concern
that L-dopa itself may be toxic to dopaminergic neurones, for
example by increasing oxidative stress or promoting apoptosis
(Ziv et al., 1997); although there is no firm evidence for this
occurring in vivo, the possibility still exists. Dopamine receptor
agonists may have neuroprotective effects and there is certainly
now a move to introduce them earlier in the clinical course of
PD. The belief that selegiline, a monoamine oxidase B inhib-
itor, might be neuroprotective (Parkinson Disease Study Group,
1993) has waned in recent years, since such an action cannot
be disentangled from its unequivocal symptomatic effect; how-
ever, it certainly delays the need for L-dopa treatment. A report
that combined L-dopa/selegiline treatment increases mortality
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in early PD (Lees, & the Parkinson’s Disease Research Group,
1995) is thought to reflect a statistical rather than a biological
effect.

Although many neurotransmitter systems are affected in AD,
the greatest loss is in the cholinergic system. This observation
has prompted the use of various strategies to improve choliner-
gic neurotransmission in the AD brain; inhibition of the enzyme
acetylcholinesterase (AChE), with agents such as tacrine (Soares
& Gershon, 1995) and donepezil (Rogers et al., 1998), has been
shown to have beneficial effects in some AD patients. Donepezil,
rivastigmine, and galanthamine are now licensed for use in mild
to moderate AD in the UK and USA. However, the effects are
at best modest, and although other AChE inhibitors are in pre-
paration (Larner & Rossor, 1997) it is unlikely that their effects
will be as dramatic as those of levodopa in PD.

Facilitating regeneration, repair, and
restitution of function

Peripheral nervous system

Graft materials. The best outcome following peripheral
nerve section occurs when the cut ends remain apposed, as in
a crush injury, so allowing sprouting axons to enter the same,
intact, endoneurial tube as previously occupied. Microsurgical
suturing of cut nerve ends aims to achieve a similar result.
When direct union is not possible, use of a graft to bridge
the gap has been attempted, for example using autologous or
heterologous nerve grafts. A variety of materials or “regenera-
tion chambers” have also been fashioned for this purpose (see
Brecknell & Fawcett, 1996, for details), some of which have
produced encouraging results. In these chambers, regenerating
axons are always seen in association with Schwann cells; that
they are essential is shown by the fact that inhibition of Schwann
cell migration with mitomycin D always leads to a failure of
axonal regeneration (Hall, 1986). The observation that muscle
basal lamina, a preferred substrate for axonal elongation, could
facilitate peripheral nerve repair over long distances (Fawcett
& Keynes, 1986) has found clinical application in the repair of
lepromatous nerves (Pereira et al., 1991) and in the treatment of
painful neuromata (Thomas, Stirrat, Birch, & Glashy, 1994).

Neurotrophic factors.  Since neurotrophic factors are essen-
tial in sustaining various neuronal populations during devel-
opment, in the patterning of developing neuronal connections,
and are produced by the distal nerve stump during Wallerian
degeneration, their use to promote therapeutic PNS regenera-
tion, with or without grafting strategies, would seem logical.
Neurotrophic factors have been reported to prevent or ameliorate
experimental neuropathies caused by diabetes and the cytotoxic
drugs paclitaxel (Taxol) and cisplatin. However, evidence of
efficacy in the clinical situation has been slow to emerge (Yuen
& Mobley, 1996). A trial of CNTF in MND, predicated on the
observation of its ability to prevent programmed motor neurone
death in an animal model, had to be stopped because of signi-
ficant toxicity, the development of neutralising antibodies, and
absence of clinical benefit. IGF-1 was reported to decrease the

rate of progression of MND in a statistically significant manner
but the biological effects were modest. It is possible that com-
bination therapy may produce a more robust response (Yuen
& Mobley, 1996). These disappointing clinical outcomes may
in part reflect the fact that MND is a poor choice for growth
factor therapy, since its pathology is both central and peripheral,
and neurotrophic factors do not cross the blood brain barrier
if infused peripherally. Peripheral sensory neuropathies of the
“dying back” variety may be more appropriate for this approach,
as suggested by the aforementioned experimental studies. How-
ever, adverse effects may prove dose limiting: Intradermal NGF
injections reduce local heat-pain threshold and induce pressure
allodynia (Dyck et al., 1997).

Central nervous system

Despite the ongoing advances in understanding the cellular
and molecular mechanisms responsible for the failure of CNS
regeneration, procedures to abrogate these mechanisms and so
facilitate CNS repair and recovery of function in the clinical situ-
ation remain disappointingly few. Various options have been
explored with partial success, including the transplantation of
neurones or the grafting of new substrates for axonal growth
into the CNS, provision of neurotrophic factors, neutralisation of
growth-inhibitory factors, or combinations of these (Brecknell
& Fawcett, 1996; Schwab & Bartholdi, 1996). Transplantation
of foetal neurones or neural progenitors into the CNS to replace
lost or damaged cell populations has been extensively investig-
ated in experimental paradigms, principally in models of PD but
also for HD (see Chapter 9).

Grafting of materials that might provide suitable substrates
for CNS axonal regeneration has been attempted with variable
success. A variety of materials have been used in addition to
peripheral nerve grafts, for example: embryonic hippocampal
tissue (Kromer, Bjorklund, & Stenevi, 1981); ensheathing glia
from the olfactory bulb (one of the few locations within the CNS
where successful axonal regeneration can occur; Ramon-Cueto
& Nieto-Sampedro, 1994); embryonic astrocytes (Wunderlich,
Stichel, Schroeder, & Muller, 1994); cultured or dissociated
Schwann cells (Brook, Lawrence, Shah, & Raisman, 1994;
Kromer & Cornbrooks, 1985; Paino, Fernandez-Valle, Bates,
& Bunge, 1994; Xu, Chen, Guenard, Kleitman, & Bunge,
1997); microglia (Rabchevsky & Streit, 1997); and fibro-
blasts modified genetically to express NGF (Kawaja, Rosenberg,
Yoshida, & Gage, 1992). Foetal spinal cord segments have
been implanted microsurgically to repair spinal cord transec-
tions in neonatal mammals (lwashita, Kawaguchi, & Murata,
1994). Cheng, Cao, and Olson (1996) used multiple inter-
costal nerve grafts, re-routing of axons from white to grey
matter, fibrin glue containing acidic FGF, and compressive wir-
ing of posterior spinal processes, to restore function in adult
rats rendered paraplegic by complete cord transections. These
animals improved clinically over 6 months with histological
evidence of regeneration of the corticospinal tract through the
graft area. These results, if confirmed, could signal a major



advance in spinal cord repair. Similarly, the report by Rapalino
etal. (1998) documented behavioural, electrophysiological, and
morphological recovery following implantation of autologous
macrophages, pre-exposed ex vivo to peripheral nerve segments,
with or without acidic FGF, following transection of the adult
rat thoracic spinal cord. It is hypothesised that this manipula-
tion acts upstream of the postinjury process, interfering with the
immune privileged status of the CNS.

The provision of neurotrophic agents for restitution of CNS
function has attracted less attention than for PNS pathologies.
There is evidence that atrophy and loss of cholinergic cells
in the basal forebrain nuclei in AD results from a failure of
axonal transport of NGF from cortical targets (Sofroniew, 1996).
Hence, treatment with NGF to the basal forebrain may be a valid
symptomatic treatment in AD, and a single clinical case has
already been reported. The availability of neurotrophic factors
of greater potency and bioavailability may greatly facilitate mor-
phological and functional recovery; examples include the use of
GDNF (Tomac et al., 1995) and synthetic immunophilin ligands
(Steiner etal., 1997) in animal models of neurodegenerative dis-
orders such as MPTP parkinsonism. NGF, NT-3, and, especially,
GDNF, but not BDNF, have been shown to facilitate regrowth
of peripheral nerve roots into the dorsal horn of the spinal cord,
so overcoming the adult CNS barrier to regeneration (Ramer,
Priestley, & McMahon, 2000).

The inhibitory nature of the CNS environment presents a
significant obstruction to successful axonal regeneration. Neut-
ralisation of myelin-associated neurite growth inhibitors has
been reported to facilitate axonal regeneration in the cor-
ticospinal tract (Schnell & Schwab, 1990) and the optic tract
(Weibel et al., 1994), and may promote functional recovery
(Bregman et al., 1995). The structural and functional recov-
ery detected following treatment of the transected adult rat optic
nerve with transglutaminase has also been interpreted in terms
of abrogation of growth inhibition by myelin components (Eitan
etal., 1994). The role of inhibitory factors in axonal pathfinding
and patterning has become increasingly apparent in recent years
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8. Neural plasticity and recovery of function

Leonardo G. Cohen Mark Hallett

INTRODUCTION

The attention to neurological rehabilitation and the develop-
ment of terms like neuroplasticity and neurorehabilitation are the
expression of a relatively new interest in recovery of function.
Before this trend became evident, approximately 10-15 years
ago, neuroscience considered the adult central nervous system
(CNS) hard-wired and largely unmodifiable. The groundwork
for this change was established in the 1950s and 1960s by the
advances in understanding of synaptic physiology. Influential
landmarks included the finding that nerve growth factor (NGF) is
expressed in the adult brain leading to the hypothesis that it might
continue to exert trophic effects later in life (Levi-Montalcini &
Angeletti, 1968); the demonstration of sprouting in the CNS
(Raisman & Field, 1973; Wall & Egger, 1971); and the finding
that long-term potentiation (LTP) induced by repetitive stimula-
tion in the hippocampus enhances synaptic transmission (Bliss &
Gardner, 1973).

It is now known that the cerebral cortex experiences con-
stant remodelling and these changes are shaped by experience.
Representations of skin regions (Donoghue & Sanes, 1988;
Donoghue, Suner, & Sanes, 1990; Kalaska & Pomeranz, 1979;
Merzenich et al., 1983, 1984; Pons et al., 1991), the coch-
lea (Robertson & Irvine, 1989), and the retina (Chino, Kaas,
Smith, Langston, & Cheng, 1992; Kaas et al., 1990; Wall, 1988;
Wall & Kaas, 1986), experience reorganisation after deafferent-
ation. In general, cortical representations near the deafferented
region take over the cortical sites deprived of inputs. In the
somatosensory system, cortical reorganisation has been detec-
ted after interruption and reconnection of peripheral nerves
(Wall et al., 1986), after crossing the connections between
two peripheral nerves, after fusion of fingers (Allard, Clark,
Jenkins, & Merzenich, 1991), after moving islands of skin to
new locations across the hand (Merzenich, Recanzone, Jenkins,
Allard, & Nudo, 1988), after operant conditioning like dis-
crimination of surface roughness (Guic, Rodriguez, Caviedes,
& Merzenich, 1993), maintaining finger contact pressure for
several seconds for food reward (Jenkins, Merzenich, Ochs,
Allard, & Guic-Robles, 1990), and following experience in
discrimination of vibratory frequencies (Recanzone, Jenkins,

Hradek, & Merzenich, 1992; Recanzone, Merzenich, & Jenkins,
1992; Recanzone, Merzenich, Jenkins, Grajski, & Dinse, 1992;
Recanzone, Merzenich, & Schreiner, 1992). In the motor
system, cortical reorganisation has been detected after nerve
transections (Donoghue & Sanes, 1987, 1988; Donoghue et al.,
1990; Sanes, Suner, & Donoghue, 1990), modified limb posi-
tions (Sanes, Wang, & Donoghue, 1992), repetitive stimulation
of the motor cortex (Nudo, Jenkins, & Merzenich, 1990), focal
lesions in motor cortex (Nudo, Wise, & SiFuentes, 1995), prac-
tice of a small object retrieval task (Nudo, Milliken, Jenkins, &
Merzenich, 1996), and training in a target reaching task (Aizawa,
Inase, Mushiake, Shima, & Tanji, 1991; Mitz, Godschalk, &
Wise, 1991).

Therefore these studies depict an adult mammal cortex that,
far from having a static and rigid configuration, has the ability
to reorganise and adapt to compensate for injury or changes in
the environmental conditions.

SHORT-TERM PLASTICITY

Animal studies have shown that interruption of afferents from
the periphery is capable of inducing profound modifications in
cortical organisation. Some of these changes start taking place
shortly after deafferentation. The mechanism by which a peri-
pheral lesion induces fast changes in cortical representations
is called unmasking and it is not based on the establishment
of new synaptic contacts, since there is not enough time for
them to develop (Calford & Tweedale, 1991a,b; Cusick, Wall,
Whiting, & Wiley, 1990). These fast changes are evoked by a
variety of manipulations like modifications in stimulation pat-
terns, arousal, injury, and intracortical microstimulation (ICMS)
(Garraghty & Kaas, 1992). Intracortical microstimulation, for
example, can induce fast reorganisational changes in both motor
and somatosensory cortex (Dinse, Recanzone, & Merzenich,
1993; Nudo et al., 1990; Recanzone, Merzenich, & Dinse, 1992;
Spengler & Dinse, 1994). Stimulation can result in enlargement
of cortical receptive fields or in the number of neurons or cortical
area activated by a sensory stimulus. These plastic changes are
short lasting. In general, the duration of plastic changes appears
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to be directly related to the time required to evoke them in stim-
ulation or behavioural paradigms (Elbert, Pantev, Wienbruch,
Rockstroh, & Taub, 1995; Pascual-Leone & Torres, 1993). For
example, when ICMS was delivered to primary somatosensory
cortex for 45 minutes, a several-fold increase of the response
area was reported and full recovery took place within approx-
imately 60 minutes. In the motor system, nerve transection
also results in fast cortical reorganisational changes in motor
outputs (Donoghue et al., 1990). In the visual system, retinal
detachment, induction of artificial scotomas and partial retinal
lesions result in fast changes in cortical receptive fields (Chino et
al., 1992; DeWeerd, Gatlass, Desimone, & Ungerleider, 1995;
Schmid, Rosa, & Calford, 1995). In humans, transient deaf-
ferentation by regional anaesthesia or ischaemic nerve block
(inflation of a blood pressure cuff above systolic blood pressure
for 30-60 minutes) leads to an enlargement of motor evoked
potentials (MEP) amplitudes to transcranial magnetic stimula-
tion (TMS) recorded from muscles immediately proximal to the
ischemic level (Brasil-Neto et al., 1992). The implication of this

BICEPS

finding was that the human motor system is capable of rapid and
selective facilitation of motor outputs to muscles immediately
above the deafferentation level. In a follow-up experiment, it
was demonstrated that the main site where this plasticity takes
place is the cerebral cortex (Brasil-Neto et al., 1993). Therefore,
the excitability of the cortical representation for regions prox-
imal to the ischaemic level increased as a consequence of the
ischaemic block (Figure 8.1).

In agreement with this interpretation, a PET study in subjects
undergoing forearm ischaemia showed that regional cerebral
blood flow (rCBF) at rest was increased in primary sensorimo-
tor regions bilaterally (Sadato et al., 1995). The human motor
cortex then is capable of fast modulation of outputs to specific
muscle groups. In the somatosensory system, the cortical repres-
entation of fingers (measured by somatosensory magnetic fields
evoked by finger stimulation) neighbouring a finger deafferen-
ted by local anaesthesia are shifted towards the representation
of the deafferented finger (Rossini et al., 1994). This find-
ing suggested that the cortical representations of neighbouring
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Figure 8.1. Recordings obtained from biceps and abductor pollicis brevis muscles before (a), during (b), and after (c) a Bier block at elbow level in a normal
volunteer. The traces on the left show the remarkable increase in biceps MEP amplitudes during the anaesthesia procedure with subsequent return to baseline
amplitudes after anaesthesia. Traces from APB show the motor block across the elbow during anaesthesia with subsequent amplitude normalisation. The graph on
the right shows the time course of amplitude changes in biceps (filled circles) and APB (squares) MEP (modified from (Brasil-Neto et al., 1992)).



fingers are in permanent competition and that the lack of input
from the periphery into one of these representations results in
the invasion of the neighbouring representations.

Following the theories of Hebb, ideas were formalised
into the Hebbian rules that described mechanisms for change
in the central nervous system. Hebbian rules included the
concept that temporal coincidence of inputs are an effect-
ive way to change synaptic excitability. An elegant set of
experiments tested these postulates in the somatosensory sys-
tem. Animals and human subjects were presented with paired
peripheral tactile stimuli geared to improve tactile discrimin-
atory ability. Training for 2 or 6 hours resulted in significant
improvement of discriminatory abilities and discrimination
thresholds in humans (Dinse, Godde, Spengler, Stauffenberg,
& Kraft, 1994). When similar training was used in animals
and the somatosensory cortex was mapped, training resul-
ted in overall expansion of the cortical representation of the
skin where the stimuli were applied. These findings indic-
ated at least an association between plastic processes and
perceptual changes. It remains to be demonstrated if these
behavioural improvements are perceptual correlates of plasti-
city. Hebbian postulates also apply to the human motor system.
We have recently demonstrated that progressive improvement
in synchronisation of activation of two arm muscles (abductor
pollicis brevis and deltoid) result in increased excitability and
overlapping of their cortical motor representations (Cohen,
Gerloff, Ikoma, & Hallett, 1995). This finding supports the
role of synchronicity of motor outputs as a stimulus for cortical
reorganisation.

All of the plasticity detected in sensory representations does
not necessarily take place in the cerebral cortex. For example,
deafferentation induces reorganisation atall levels of the somato-
sensory pathway (Devor & Wall, 1981; Florence & Kaas, 1995;
Garraghty & Kaas, 1991; Millar, Basbaum, & Wall, 1976). Sim-
ilarly, in the visual system, there are documented changes in
the lateral geniculate nucleus after modification of visual inputs
(Eysel, 1982). Therefore, plastic changes detected in the cor-
tex can start at subcortical levels and be secondarily relayed to
cortical regions.

SKILL ACQUISITION AND MOTOR LEARNING

The previously described examples indicate that short-term plas-
ticity is a feature of the organisation of the animal and human
brain. These changes also play a role during the acquisition
of motor skills. TMS was used to map cortical representations
of muscles involved in learning a unimanual sequence of key-
presses on a piano (Pascual-Leone, Nguyet, et al., 1995). Over
the course of 5 days, as subjects learned to perform this sequence,
the muscle maps corresponding to the hand engaged in the learn-
ing task enlarged, whereas the maps corresponding to the same
muscle in the other hand or in control subjects did not change.
Therefore, acquisition of a motor skill is associated with mod-
ulation of the cortical motor outputs to the muscles involved
in the task. Another important finding from this study was that
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mental practice of the exercise was sufficient to trigger this form
of plasticity resulting in both performance improvement and
enlargement of motor maps. This result provides a physiological
basis for the finding that a combination of mental and phys-
ical practice leads to greater improvement in performance than
physical practice alone (McBride & Rothstein, 1979; White,
Ashton & Lewis, 1979).

If this is the case, one would expect that disuse results in
decreased excitability or size of the cortical representations for
the unused body part. In fact, Liepert, Tegenthoff, and Malin
(1995) found that immobilisation of the ankle resulted in smal-
ler motor maps targeting the immobilised tibialis anterior in
comparison to the unaffected leg in a group of human subjects.
The reduction in the size of the motor map correlated well with
the duration of immobilistion and could be quickly reversed by
voluntary muscle contraction.

The acquisition of procedural knowledge depends upon both
implicit learning and explicit learning (Squire, 1986). Impli-
cit learning is characterised as an unintentional, non-conscious
form of learning recognised by behavioural improvement.
Explicit learning integrates conscious recollection of previous
experiences (Schacter, 1994; Schacter, Chiu, & Ochsner, 1993).
These forms of learning were studied in the process of acquisi-
tion of a complex motor sequence as part of a serial reaction
time task (SRTT) (Nissen & Bullemer, 1987; Willingham,
Nissen, & Bullemer, 1989). Implicit knowledge is associated
with a progressive shortening of reaction times (RT) in the
absence of conscious recognition of the presence of a stereo-
typed sequence. Explicit knowledge is acquired when the subject
can consciously identify the presence and characteristics of the
repeating sequence. A recent report studied the changes in excit-
ability of the human motor cortex in the process of acquisition of
implicit and explicit knowledge. During an SRTT task, normal
volunteers acquired first implicit and later explicit knowledge
of a sequence. TMS mapping in these subjects showed that the
cortical representation of muscles involved in the motor task
(SRTT) became progressively larger until explicit knowledge
was acquired and then returned to baseline levels (Pascual-
Leone, Grafman, & Hallett, 1994). Therefore, the progressive
improvement in RT during implicit learning correlates with an
enlargement in the maps of outputs targeting the muscle involved
in the SRTT. This increasing role of the primary motor cortex in
implicit learning has also been demonstrated with neuroimaging
techniques (Grafton et al., 1992). The fact that the motor maps
returned to baseline when the motor sequence was explicitly
learned suggests that at that point in time other cortical regions
assume more active roles in task performance (Pascual-Leone
etal., 1994).

The two studies described, in addition to many others, show
that learning a complex motor task is associated with funda-
mental changes in cortical activity. These flexible changes in
cortical organisation during learning, are likely to be important
in the acquisition of motor skills and could lead to struc-
tural changes as skills become overlearned and automatic
(Pascual-Leone et al., 1994). For example, rats that learned new
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motor skills had a greater number of synapses per neuron than
those that simply exercised (Anderson et al., 1994).

LONG-TERM PLASTICITY

With time, more extensive changes take place in sensory
and motor systems after deafferentation. For example, cutting
the median nerve deprives the hand cortical representation of
approximately half of its afferents. Over 3 weeks, the deprived
cortex becomes responsive to inputs from the back of the hand
(Merzenichetal., 1983). When the input from the entire glabrous
hand is interrupted by cutting both median and ulnar nerves, it
takes approximately 2 months for the cortex to become respons-
ive to input from the dorsal surface of the hand (Garraghty
& Kaas, 1992). The extent of cortical changes described in
the experiments of Merzenich and collaborators was approx-
imately 1.5-2 mm. Subsequent work by Pons, Garraghty, and
Mishkin (1988) showed that the second somatosensory cortex
(S11) undergoes substantial reorganisation after total removal of
the hand representation in primary somatosensory cortex. This
form of plasticity expanded over more than 5mm in the cor-
tex, therefore indicating further boundaries than those thought
of in the early experiments of Merzenich and Kaas. Moreover,
these experiments raised the possibility that the extent of cortical
reorganisation after perturbations in the central nervous system
is larger than after manipulations to the periphery. Subsequently,
cortical reorganisation in the somatosensory system was studied
in a group of four macaques after long-term dorsal rhizotomies
in the upper limb, a procedure in which sensory nerve roots are
severed between the dorsal root ganglion and the entrance in
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the spinal cord (Pons et al., 1991). The dramatic result was that
the whole original cortical representation for the arm became
responsive to stimulation from the chin and jaw. Therefore, these
experiments extended the potential magnitude of cortical reor-
ganisation to 1.5-2.0 cm or one-third of the entire somatosensory
cortex. This degree of reorganisation exceeds the cortical arbor-
isation zones of single axons from the thalamus. Additionally,
in normal monkeys, inputs from face and arm do not overlap
at brainstem, thalamic or early cortical levels and intrinsic con-
nections in area 3b do not interconnect hand and face regions
(Kaas & Pons, 1988). Therefore, new connections must have
developed to allow these findings. Later findings indicated that
massive reorganisation does not necessarily require many years,
but can occur even 1 year after injury (Dykes, Avendafo, &
Leclerc, 1995). Some of these plastic changes, for example
those detected in the case of nerve section, do revert after nerve
regeneration (Wall, Felleman, & Kaas, 1983).

Plasticity after amputations has been demonstrated across
species in racoons, rodents, cats, bats, and also in humans.
Amputations represent a most dramatic example of deafferenta-
tion. In the rat motor system, amputation results in enlargement
of the cortical area from where stimulation elicited movements
of body parts adjacent to the amputated region and the threshold
for eliciting these movements also decreased (Sanes et al.,
1990). In humans, plasticity after amputations was demonstrated
using TMS (Cohen, Bandinelli, Findlay, & Hallett, 1991; Hall,
Flament, Fraser, & Lemon, 1990) (Figure 8.2).

In these studies, TMS recruited a larger percentage of the
alpha motoneuron pool for muscles proximal and ipsilateral to
the stump than for the same muscles on the intact side (Cohen,
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Figure 8.2. (a) Magnitude of the electric field induced in air by a Cadwell 8-shaped magnetic coil (modified from Roth, Cohen, Hallett, Friauf, & Basser, 1990)
and (Roth, Saypol, Hallett, & Cohen, 1991). Note that the electric field is larger under the junction of both wings of the coil (showed in the lower part of the figure).
(b) View of the top of the head of a patient who suffered a left arm amputation 11 months before testing. The CZ position is located at the midline. The maps on the
left and right hemisphere show the minimal intensities of transcranial magnetic stimulation (motor thresholds) necessary to induce small muscle responses in
contralateral deltoid (first complete muscle above the stump) when stimulating different scalp positions. Note that the map of outputs targeting the deltoid on the
normal arm (right) is much smaller than the map for the left deltoid just above the stump (modified from Cohen, Bandinelli, et al., 1991).



Bandinelli, et al., 1991). These results were later confirmed and
expanded using neuroimaging techniques (Kew et al., 1994).
The excitability of the alpha motoneuron pool as measured with
H reflexes from muscles immediately proximal to the stump
(i.e., quadriceps) in patients with lower extremity amputations
is similar in the amputee and normal sides (Fuhr et al., 1992). In
these patients, transcranial magnetic stimuli recruited a larger
percentage of the alpha motoneuron pool in quadriceps ipsi-
lateral to the stump than in the normal side. The absence of
changes in the excitability of the alpha motoneuron pool in the
process of motor reorganisation targeting muscles proximal to
the stump indicates that reorganisation occurs proximal to the
alpha motoneuron level. In a follow up study (Cohen etal., 1993)
to determine where along the human neuroaxis motor plasticity
takes place after amputations, we recorded MEPs from muscles
immediately proximal to the stump and from the homonymous
contralateral muscles in patients with lower limb amputations.
Stimulation was delivered to the motor cortex with a 9 cm dia-
meter magnetic coil (TMS) and electrically (TES) with surface
electrodes optimally positioned for stimulation of each muscle.
Long descending tracts were stimulated electrically with the
cathode at the level of the seventh cervical vertebrae (spinal elec-
trical stimulation, SES). Intensity of stimulation was 120% of
motor threshold. Supramaximal muscle responses were elicited
by peripheral nerve stimulation. TMS recruited larger MEPs and
thresholds for activation were lower from muscles ipsilateral to
the stump than from homonymous muscles on the normal side.
These differences were not found when stimulating at subcor-
tical levels. These results suggest that a substantial portion of
motor reorganisation after amputation occurs intracortically.
One of the hypotheses raised from the studies described earlier
is that the cortical representations corresponding to body parts
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neighbouring the deafferented representation appear to take over
the deafferented region. Other evidence in this direction comes
from studies done in patients with cervical (Levy, Amassian,
Traad, & Cadwell, 1990) and thoracic (Topka, Cohen, Cole, &
Hallett, 1991) spinal cord injury. The investigators used TMS
and recorded from muscles immediately proximal to the level
of complete spinal cord injury in paraplegic patients. They
found that TMS recruited a larger percentage of the alpha
motoneuron pool in muscles at rest immediately proximal to
the sensory/motor level in patients in comparison to the same
muscles in normal controls. These data indicate an enhanced
excitability of motor pathways targeting muscles rostral to the
level of a spinal cord injury. Interestingly, Topka et al. (1991)
reported that this form of plasticity, seen when testing was per-
formed with target muscles at rest, was absent when the same
recordings were done under slight activation of target muscles
(Figure 8.3).

A similar finding was later reported in patients with ampu-
tations (Ridding & Rothwell, 1995) and also during ischaemia
(Ridding & Rothwell, 1995; Sadato et al., 1995). That is, the
plastic changes described using TMS at rest (Cohen, Bandinelli,
etal., 1991; Hall et al., 1990), were absent when the testing was
performed under slight muscle facilitation. Two interpretations
were offered to explain this phenomenon: one suggesting that
under muscle facilitation a ceiling effect operated, by which
TMS recruited a similar percentage of the alpha motoneuron
pool in normal and plastic muscles, therefore not allowing
for further increases in plastic muscles (Topka et al., 1991);
the other proposing that since no plasticity is seen when
muscles are active, plasticity does not contribute to func-
tional performance of the body part immediately above the
lesion (Ridding & Rothwell, 1995) (upper arm-shoulder in
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Figure 8.3. Deltoid motor maps showing the largest motor responses in any of 10 normal volunteers (left) and in a patient with quadriplegia (right). Note the
remarkable expansion of deltoid motor map in the quadriplegic patient (modified from Hallett et al., 1993).
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hand amputations, upper abdominal muscles in thoracic SCI).
These different interpretations underline the need for studies
specifically designed to determine if plastic changes described
in different settings are functionally useful for the individual
(Cohen et al., 1997) (see later).

The previously described studies showed that severe lesions
involving distal body regions are important triggers of human
plasticity. In the motor and sensory strips, the face is represented
most laterally, and the hand, arm, and trunk more medially. The
foot is represented in the interhemispheric region of the sensori-
motor cortex (Penfield & Boldrey, 1937; Woolsey, Erickson, &
Gilson, 1979; Woolsey et al., 1952). Diseases involving cranial
nerves also lead to cortical reorganisation. For example, studies
using TMS and positron emission tomography (PET) showed
that patients with Bell’s palsy (facial palsy caused by a lesion
of the VIIth nerve), had larger cortical representation of the
hand (the cortical limb representation neighbouring the face in
the medial direction). The hand representation grew in size in
part by a lateral expansion into the face representation (Rijntjes
et al., 1997). Therefore, the face representation, deprived of
output connections to muscles involved in facial movements,
became involved in controlling hand movements. This finding
highlights another interesting feature of human motor cortical
plasticity: It can take place across limb representation bound-
aries, as has been demonstrated in animals before (Pons et al.,
1991).

A particularly important study was done in patients with
complete upper limb palsy secondary to traumatic cervical root
avulsion. The patients had surgical anastomosis of the intercostal
nerve into the musculocutaneous nerve to restore function in
biceps brachii and therefore allow arm movements. Over the first
4-6 months after surgery, motor unit discharges were recorded
in biceps in association with respiration. One to two years later,
motor unit discharges became independent from respiration and
more susceptible to voluntary control. In terms of mapping,
immediately following the anastomosis, the motor represent-
ation of the biceps was located in the region of intercostal
muscles. With time and training to control biceps voluntarily,
the biceps cortical representation moved laterally towards the
cortical regions normally representing the arm (Mano et al.,
1995). Therefore, the arm cortical representation recovered con-
trol of the biceps muscle through the intercostal nerves. The
correlation between improvement in motor control of biceps
and topographic remapping strongly suggests that the described
cortical reorganisation is functionally useful for controlling the
biceps.

The effects of small cortical lesions have been studied in
monkeys. Small infarcts in the primary somatosensory cor-
tex lead to cortical reorganisation. The skin regions previously
represented in the lesioned cortical site become represented
in cortical areas surrounding the lesioned one. Similarly, the
receptive fields of cortical regions surrounding the lesioned one
experienced reorganisation (Jenkins & Merzenich, 1987). In the
motor system, focal lesions in the thumb representation of the
motor cortex (Glees & Cole, 1950) resulted in reappearance

of the thumb representation in areas surrounding the infarct.
There seems to be a differential effect on plasticity depending
on the degree to which the affected body part is used follow-
ing the injury. When the affected body part was heavily used,
movements represented in the lesioned cortical site became rep-
resented in adjacent cortical areas. In some cases, the hand
representation even expanded to cortical regions previously rep-
resenting elbow and shoulder in intact monkeys (Nudo, Wise,
SiFuentes, & Milliken, 1996). In the absence of training, it has
been argued that small lesions confined to the representation of
one hand result in further loss of hand territory in the adjacent,
undamaged cortex in adult squirrel monkeys (Nudo, Wise, etal.,
1996). Therefore, when cortical lesions are focal, the neighbour-
ing regions could possibly replace the function of the lesioned
one. In addition to M1 plasticity, other cortical regions are also
involved in the process of recovery of function. For example,
neurons in the supplementary motor area (SMA) are active pre-
ceeding movement onset but become much less active when
movement becomes overlearned (Aizawa et al., 1991). In cases
of focal cortical lesions in the primary motor cortex, it is pos-
sible to detect reappearance of activity in SMA neurons, perhaps
indicating a contribution of this area to the recovery process.

PERCEPTION AND CORTICAL REORGANISATION

In the last few years different reports have highlighted the
importance of the careful evaluation of perceptions as a way
to study plasticity. Perhaps the most important work in this area
was done in patients with amputations. These patients exper-
ience abnormal perceptions called “phantom limb”, or, when
painful, “phantom pain”, felt as originated in the missing limb.
They can be elicited spontaneously or by tactile stimulation
in the stump areas and they can lead to substantial disabil-
ity. Ramachandran and collaborators (Ramachandran, 1993;
Ramachandran, Stewart, & Rogers-Ramachandran, 1992; Yang
etal., 1994), inan interesting series of experiments, reported that
in some patients with amputations somatosensory stimulation of
the face evoked phantom sensations referred to the missing hand.
They called this phenomenon “remapping”, and they were able
to define maps of the hand on the face of some patients. That is,
stimulation of a specific spot on the face consistently induced
sensations in one missing finger, while stimulation of another
position just 1 or 2cm away resulted in phantom sensations
referred to another finger in the missing hand. These findings
were interpreted as indicators that the cortical sites that usually
identify and process somatosensory information from the hand,
in some amputees, become responsive to stimulation of areas of
the face. Therefore, this finding suggested that the expansion of
the face representation over the deafferented hand cortical rep-
resentation carries a behavioural effect, since stimulation of the
face now evoke sensations referred to the hand.

An MEG study showed medial displacement of the face
cortical somatosensory representation towards the hand repres-
entation contralateral to the amputated arm (Flor et al., 1995).
This finding also suggested responsivity of the hand sensory



representation to inputs from the face and was interpreted as
indicating an invasion of the face representation over the deaffer-
ented hand somatosensory representation. However, the striking
result reported in these experiments was that the extent of
this reorganisation correlated very well with the magnitude of
phantom pain, therefore establishing a link between pain and
plasticity. In this way, the authors hypothesised that phantom
pain could be caused by “harmful” plasticity (Birbaumer et al.,
1997; Flor et al., 1995). Although plasticity in some cases may
be associated with behavioural gain, it is possible that plasticity
in other cases like this one results in harmful effects. There are
also other abnormalities in patients with traumatic amputations
that could underlie painful phantom sensations. For example,
in a recent PET study, patients with phantom sensations activ-
ated posterior parietal regions more than controls or congenital
amputees suggesting a role for this region in phantom pain (Kew
etal., 1994).

Another way to explore brain functions in different settings
of plasticity is to stimulate cortical representations of regions
deafferented by lesions, for example amputations or spinal cord
injury, and ask the patients to describe sensations induced by this
type of stimulation. We have found that in patients with com-
plete thoracic spinal cord injury, cortical stimulation of regions
close to the foot representation (midline) induced sensations in
the deafferented legs (Cohen, Topka, Cole, & Hallett, 1991).
Similarly, stimulation of cortical representation for the missing
limb in patients with amputations induced sensations of move-
ment referred to the missing limb (Cohen, Bandinelli, et al.,
1991). Therefore, cortical representations of regions deafferen-
ted by complete SCI or amputations can remain related to those
body parts for up to several years after the original injury.

HUMAN PLASTICITY AFTER STROKE

Stroke poses an immense challenge to neuroscientists and clini-
cians. Several factors coalesce to make this one of the most
difficult areas of plasticity to study. On one hand, stroke is
a common disorder, the third leading cause of death in the
United States, and the leading cause of long-term disability
among adults with a prevalence of 3,000,000 stroke survivors
with varying degrees of residual neurologic impairment. On
the other hand, each stroke patient is different from the oth-
ers and slight differences in lesion location and each patient’s
pre-existing condition could potentially result in enormous,
still unknown changes in plasticity and rehabilitation. In most
cases, spontaneous recovery takes place to various degrees in
the initial months following the ictal episode. Motor function
improves at progressively slower pace over the first year after
the episode (Kelly-Hayes et al., 1989) and a useful predictor of
outcome appears to be the severity of initial neurologic defi-
cit (Heinemann, Roth, Cichowski, & Bets, 1987). Different
mechanisms are likely to participate in the different stages of
motor recovery. Recovery in the initial days following the ictal
episode could be related with the resolution of oedema or reper-
fusion of the ischaemic penumbra. But it is also possible that
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other areas of the brain, taking over the functions of the lesioned
area, contribute to recovery. The neuroanatomical basis for this
effect in the motor system could be the existence of cortico-
motoneuronal connections from various cortical motor areas
(Dum & Strick, 1991; He, Dum, & Strick, 1995; Martino &
Strick, 1987). At later stages, it is conceivable that sprouting
from surviving fibres to establish new synaptic contacts contrib-
ute to build the neuroanatomical basis of recovery (Lee & van
Donkelaar, 1995).

Studies looking at patients with hemispherectomy, provided
an interesting model for the study of the ability of one hemi-
sphere to control movements of the ipsilateral limb. It is a
common finding that individuals with hemispherectomy (usu-
ally performed as treatment for medically unresponsive seizures)
in early age have relatively good control of ipsilateral arm move-
ments, particularly in the proximal segments. Stimulation of the
intact hemisphere using TMS in these patients induced promin-
ent motor responses from ipsilateral upper extremity muscles,
a finding not seen under similar conditions in normal volun-
teers (Benecke, Meyer, & Freund, 1991; Cohen, Zeffiro, et al.,
1991; Pascual-Leone et al., 1992). These reports suggested that
the intact hemisphere is capable of taking over the function of
the missing hemisphere, and that this reorganisation could be
effective enough to allow moderate degree of motor control.
Interestingly, muscles ipsilateral to the intact hemisphere were
activated by stimulation of scalp positions anterior and lateral to
those activating muscles on the normal side. Similarly, ipsilat-
eral elbow movements were associated with cerebral blood flow
increases in an area centred 1.4 cm anterior and lateral to that
activated by the same movements on the normal side (Cohen,
Zeffiro, etal., 1991). These results indicate that the intact hemi-
sphere developed differentiated cortical representations for the
ipsilateral and contralateral arm, a remarkable form of plasticity.

One important report suggesting that the hemisphere ipsilat-
eral to a paretic arm is important for motor recovery was that
of Fisher (1992). He described two patients with pure motor
hemiplegia recovering from a unilateral subcortical lesion. In
the process of recovery, they developed a subsequent motor
hemiplegia from a subcortical lesion on the other side. As a
consequence, the recovering arm became re-paralysed.

Initial PET studies of patients with capsular strokes who
recovered full strength showed increased rCBF in contralateral
primary sensorimotor cortex and in the ipsilateral cerebel-
lar hemisphere in association with finger movements of the
intact hand. However, when the fingers of the recovered hand
were moved, rCBF increased bilaterally in primary sensor-
imotor cortex, cerebellar hemispheres, insula, inferior parietal,
and premotor cortices. The recovered hand, compared with
the normal hand, showed increased activation of ipsilateral
sensorimotor cortex, insula and inferior parietal cortex, and
contralateral cerebellum (Chollet et al., 1991). Increased activ-
ation of the hemisphere ipsilateral to a paretic hand was also
found by Honda et al. (1997). In a later study on 10 patients
with striatocapsular infarcts and good motor recovery, Weiller,
Chollet, Friston, Wise, and Frackowiak (1992) found that the
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earlier finding of increased activation in patients was confirmed
in relation to the contralateral cerebellum, the ipsilateral insula
and inferior parietal cortex, but not the ipsilateral sensorimotor
cortex. Activation was greater than in normal subjects in bilat-
eral insulae, inferior parietal, prefrontal and anterior cingulate
cortices, and in the ipsilateral premotor cortex and basal ganglia.
Bilateral activation of cerebral structures appeared to be one of
the findings associated with motor recovery from striatocapsular
strokes. In a different study, the same authors studied the indi-
vidual patterns of cerebral activation in eight patients compared
with the pattern of a group of ten normal subjects. They found
an anterior displacement of the hand representation in the con-
tralateral sensorimotor cortex in all patients with lesions of the
posterior limb of the internal capsule. Additionally, they found
a greater activation than normal in the supplementary motor
areas, the insula, the frontal operculum, and the parietal cor-
tex. Motor pathways ipsilateral to the recovered limb were also
more activated in the patients than in normal subjects but addi-
tional activation of the ipsilateral sensorimotor cortex was only
found in the four patients who exhibited associated movements
of the unaffected hand when the recovered hand performed the
motor task. These associated movements can not be the only
reason for ipsilateral activation of primary sensorimotor cortices
since more recent fMRI studies have also found this activation in
stroke patients in the absence of mirror or associated movements
(Cramer et al., 1997; Leifer et al., 1997).

Neurophysiological studies in stroke patients are important
because they provide information about the functional role of
the cortical area stimulated. That is, if TMS of the sensor-
imotor cortex ipsilateral to a muscle in the paretic arm induces
motor responses in this muscle, it would indicate that there are
functionally active corticomotoneuronal connections between
the stimulated hemisphere and ipsilateral arm muscles. If so,
that hemisphere is likely to participate in motor control of
the ipsilateral arm. Some studies have reported findings like
this (Caramia, lani, & Bernardi, 1996; Turton, Wroe, Trepte,
Fraser, & Lemon, 1995, 1996), but in the context of poor motor
recovery. Therefore, even if present, these reorganisational pro-
cesses are unlikely to play a functionally relevant role in motor
recovery in adult humans.

The situation may be different in children. In addition to the
findings reported after hemispherectomy, Carr, Harrison, Evans,
and Stephens (1993; see also Maegaki, Maeoka, & Takeshita,
1995) found that when the lesion is prenatal, individual cor-
ticomotoneuronal connections in the pyramidal tract may target
simultaneously ipsi- and contralateral alphamotoneuron pools.

Many studies now agree that the presence of contralateral
motor responses to stimulation of the affected hemisphere after
stroke is a good marker for motor recovery (Binkofski et al.,
1996; Catano, Houa, Caroyer, Ducarne, & Noel, 1995, 1996;
Heald, Bates, Cartlidge, French, & Miller, 1993; Misra & Kalita,
1995; Rapisarda, Bastings, de Noordhout, Pennisi, & Delwaide,
1996; Turton et al., 1996). Combined TMS and PET studies in
patients with good motor recovery showed robust activation of
the sensorimotor cortex of the affected hemisphere in association

with movements of the paretic hand (Wassermann et al., 1996).
TMS stimulation of that reorganised cortex rendered relatively
small motor responses suggesting a strong effort of the reorgan-
ised motor cortex to accomplish a relatively modest motor result.
The idea that plastic changes play a role in recovery of motor
function is also supported by other studies (Bastings & Good,
1997; Traversa, Cicinelli, Bassi, Rossini, & Bernardi, 1997).

Motor recovery after stroke

Can the information presently available on plasticity associ-
ated with use contribute to the design of rationale strategies for
recovery of function? One example will be presented here to
demonstrate that this is the case.

Monkeys who had severed dorsal roots innervating a single
upper extremity stop making use of that limb in the free situ-
ation. However, it is possible to influence a monkey to use the
deafferented limb by restricting movement of the intact upper
extremity and by shaping, a technique in which a desired motor
or behavioural objective is approached in small steps, by suc-
cessive approximations (Taub, 1980; Taub et al., 1993, 1994).
On the basis of this observation, it was postulated that the
non-use of a single deafferented limb is a learned phenomenon
involving a conditioned suppression of movement. It was found
that the restraint and shaping appeared to be effective because
the primates studied overcame the learned non-use.

On the basis of these experiments, it was then postulated
that this approach could be used to treat the motor disabil-
ity in patients with chronic stroke. It was hypothesised that
the motor deficit in many stroke patients can be substantially
reduced through the use of techniques designed to overcome the
lack of use of the affected arm. Such techniques include pro-
longed restraint of the unaffected upper extremity and practice
in using the affected upper limb. Initial experiments showed that
restriction of the unaffected arm in patients with chronic stroke
and traumatic-brain-injury may contribute to recovery of motor
function in the affected arm (Ostendorf & Wolf, 1981; Wolf,
Lecraw, Barton, & Jann, 1989). In a more recent study (Taub,
et al. 1994; see also Taub et al., 1993) reported that patients
undergoing this type of treatment experienced significant bene-
ficial changes in motor ability in reference to controls. Gains in
motor function in the experimental subjects lasted for more than
2 years after the completion of 2 weeks of treatment.

PLASTICITY ACROSS SENSORY MODALITIES

Until this point, we have described models of plasticity within
specific sensory or motor modalities. However, deafferentation
in one modality can cause marked changes in cortical
representations of different sensory modalities (Rauschecker,
1995). For example, it has been postulated that these cross-
modal changes are the substrate of the improved sound localisa-
tion or tactile abilities of the blind (Kujala et al., 1995). From
a theoretical point of view, this postulate raised an interesting



question: Can cortical regions ordinarily restricted to processing
information from one modality change to process information
from a different modality? A recent study demonstrated that this
is the case. Sadato et al. (1996) studied regional cerebral blood
flow (rCBF) ina group of subjects blind since early infancy and a
group of sighted volunteers performing the same tactile discrim-
ination task. They found that performance of this task activated
visual primary and association areas in the blind, but not in nor-
mal volunteers. These results were interpreted as indicating that
cortical areas normally reserved for vision may be activated by
other sensory modalities. This view gains further support from
the work of others. Non-tactile tasks like auditory stimulation
(Kujala et al., 1995; Veraart et al., 1990), haptic mental rota-
tion, and Braille reading (Uhl, Franzen, Podreka, Steiner, &
Deecke, 1993) appear to also activate normally visual cortical
areas in the blind. The motor cortical representation correspond-
ing to the reading finger of blind subjects proficient in reading
Braille is larger than the representation of the same finger in the
non-reading hand (Pascual-Leone et al., 1993; Pascual-Leone,
Wasserman, Sadato, & Hallett, 1995). Similarly, the somato-
sensory representation of the reading finger in the blind is larger
than the representation of the same finger in the non-reading
hand. Animal experiments have also shown that brain regions
usually responsible for processing visual information can be
activated by auditory or somatosensory stimuli in blind cats as
well as in monkeys (Hyvarinen, Carlson, & Hyvarinen, 1981;
Rauschecker, 1995). Although these examples focus on visual
deprivation, cross-modal plasticity has been also described in
other forms of sensory deafferentation. For example, regions
in the parietal cortex are activated more strongly by moving
visual stimuli in the deaf than in normal controls (Neville, 1990).
Whereas in hearing subjects attention to peripheral visual stimuli
isassociated with ERPs larger in contralateral parietal regions, in
the deaf this scalp distribution involves bilateral occipital regions
(Neville & Lawson, 1987) suggesting that auditory deprivation
since birth has a major effect on the development of the visual
system. As a whole these data point to a fascinating mode of
brain adaptation.

What is the role of the newly activated areas? For example,
in the blind, is the occipital activation described in association
with performance of tactile discrimination tasks necessary for
adequate tactile performance? Does it play a functionally rel-
evant role in tactile discrimination? To address this question
we used repetitive transcranial magnetic stimulation (rTMS)
applied over different scalp positions while blind and sighted
subjects performed tactile identification of Braille and Roman
letters. The hypothesis was that disruption of the reading task by
rTMS to specific cortical regions would imply that that region
was involved in performing the specific task. We found that in
the blind stimulation of occipital regions induced more errors
in the reading task than stimulation of any other region or
controls. Therefore, occipital areas in the blind are not only
activated in association with Braille reading tasks, but they
are an essential component of the network involved in Braille
reading in the blind. These findings indicate the functional
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relevance of cross-modal plasticity in the blind (Cohen et al.,
1997).

MECHANISMS OF PLASTICITY

Different mechanisms can be active in different forms of adult
plasticity. In particular, it is possible to differentiate mech-
anisms involved in short- and in long-term reorganisation. In
the somatosensory system, amputation and denervation result
in immediate expansion of cortical receptive fields in primary
somatosensory cortex (Byrne & Calford, 1991; Calford &
Tweedale, 1988; Metzler & Marks, 1979). These rapid changes
have also been seen after directed attention, associative learn-
ing, and repetitive stimulation. Disinhibition of previously
existing, but masked connections has been postulated as a
mechanism mediating short-term changes. This hypothesis was
supported by the finding that suppression of GABA-related
inhibition with GABA antagonists results in immediate enlarge-
ment in receptive fields. GABA-related interneurons appear to
be good candidates in both the somatosensory (Dykes, Landry,
Metherate, & Hicks, 1984; Garraghty, LaChica, & Kaas, 1991)
and in the motor (Jacobs & Donoghue, 1991) cortices. It appears
that neighbouring representations coexist in a balance between
excitatory and inhibitory influences. GABAergic interneurons
from one representation exert inhibitory effects over the neigh-
bouring representations. Deafferentation is likely to result in
removal of the inhibitory influences of the deafferented rep-
resentation over the neighbouring representation, leading to
expansion of the latter over the former. In the visual sys-
tem, GABA has been implicated in plasticity seen after visual
deprivations (Jones, 1993). Other mechanisms have been put
forward to explain different forms of plasticity: The activation
of diffusely projecting brainstem noradrenergic and choliner-
gic systems have been shown to modulate and enhance cortical
responsivity (Kaas & Catani, 1995) and the establishment of
correlated activity of pre- and post-synaptic elements (Hebb,
1949) can rapidly strengthen connections in the presence of
N-methyl-D-aspartic acid (NMDA) (Bear, Kleinschmidt, &
Singer, 1990).

When plastic changes take place over longer time periods, it
is possible that new synaptic contacts grow as a consequence of
the insult (Kaas, 1994). A likely example of this mechanism is
the massive reorganisation reported after long-term dorsal rhizo-
tomy (Pons et al., 1991). In humans, a possible example could
be cortical plasticity following stroke or the results reported by
Mano et al. (1995; see earlier). However, plasticity seen years
after the original lesion can be due to maintenance of processes
that took place immediately after deafferentation, and remained
active for a long time. This possibility is supported by the recent
finding that plastic changes associated with phantom pain in
the somatosensory cortex of upper extremity amputees readily
disappear soon after brachial plexus blockade (Birbaumer et al.,
1997).

Different mechanisms may be involved in different forms of
plasticity: NMDA receptors are likely to be involved in these
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processes since reorganisation of primary somatosensory cortex
following peripheral nerve cuts is blocked by injection of NMDA
antagonists in monkeys (Garraghty, Muja, & Hoard, 1993).
Cholinergic activity is also involved in long-term cortical reor-
ganisation since acetylcholine depression can prevent changes
in cortical maps in the adult somatosensory cortex (Juliano
et al., 1991; Webster, Hanisch, Dykes, & Biesold, 1991).
Glutamate appears to be also involved in cortical plasticity. For
example, 8 weeks after cutting the three nerves innervating the
hand, glutamate immunoreactivity was unaffected in subcortical
regions, but was decreased in the hand representation in Sll, sug-
gesting that this may be a prime candidate involved in human
cortical plasticity (Conti, Minelli, & Pons, 1996). Glutam-
ate receptors can mediate plastic changes by modulating Ca>*
(Anwyl, 1991; Watkins & Collingridge, 1989). Neurotrophins
have been also involved in activity-dependent synaptic plasticity.
These substances including NGF, BDNF, and neurotrophin-3
(NT-3), are polypeptides important for modification of active
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9. Neural tissue transplantation

Stephen B. Dunnett

HISTORICAL INTRODUCTION

Transplantation of neural tissues is not new. There is a long
tradition in developmental neurobiology of neural grafting in
submammalian species, such as for investigation of factors con-
trolling formation of retino-tectal connections in amphibians.
Although the use of neural transplantation techniques has only
recently become established in mammalian research, even this
has a long (albeit sporadic) history.

The first attempts at brain tissue transplantation in mammalian
species were attempted a century ago, when Thompson (1890)
grafted cortical tissues derived from adult cats into the cortex
of adult dogs. Although Thompson concluded on an optim-
istic note that neural grafting “suggests an interesting field for
future research . . . that other experimenters will be rewarded by
investigating” (p. 702), this and other studies of the time did not
achieve good graft survival.

It was not until a quarter of a century later that Elizabeth
Dunn (1917) provided the first convincing evidence of survival
of neural grafts in mammals, in a study involving implantation of
neocortical tissues into cortical cavities in rats. Even so, only two
of nearly sixty transplant operations in this study were viable.
Nevertheless, her experimental design was such that she fulfilled
by chance two conditions that have subsequently been found to
be critical for graft viability: She used embryonic donors and she
implanted the tissue into cavities that exposed the ventricular
system of the brain.

It took a further half century before the advent of the mod-
ern neural transplantation era, commencing in the early 1970s.
The intervening decades were scattered with periodic reports
of neural tissue grafts surviving in the brains or spinal cords of
mammals, in the study of diverse topics including scar forma-
tion, immunological competence of the nervous system, tumour
growth and neuroendocrine functions (Clemente, 1958; Glees,
1955; Greene & Arnold, 1945; Halasz, Pupp, Uhlarik, & Tima,
1965, Le Gros Clark, 1940, Medawar, 1948). However, these
studies did not have a major impact on the neurological sci-
ence of the time for a variety of reasons: The transplantation
techniques were not reliable; the neuroanatomical techniques
were not available to characterise adequately the grafts that did
survive; and not least because such studies were antithetical to

the Zeitgeist of the time, formulated most explicitly by Cajal
(1928), that all regeneration in the mammalian brain is abortive.

Then, at the turn of the 1970s, two main changes took
place. First, Raisman (1969) provided unequivocal evidence in
the electron microscope of collateral sprouting in the septum,
demonstrating that the adult nervous system can (under at
least some conditions) undergo regenerative growth. This study
finally overturned the absolutism with which Cajal’s dictum was
held by his followers. Second, several groups started publishing
new models in which viable transplants of neural tissues were
achieved reliably and reproducibly (Bjorklund & Stenevi, 1971,
Das & Altman, 1971; Olson & Malmfors, 1970).

CONDITIONS FOR GRAFT VIABILITY

The critical factors for achieving good graft viability were finally
specified in detail by Stenevi, Bjorklund, and Srengaard (1976).

Critical factors

Donorage. Inherfirstdemonstration of viable neural grafts,
Elizabeth Dunn had employed tissue derived from embryonic
donors. This factor has turned out to be crucial. Neural tissues
derived from the CNS are viable for transplantation only when
taken during limited time windows of embryonic or neonatal
development. The precise timing differs for each population of
neural cells, and corresponds to the stage around final mitotic
division when the fate of the cell is determined and active neur-
itic outgrowth is just commencing. In practice, the critical time
window for each cell population of experimental interest is
determined pragmatically (Dunnett & Bjorklund, 1992; Seiger,
1985).

In recent years there has been an active search for altern-
ative methods to prolong the availability of primary neuronal
cells in vitro, by hibernation for up to a week in cool storage
(Sauer & Brundin, 1991) or by expanding neuronal precursor
cells under the action of high concentrations of fibroblast or epi-
dermal growth factors (Gage, Coates, et al., 1995; Svendsen,
Clarke, Rosser, & Dunnett, 1996).

Non-CNS tissues. Other sources of tissue for transplanta-
tion have less restriction on donor age. Thus, in contrast to CNS
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tissues, peripheral neuroendocrine tissues will survive trans-
plantation even from adult donors (Freed et al., 1981; Halasz
et al., 1965). Tumour tissues grow even more readily (Greene &
Arnold, 1945), so that if immortalised cell lines are to be used
to supply cells for transplantation then the donor cells must be
treated pharmacologically or radiologically in order to render
them amitotic (Freed et al., 1990; Kordower, Notter, Yeh, &
Gash, 1987) or they may be encapsulated in semipermeable
polymer membrane that blocks cell proliferation but still allows
secreted molecules to diffuse into the host brain (Hoffman,
Breakefield, Short, & Aebischer, 1993; Winn et al., 1994). A
third alternative that has recently attracted much interest lies in
the prospect of using the new techniques of molecular genetics to
design cells for particular transplantation purposes by engineer-
ing cells to change their phenotype or to express specific inserted
genes (Gage et al., 1987; Horellou et al., 1990; Suhr & Gage,
1993).

Transplantation milieu. The second critical factor identi-
fied by Stenevi et al. (1976) was the need to select a suitable
implantation site in the host brain with a rich vascular supply that
can provide adequate nourishment of the newly transplanted tis-
sue and its rapid incorporation into the host vascular circulation.
A few suitable sites occur naturally, such as the choroid plexus,
the ependymal lining of the ventricular system, the choroidal fis-
sure, or the iris in the anterior eye chamber. However, in many
situations, it is necessary to implant graft tissues in sites that do
not have a rich intrinsic vasculature, so that artificial creation of
a suitable site is necessary, either by implanting additional tis-
sues such as iris that will provide a vascular bridge to the target
site (Stenevi et al., 1976), or by a delayed cavitation procedure
in which a new highly vascularised pial lining reforms over the
floor and walls of an artificial cavity (Stenevi, Kromer, Gage, &
Bjorklund, 1985).

The requirement for a specialised enriched vascular supply
has diminished in recent years with the advent of transplantation
of tissues as dissociated cell suspensions (see later). Never-
theless, the effects of host environment on the survival of
transplantation remain of importance, not least because many
of the ions, neurochemicals, and free radicals released in
response to implantation surgery may have important roles in
compromising the viability of implanted neurons (Nakao, 1996).

Additional factors

Other factors may be beneficial to promoting graft viability
although are not as critical as the source of donor tissue and
the vascular milieu at the implantation site.

Age of host. It has generally been found that the immature
nervous system more readily promotes the survival and incor-
poration of neural grafts than does the mature host brain (Hallas,
Das, & Das, 1980; McLoon & Lund, 1983; Sunde & Zimmer,
1983). Nevertheless, when appropriate transplantation proced-
ures are adopted neural tissues can readily survive and grow
in the brains of adult and indeed in very old animals (Gage,
Bjorklund, Stenevi, & Dunnett, 1983).

Target denervation. Denervation of the host target site may
promote the extent of graft-derived ingrowth in some model
systems (e.g., Gage & Bjorklund, 1986) and actually provide
a major influence over graft survival in other systems (e.g.,
Bjorklund & Stenevi, 1981). It is apparent that the survival
of some populations of neuronal cells is dependent on target-
derived trophic factors which a lesion may either promote or
remove. Nevertheless, neural grafts can survive and grow in the
absence of any explicit or implicit disturbance of host neural
systems (e.g., Dunnett, Hernandez, Summerfield, Jones, &
Arbuthnott, 1988). Thus, there are no general rules relating to
the necessity of, or benefit provided by, lesions that cause gener-
alised damage or specific target denervation. Rather, each model
situation has to be considered individually.

Trophic factors.  Asall developing tissues, the survival, dif-
ferentiation and growth of neurons and glia in grafts is regulated
by their trophic factor environment. For grafts which survive
only poorly, explicit delivery of neurotrophic factor molecules
can markedly enhance graft survival (Sinclair, Svendsen, Torres,
Fawcett, & Dunnett, 1996; Stromberg, Ebendel, Olson, &
Hoffer, 1990). One of the major problems of growth factor
strategies is however the poor penetration of these molecules
into brain. Consequently, a major recent research focus has
been developing strategies to engineer neuronal or non-neuronal
cells to express growth factor genes (Olson et al., 1990). Engin-
eered cells are then implanted either as trophic grafts to promote
the survival or retard progressive lesions (Ernfors et al., 1989;
Martinez-Serrano, Fischer, Séderstrom, Ebendel, & Bjorklund,
1996), or as co-grafts to promote survival of the primary
implant cells (Collier & Springer, 1994; Cunningham, Short,
Breakefield, & Bohn, 1994).

Immunological factors. In contrast to other organs, the
brain has long been considered an immunologically privileged
site (Medawar, 1948). Although it is now clear that this priv-
ilege is only partial (Mason et al., 1986), neural transplantation
can readily be achieved between animals of outbred strains that
would rapidly reject, e.g., skin grafts. Thus, for all practical
purposes, immunological issues do not need to be considered in
routine experimental research on neural transplants in standard
rodent or monkey colonies. Nevertheless, rejection does take
place when extensive major and minor histocompatibility bar-
riers are crossed (Mason et al., 1986), and can be induced by
immunological priming (Young, Rao, & Lund, 1989), and so
might be a major concern in any clinical application of human
transplantation techniques. However, although still at an early
stage of research, it appears possible that rejection of neural
grafts can be inhibited by a number of strategies, including phar-
macological immunosuppression (Brundin, Nilsson, Gage, &
Bjorklund, 1985; Pedersen, Zimmer, & Finsen, 1997), selection
of nonimmunogenic neuronal precursor cells prior to trans-
plantation (Bartlett, Rosenfeld, Cheesman, Harrey, & Kerr,
1990), depletion of selective subpopulations of host T lymph-
ocytes mediating the rejection process (Nicholas, Chenelle,
Brown, Stefansson, & Arnason, 1990), use of antibodies to
mask histocompatibility molecules (Pakzaban, Deacon, Burns,



Dinsmore, & Isacson, 1995), and engineering of donor anim-
als to express species-specific complement regulating factors
(Cozzi & White, 1995).

TECHNIQUES OF NEURAL TRANSPLANTATION

Once the critical principles have been identified, a variety of dif-
ferent techniques have been adopted for implantation of neural
tissues into the mammalian brain. Rats and mice have been by far
the most studied species, and several dozen further studies have
recently established that very similar principles apply in prim-
ates (human as well as non-human—see Dunnett & Richards,
1990). The present account focuses on the implantation of neural
tissues derived from the mammalian CNS and implanted into the
brain of adult hosts.

Embryonic donor tissues

Information on the critical developmental time windows for
many CNS cell populations is now available. The most system-
atic data has been derived from the intra-ocular transplantation
studies of Olson, Seiger, and colleagues (see Seiger, 1985). In
experimental animal studies, embryos of the correct age are
routinely obtained from staged pregnant dams and removed by
hysterotomy (Dunnett & Bjorklund, 1992). This need not be
a major trauma for the mother, and in the case of primates our
mothers routinely recover rapidly and return immediately to their
normal breeding cycles. The dissection and handling of differ-
ent populations of embryonic neural tissues for transplantation
is similar to the procedures employed for tissue culture, and
many guides are available (e.g., Shahar, de Vellis, Vernadakis,
& Haber, 1990).

Implantation of solid tissue pieces

A variety of transplantation procedures have been adopted,
depending on the particular experimental issues under invest-
igation (Bjorklund & Dunnett, 1992). For example, several
different strategies for implantation of cortical tissues are illus-
trated in Figure 9.1. Thus, in each case neocortical tissue is
dissected from the brains of late embryonic or neonatal donors
(Figure 9.1a). The simplest implantation procedure is to insert
a narrow plug of this tissue into the donor cortex (Figure 9.1b;
e.g., Smith & Ebner, 1986). This technique only works well
for relatively small pieces of donor tissue or immature hosts
since the vasculature in the host neocortex is not rich. Better
survival of large pieces of embryonic donor tissue in the adult
brain can be obtained using a delayed transplantation cavity (Fig-
ure 9.1c), as has been employed, for example, for implanting
cortical tissues in the prefrontal cortex (Dunnett, Ryan, Levin,
Reynolds, & Bunch, 1987; Labbe, Firl, Mufson, & Stein, 1983).
The intraocular technique of Olson and Seiger (e.g., Olson,
Bjorklund, & Hoffer, 1984) is illustrated in Figure 9.1d.

Implantation of dissociated cell suspensions

A more flexible transplantation procedure is now also avail-
able, based on the implantation of dissociated cell suspensions
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(Bjorklund, Stenevi, Schmidt, Dunnett, & Gage, 1983a;
Schmidt, Bjorklund, & Stenevi, 1981). The cell suspension pro-
cedure is derived from simplified tissue culture techniques, and
involves enzymatic digestion and mechanical dissociation of the
cells prior to their stereotaxic injection in small (2-3 1) aliquots
into the host brain (Figure 9.1¢). Because the cells are dispersed
and injected directly into the host parenchyma, they become
rapidly incorporated into the host microcapillary network and
do not require provision of a specialised implantation site. Con-
sequently, the cell suspension procedure is considerably more
flexible than solid graft procedures, since it permits single or
multiple graft deposits to be placed at will, and with minimal
trauma, throughout the host neuraxis. Nevertheless, there remain
experimental situations which favour use of solid grafts, e.g.,
when the protocol requires the placement of electrodes, drugs
or anatomical tracers into visible or clearly delimited transplant
tissues.

Implantation of cultured and engineered cells

Increasingly, cells are grown, maintained, and manipulated
in vitro prior to implantation. One advantage of culturing is to
simply prolong the availability of cells for transplantation during
which time additional safety and selection procedures may be
undertaken. Second, the technology is developing for isolating
and proliferating neuronal stem cells in the presence of high con-
centrations of growth factor (Reynolds & Weiss, 1992) which
can allow massive expansion of cells from a small numbers of
precursors, to yield differentiated neurons and glia for trans-
plantation in different experimental models of disease (Gage,
Ray, & Fisher, 1995; Lundberg, Martinez-Serrano, Cattaneo,
McKay, & Bjorklund, 1997). Third, diverse procedures now
exist for engineering both neuronal and non-neuronal cells to
express particular gene products or cellular phenotypes (Senut
et al., 1995). The goal is to achieve a point where cells can
be explicitly designed for transplantation, exhibiting a precisely
defined list of phenotypic features and available on demand.
Although that stage is clearly a long way off, this field is showing
very rapid advances.

Once the cells are identified and made available, they may be
implanted either as a dissociated cell suspension. Conversely,
in situations where the cells might be expected to be rejected
(and so need protection from the host brain) or may proliferate
as tumours (and so the host brain itself needs protection from
uncontrolled growth of the graft) the cells may be encapsulated
in semipermeable polymer tubes prior to implantation of stereo-
taxic implantation of the capsule either into brain ventricle or
the parenchyma (Hoffman et al., 1993; Winn et al., 1994).

ANATOMICAL AND BIOCHEMICAL INDICES OF
GROWTH

Examples in the hippocampus

Neural grafts not only survive transplantation to the adult brain,
they can reform extensive afferent and efferent connections with
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Figure 9.1. Alternative techniques for implanting embryonic cortical tissues into the neocortex. See text for details. (From Dunnett, 1990, with permission from

MIT press.)

the host. Such effects have now been demonstrated in many dif-
ferent graft models and neuroanatomical systems. Some of the
clearest illustrations of graft growth come from studies in the
hippocampal system. The normal hippocampus manifests a pre-
cise laminar organisation in terms of the distribution both of
pyramidal and granule cells in two interlocked C-shaped tubes,
and of a variety of neurotransmitter-specific markers each with
its own distinctive laminar pattern. For example, the distribu-
tion of cholinergic fibres visualised with the acetylcholinesterase
(AChE) enzyme stain is shown in Figure 9.2a. The choliner-
gic input to the hippocampus originates in the septal nucleus;
a lesion of the fimbria-fornix transects the septo-hippocampal
fibre bundle and results in a total loss of AChE fibres in the hip-
pocampus. As shown in Figure 9.2b, implantation of embryonic
septal suspension into the fimbria-fornix lesioned hippocam-
pus gives rise to an AChE positive fibre reinnervation which
re-establishes a laminar pattern within the host hippocampus

that accurately reproduces the fibre distribution of the intact
brain.

The capacity of septal grafts to provide a new cholinergic
reinnervation of the denervated hippocampus was first demon-
strated by using solid septal grafts implanted into fimbria-fornix
or posterior cortical cavities (Bjorklund & Stenevi, 1977), and
the same effect has subsequently been confirmed using septal
cell suspension grafts (Schmidt et al., 1981).

In fact, the fimbria-fornix lesion transects all subcortical
inputs to the hippocampus, including noradrenaline, serotonin,
and GABA systems as well as the cholinergic inputs from the
septum. Bjorklund, Stenevi, and Svergaard (1976) therefore
compared the effects of implantation of different populations of
brainstem monoamine neurones, and found that dopaminergic,
noradrenergic and serotonergic grafts would each survive well,
and in each case established a new fibre input that was patterned
appropriately for the particular population of monoaminergic
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Figure 9.2. Cholinergic innervation of the hippocampus. (a) The normal innervation in an intact animal. Note regular laminar input into the hippocampus.
(b) Septal graft in the hippocampus of a rat with a fimbria-fornix lesion. The lesion has destroyed the intrinsic innervation, and all cholinergic fibre staining in the
hippocampus is derived from the graft. Note that the graft-derived fibres re-establish the normal laminar pattern of innervation. AChE stain.

cells implanted. Several studies have used immunocytochem-
ical visualisation at the ultrastructural level to demonstrate that
the graft-derived axons establish morphologically appropriate
synaptic contacts with host hippocampal (Clarke, Gage, &
Bjorklund, 1986) and cortical (Clarke & Dunnett, 1986; see
Figure 9.3) neurons.

When neural grafts are implanted in the absence of a fimbria-
fornix lesion in this model system, fibre growth into the
hippocampus is much reduced. Thus, it is necessary to postulate
that the lesion-induced denervation of the hippocampus induces
release of a variety of trophic and guidance mechanisms that
both stimulate regrowth of axons from grafted cells and direct
that growth towards the appropriate targets for each individual
neurotransmitter-specific population of neurons (Bjorklund &
Stenevi, 1981).

In parallel with these anatomical studies, biochemical indices
have also been used to demonstrate the extent of the lesions,
to confirm that only limited regeneration takes place spontan-
eously, and to quantify the extent of regenerative reinnervation
derived from different populations of neural transplants. For
example, cholinergic reinnervation of the hippocampus by septal
grafts has been monitored by quantitation of activity of the
marker enzyme choline acetyltransferase which is depleted in
excess of 90% by the lesions and restored back to normal levels
over 3-6 months following transplantation (Bjérklund, Stenevi,
Schmidt, Dunnett, & Gage, 1983c).

More recently, intracerebral dialysis has been used to demon-
strate that the hippocampal reinnervation from septal, locus
coeruleus, and raphe grafts is capable of restoring stimulus-
dependent acetylcholine, noradrenaline, and serotonin release,
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Figure 9.3. Electron micrograph of two cholinergic terminals derived from a cholinergic graft in the neocortex making synaptic connections (arrows) with the
dendrite of a host cortical pyramidal neuron. The cholinergic terminals are identified by choline acetyltransferase immunostaining. Abbreviations: d, dendrite; s,
spine. Scale bar 250 nm. (From Clarke & Dunnett, 1986, ‘Ultrastructural organisation of choline acetyltransferase-immunoreactive fibres innervating the neocortex
from embryonic ventral forebrain grafts’, Journal of Comparative Neurology, 250, 192—205. Copyright © 1986 Wiley-Liss, Inc. Reprinted by permission of

Wiley-Liss Inc., a subsidiary of John Wiley & Sons, Inc.)

respectively, and that the grafts are functionally incorporated
into the host neuronal circuitry (Cenci, Nilsson, Kalén, &
Bjorklund, 1993; Leanza, Nilsson, & Bjorklund, 1993).

Examples in the striatum

A second system that has received considerable attention is
the neostriatum. One reason for this interest relates to the fact
that several neurodegenerative diseases, notably Parkinson’sand
Huntington’s diseases, which involve loss of identified neural
elements within neostriatal circuitries. Indeed, the greatest
advances towards development of viable clinical transplanta-
tion therapies have been made with regard to these disorders
(see later).

Striatal and nigrostriatal lesions. Neurotoxic lesions of
the neostriatum can reproduce the critical features of these
human neurodegenerative diseases in experimental animals.
Thus injection of the toxins 6-hydroxydopamine (6-OHDA) or
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in rats
or monkeys produces experimental parkinsonism, involving pro-
found degeneration of dopamine neurons of the substantia nigra
and loss of the dopaminergic innervation of the neostriatum.
Conversely, injection of excitotoxins (e.g., ibotenic or quinolinic
acid) or metabolic toxins (e.g., malonate, 3-nitroproprionic acid)
into the striatum of rats or monkeys produces experimental
chorea, involving profound degeneration of intrinsic neurones
of the neostriatum. These two syndromes are each associated
with impairments in motor control similar to those observed in
the respective human diseases.

Nigral grafts. Dopamine neurones derived from the
embryonic substantia nigra survive transplantation to the
host neostriatum and provide an extensive dopaminergic

reinnervation of the dopamine denervated target areas in rats
and monkeys (Bjorklund, Dunnett, Stenevi, Lewis, & Iversen,
1980; Bjorklund, Stenevi, Schmidt, Dunnett, & Gage, 1983b;
Redmond et al., 1986). As in the cholinergic models in the hip-
pocampus, the dopaminergic axons from nigral grafts establish
synaptic connections with the appropriate population of target
neurones, i.e., onto the necks of spines of medium spiny neurons
in the host striatum (Freund et al., 1985). The reinnervation is
incorporated into the host neuronal circuitry: Dopamine release
is seen to be appropriately modulated in response to pharma-
cological or physiological stimuli in vivo (Strecker et al., 1987;
Zetterstrom et al., 1986).

Althoughitis clear that nigral grafts reinnervate the host brain,
it remains unclear to what extent these grafts are incorporated
into the host circuitry or regulated by ongoing activity in the
host brain. There are two possible levels at which the host brain
could regulate the grafts. First, electrophysiological studies have
indicated that nigral grafts do receive a limited input from a
number of neuronal systems that innervate both the nigra and
the striatum, including the locus coeruleus, raphe nucleus, and
(to a very limited extent) the neocortex (Arbuthnott, Dunnett,
& McLeod, 1985). Second, the dopaminergic nerve terminals
may come under local regulation from host striatal interneurons.
Thus, opiate receptors are seen to be located on graft-derived
dopaminergic terminals in the striatum, similar to the normal
nigrostriatal innervation, suggesting that dopamine synthesis
and release may be under presynaptic control of enkephalinergic
striatal interneurons (Sirinathsinghji & Dunnett, 1989).

Nevertheless the grafts are implanted into an “ectopic” loca-
tion (i.e., into the target site rather than into the normal location
of intrinsic nigral dopamine neurons in the ventral mesenceph-
alon) and so it is unlikely that intrastriatal nigral grafts will ever
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Figure 9.4. A Camera lucida drawing of a nigral graft implanted in the substantia nigra, and a bridge co-graft of striatal tissue implanted obliquely to connect the
nigra graft with the distant striatal target. Photomicrographs of boxes marked b, ¢, d are shown at higher magnification in B, C, and D respectively. B-D Tyrosine
hydroxylase stain to show dopamine fibres growing out of the nigral graft along the full length of the bridge graft (gr) and sprouting into the host caudate putamen

(cpu). (A from Dunnett et al., 1989, with permission from Springer-Verlag.)

fully restore neuronal circuitries after experimental or neurode-
generative lesions. Nigral grafts can readily be implanted into
the vicinity of the host substantia nigra, but in this site the graf-
ted neurons are unable to provide any extensive ingrowth into
the host brain (Bjérklund et al., 1983b). The logical interpreta-
tion is that vigorous and directed dopaminergic axon growth is
dependent on striatal trophic and guidance factors that are not
available in the adult substantia nigra. Accordingly, although
they survive, nigral grafts implanted into the nigra show no
outgrowth and have no detectable functional effects whatsoever

on the host animal. In order to circumvent this limitation, recent
studies have demonstrated the feasibility of making co-grafts
(see Figure 9.4): implanting nigral cells into a homotopic nigral
site but in combination with a bridge graft of peripheral nerve or
target tissues that acts as a substrate to guide and induce extensive
dopaminergic axonal growth to distant striatal targets (Aguayo,
Bjorklund, Stenevi, & Carlstedt, 1984; Brecknell et al., 1996;
Dunnett, Rogers, & Richards, 1989).

Striatal grafts. A similar level of anatomical and biochem-
ical analysis has been applied to neostriatal grafts implanted into
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rats and monkeys with model chorea (Bjorklund et al., 1994;
Hantraye, Riche, Maziere, & Isacson, 1992; Isacson, Brundin,
Gage, & Bjorklund, 1985; Isacson et al., 1987; Isacson, Riche,
Hantraye, Sofroniew, & Maziére, 1989). In this case of course
the graft tissue is more complex in its internal organisation, but
all cell types of the normal striatum (whether defined by immun-
ohistochemical or morphological criteria) are contained within
the striatal grafts (Bjorklund et al., 1994; DiFiglia, Schiff, &
Deckel, 1988; Graybiel, Liu, & Dunnett, 1989).

More remarkable has been the demonstration of extensive
afferent and efferent connectivity between striatal grafts and
the host brain. Thus, all normal afferents to the striatum from
neocortex, thalamus, substantia nigra, and raphe are seen to
sprout, innervate the grafted striatal tissue, and make synaptic
connections with grafted striatal medium spiny neurons (Clarke
& Dunnett, 1993; Wictorin & Bjorklund, 1989; Wictorin et al.,
1988). Conversely, efferent connections grow out of the striatal
grafts to reach the two major striatal targets, the globus pallidus
and substantia nigra pars reticulata (Wictorin, 1992). GABA
release, measured by in vivo push—pull perfusion, is released
by these efferent terminals in the globus pallidus and substantia
nigra, and is responsive to pharmacologically induced changes
in activity of host afferents to the striatal grafts (Sirinathsinghiji,
Dunnett, Isacson, Clarke, & Bjorklund, 1988).

A major difference between the nigral and striatal grafts is
that in the latter case the grafts are made homotopically, yet this
striatal placement is in close proximity to the first order targets
in the globus pallidus. Thus, the capacity of striatal grafts to
innervate their normal targets when placed homotopically may
reflect a process of growth in a series of small steps from one
target to another without requiring trophic or guidance factors
to act over long distances at any stage, as would be necessary
for nigrostriatal reconstruction with nigral grafts. At least in this
one model system, striatal grafts appear to become reciprocally
incorporated into the host neural circuitry (Dunnett & Bjorklund,
1994b).

Other model systems

Since the 1980s many other model systems for neural transplant-
ation have been subject to equally detailed evaluation. These
include:

e complex, topographically organised systems such as the
somatosensory or visual cortices, retino-tectal connections,
or cerebellum

o specific and diffuse regulatory pathways in the spinal cord

e neuroendocrine and other hypothalamic models involving
deficiencies of growth hormones, gonadotrophins, circadian
rhythmicity, etc

o glial cells, particularly those involved in remyelination and
wound repair

e implantation of cells to secrete drugs, trophic factors, or
other diffuse release neurochemical systems.

Space does not permit adequate accounts to be given here.
Good reviews of these other model systems can be found in the
proceedings of several recent symposia, in particular: Bjérklund
& Stenevi, 1985; Dunnett & Bjorklund, 1994a; Dunnett &
Richards, 1990; Gash & Sladek, 1988).

FUNCTIONAL CAPACITY OF NEURAL GRAFTS

In parallel with the demonstration of survival and connectivity
of neural grafts, it has been important to ask: “To what extent
are the grafts functional?” In particular, it has been of interest
to determine the extent to which implanted neurons may func-
tionally replace those lost though genetic deficit, trauma, or
neurodegenerative disease, and thereby to repair the damage.

Nigral grafts

The first system to be studied in detail functionally was the
6-OHDA lesioned rat model of parkinsonism. Several distinct
features of this model make it ideal for the study of the question
of graft viability:

e the neurotoxin 6-OHDA for selective lesion of the
nigrostriatal system

e selective pharmacological agents to influence synthesis,
storage, release, receptor binding, and re-uptake
mechanisms in dopamine neurons

e the availability of catecholamine histofluorescence and
sensitive immunohistochemical techniques to visualise the
effectiveness of lesions and viability of the grafts

e sensitive biochemical assays to measure dopamine and its
metabolites, both post mortem and by in vivo dialysis

e simple and sensitive behavioural tests to quantify the effects
of unilateral or bilateral nigrostriatal lesions.

Unilateral 6-OHDA lesions of the nigrostriatal bundle induce
postural deficits to the side of the lesion. If the animal is activ-
ated either by stress or stimulant drugs (e.g., amphetamine),
the bias and locomotor activation combine to produce head-
to-tail turning in circles. This response (known as “rotation”)
is easy to quantify and correlates closely with the degree of
dopamine depletion induced by the lesion (Dunnett, Hernandez,
et al.,, 1988; Hefti, Melamed, Sahakian, & Wurtman, 1980).
Nigral grafts reverse this deficit (see Figure 9.5). This is true
whether the grafts are implanted into the lateral ventricle medial
to the denervated striatum, as solid pieces into a delayed cav-
ity dorsal to the striatum, or as dissociated cell suspensions
directly into the striatum (Bjorklund et al., 1980; Dunnett,
Bjorklund, Schmidt, Stenevi, & lversen, 1983a; Perlow et al.,
1979). Recovery develops over 2-3 months, which corresponds
to the time taken for extensive ingrowth to become established,
and the asymptotic level of recovery correlates with the extent
of ingrowth determined in post mortem histology or biochem-
istry (Bjorklund et al., 1980; Dunnett, Hernandez, et al., 1988;
Schmidt, Bjorklund, Stenevi, Dunnett, & Gage, 1983). Con-
versely, implants of other (non-dopaminergic) populations of
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Figure 9.5. Recovery of motor asymmetry following transplantation of nigra
grafts. Rats with unilateral 6-OHDA lesions rotate under amphetamine at a rate
of 10-12 turns/min (diamonds). Rotation is compensated in rats with nigra
grafts 1-2 months after transplantation (open and closed circles). Removal of
the graft (arrow) 4 months later results in immediate reinstatement of the initial
lesion deficit (filled circles). (Data from Dunnett, Hernandez, et al., 1988.)

embryonic cells have no effects whatsoever on the rotation defi-
cit, which indicates that the recovery induced by nigra grafts
is by a specific dopaminergic mechanism (Dunnett, Hernandez,
etal., 1988).

Other simple behaviours also recover in this model, such as
the contralateral neglect of somatosensory stimuli in rats with
unilateral lesions, or the akinesia induced by bilateral lesions
(Dunnett et al., 1983a,b). However, other behavioural deficits
do not recover. In particular nigral grafts do not restore deficits
in complex sensorimotor tests or skilled paw reaching that follow
unilateral lesions or the eating and drinking deficits after bilat-
eral lesions (Dunnett et al 1983b; Dunnett, Whishaw, Rogers, &
Jones, 1987; Mandel, Brundin, & Bjorklund, 1990). The most
parsimonious interpretation of this difference is that recovery
is only achieved on tests that reflect net dopaminergic activa-
tion of the neostriatum, but not on tests that are dependent upon
patterned nigrostriatal activity. Only in the former case can func-
tion be restored by an ectopic graft. It can be hypothesised that
recovery on the latter class of tests could only be achieved by
grafts that reconstruct the nigrostriatal circuitry (as in the bridge
co-graft technique described earlier; see Figure 9.4), but this
question awaits experimental investigation.

Striatal grafts

Excitotoxic lesions of the striatum induce deficits on a similar
range of tests as do 6-OHDA lesions, although of course through
destruction of different cell populations. It might be anticipated
a priori that it would be more difficult to restore the extensive
cellular destruction of all striatal cell types induced by ibotenic
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acid than the loss of a single population of dopamine neurons. In
fact the opposite is the case. Striatal grafts reverse not only the
rotation deficits in rats with unilateral ibotenic acid lesions, but
also the deficits in the control of skilled reaching movements
with the contralateral paw (Bjoérklund et al., 1994; Dunnett,
Isacson, Sirinathsinghji, Clarke, & Bjorklund, 1988). A key
difference between the striatal and nigral grafts is that the stri-
atal grafts are implanted into a homotopic site and develop a
full set of afferent and efferent connections with the host brain,
whereas the nigral grafts are implanted into an ectopic site. Thus
the behavioural results support the hypothesis, suggested in the
previous paragraph, that the degree of recovery is dependent
upon the degree to which the graft is fully incorporated into the
host neuronal circuitry (Dunnett, 1995).

Cholinergic grafts

Like the dopaminergic innervation of the neostriatum, the
cholinergic inputs to the hippocampus and neocortex provide
a relatively diffuse regulation of the functional activity in their
targets. The hippocampus is of course implicated in more cog-
nitive spatial and memory functions, which have been a major
focus of investigation also in the context of neural transplants.

Acetylcholine and fimbria-fornix lesions.  The first demon-
stration that neural grafts could influence learned functions,
as opposed to simple maze behaviours, was the demonstra-
tion that cholinergic grafts implanted in the hippocampus
could ameliorate deficits induced by fimbria-fornix lesions in
T-maze alternation learning (Dunnett, Low, Iverson, Stenevi,
& Bjorklund, 1982). Subsequent studies have demonstrated
recovery in a variety of other spatial and non-spatial learning
tasks including the eight-arm radial maze (Hodges et al., 1991,
Hodges, Allen, Sinden, Lantos, & Gray, 1990), the Morris water
maze (Hodges et al., 1996; Nilsson, Shapiro, Olton, Gage, &
Bjorklund, 1987; Sinden, Hodges, & Gray, 1995), and operant
differential reinforcement of low rates of responding schedules
(Dunnett, Martel, Rogers, & Finger, 1990).

Acetylcholine and ageing. One reason for particular
interest in the cognitive effects of cholinergic grafts has been the
association of decline in this system with the cognitive impair-
ments of ageing and dementia (Bartus, Dean, Beer, & Lippa,
1982; Coyle, Price, & DelLong, 1983). Thus aged rats mani-
fest impairments in spatial learning tasks such as the Morris
water maze (Gage, Dunnett, & Bjorklund, 1984) and in more
specific tests of short-term memory, such as operant delayed
matching and non-matching tests (Dunnett, Evenden, & Iversen,
1988). Although the aged brain is associated with decline in
many different neurotransmitter systems, cholinergic rich grafts
implanted into the hippocampus have been demonstrated to
ameliorate deficits in both of these particular spatial memory
tasks (Dunnett, Badman, Rogers, Everden, & lversen, 1988;
Gage, Bjorklund, Stenevi, Dunnett, & Kelly, 1984), suggest-
ing that the cholinergic decline is indeed fundamental to this
particular functional deficit of old animals.
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This does not of course imply that the cholinergic deficit
is central to all deficits in old rats. Rather, it has become
apparent that ageing is not a unitary process. Heterogeneity of
the pattern of symptoms in old animals reflects differences in
the profile of underlying neurodegenerative and other physical
changes taking place (Gage, Dunnett, & Bjérklund, 1989). Con-
sequently, cholinergic grafts are effective for spatial memory
problems associated with hippocampal dysfunction, whereas
different treatments need to be considered for other symptoms
manifested by the old animals. For example, passive avoidance
deficits in old rats have been found to be responsive to norad-
renergic grafts implanted in the hippocampus (Collier, Gash, &
Sladek, 1988), whereas some of the old animals’ difficulties with
motor coordination and balance have benefited both from phar-
macological treatment with dopaminergic agonists (Marshall &
Berrios, 1979) and from dopaminergic rich transplants into the
neostriatum (Gage, Dunnett, Stenevi, & Bjorklund, 1983).

MECHANISMS OF GRAFT FUNCTION

In the early studies of the functional effects of grafts it was
natural to assume that, because the reformation of graft-host
connections was observed anatomically, such regrowth provided
the basis for functional recovery in the grafted animals. It has
since become apparent that this assumption is naive. In fact,
with more detailed analysis, it is now clear that grafts can exert
functional influences over the behaviour of the host animal by
a variety of more or less specific mechanisms (Bjorklund et al.,
1987; Dunnett & Bjorklund, 1994b):

e non-specific or negative effects of surgery

e acute trophic stimulation of recovery

chronic diffuse release of neurochemicals (including
neurohormones and neurotrophic factors)

diffuse reinnervation of the host brain

bridge mechanisms

reciprocal graft—host reinnervation

full reconstruction of damaged circuitry.

Several of these mechanisms have been implicit in the pre-
ceding description of anatomical integration and functional
recovery in grafted animals, but they warrant specification and
reconsideration in more detail.

Non-specific effects of surgery

The surgical intervention or graft treatment may induce non-
specific disturbance of host function. Such influences are most
obvious when they are negative, such as the implantation pro-
cedure inducing an additional lesion, or growth of the graft
tissue inducing tumour-like compression of the host tissue (e.g.,
Dunnett & Bjorklund, 1994b; Ridley, Baker, & Fine, 1988).
Such a mechanism may also be proposed to account for pos-
itive effects. For example, caudate lesions were at one stage
considered a beneficial therapy for Parkinson’s disease (Meyers,
1951), and it has been proposed that (in the light of the grafts

not surviving) the benefits provided by adrenal grafts in the first
clinical trials may be due to the cavitations in the caudate nucleus
that were made to receive the graft, rather than to the presence of
grafttissue per se. Along similar lines certain surgical technigques
can result in an incomplete (“leaky”) blood-brain barrier, which
may have the beneficial side-effect of assisting penetration of
therapeutic drugs into the brain (Rosenstein, 1987; Rosenstein
& Brightman, 1983).

Acute trophic stimulation of recovery

Adrenal medulla grafts have been found to stimulate sprouting
of host catecholamine fibres in animals with incomplete nig-
rostriatal lesions (Bohn, Cupit, Marciano, & Gash, 1987). This
is one example of a situation where grafts secrete trophic or
other factors that facilitate regenerative and recovery mechan-
isms in the damaged brain. One way to test for this possibility
was suggested by LeVere and LeVere (1985): to lesion the graft
once recovery has stabilised. If the mechanism of graft action is
an acute stimulation of recovery processes, then graft removal
should not effect established recovery. Thus, for example grafts
of cortical or hippocampal tissues have been reported to reverse
complex learning deficits following aspirative lesions of the cor-
tex or hippocampus respectively (Labbe et al., 1983; Woodruff,
Baisden, Whittington, & Benson, 1987). However, in each
case recovery appeared to take place more rapidly than could
be accounted for by the regrowth of graft-host connectivity.
Both groups have subsequently demonstrated that graft removal
leaves recovery intact (Stein, 1987; Woodruff, Baisden, &
Nonneman, 1990). Consequently, in each case the grafts stim-
ulated recovery but did not provide the critical neural substrate
of that recovery.

Chronic diffuse release of neurochemicals

The most widely postulated mechanism for many graft effects
is that the grafts provide a reservoir for the diffuse secretion of
deficient neurochemicals. This mechanism was early postulated
for adrenal medulla grafts following the observation of diffuse
increase of catecholamines in the host striatum in the absence
of detectable fibre outgrowth from the grafts (Freed et al., 1981,
1983). Functional recovery on apomorphine rotation tests is then
readily explained in terms of diffusing catecholamines having
the capacity to down-regulate receptor supersensitivity.

A simple diffuse release mechanisms was also considered
to be sufficient to achieve recovery on simple neuroendocrine
functions. Thus, diffuse release of vasopressin (antidiuretic
hormone) or releasing hormone (GnRH) from implanted hypo-
thalamic neurons may make reversal of genetic diuretic or
gonadotrophin deficiencies a relatively simple process. Indeed,
hypothalamic grafts do reverse the neuroendocrine deficits
and re-establish normal sexual development in the hypogon-
adal mouse (Gibson et al., 1984; Gibson, Silverman, &
Silverman, 1990), although the report of functional recovery
in the vasopressin-deficient Brattleboro mutant (Gash, Sladek,



& Sladek, 1980) has proved more difficult to replicate. Never-
theless, anatomical analysis of these grafts suggest not that they
simply diffuse neurohormones into the brain neuropil, CSF, or
circulation, but rather that the grafts regenerate axons that estab-
lish precise specialised contacts with the fenestrated capillaries
of the median eminence (Silverman, Zimmerman, Kokoris, &
Gibson, 1986; Wiegand & Gash, 1987), exactly as in the normal
brain.

These observations warn not just that less-specific mechan-
isms may apply to complex patterns of recovery, but conversely
that neural grafts may establish precise, well-organised and
appropriate patterns of connection with the host brain even if
one believes that a simpler mechanism would suffice.

Nevertheless to the extent that graft effects are mediated by
diffuse release mechanisms, this offers powerful new alternat-
ives to the use of foetal tissues for transplantation. Strategies
of in vivo and ex vivo engineering of both neuronal and
non-neuronal cells with genes, and alternative polymer and
encapsulation delivery devices, all depend upon the transplanted
cells exerting their effects via secretion of deficient neurochem-
icals, neurohormones, or growth factors rather than via explicit
repair by replacement of damaged neurons.

Diffuse reinnervation of the host brain

Dopaminergic grafts in the striatum and cholinergic grafts in
the hippocampus are the most obvious candidates for diffuse
reinnervation mechanisms. As described previously, the sys-
tematic pattern of incomplete recovery achieved by such grafts
suggests that they do not become fully integrated into the nor-
mal neuronal circuitry. Conversely, it has proved more difficult
to establish whether axonal reinnervation of their targets is a
necessary element in the functional recovery sustained by nigral
or cholinergic grafts, or whether they function simply by diffuse
release mechanisms.

The strongest argument for the importance of reformation
of graft-host connections comes from differences between the
efficacy of nigral grafts on the one hand and adrenal grafts or
alternative dopamine delivery systems on the other (Dunnett &
Bjorklund, 1994b). Since adrenal grafts are believed to func-
tion by diffuse release of deficient catecholamines (Freed et al.,
1983; Stromberg, Herrera-Marschitz, Ungerstedt, Ebendal, &
Olson, 1985), nigral grafts would be expected to provide a
similar pattern of functional recovery if they worked by a sim-
ilar mechanism. In fact, nigral grafts provide more effective
recovery on a broader range of deficits than adrenal grafts or
other dopamine-secreting implants (Brown & Dunnett, 1989;
Freed, 1983; Lindvall, 1989). Moreover, the pattern of recov-
ery depends on the precise area of striatum that is reinnervated
and the extent of recovery correlates highly with the extent of
reinnervation of the critical area rather than, e.g., the number
of catecholamine-secreting neurons or the size of the grafts
(Bjorklund et al., 1980). These observations all suggest that
reinnervation rather than just a diffuse release mechanism is
important.
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Bridge mechanisms

Bridge mechanisms have already been indicated in the context
of promotion of nigrostriatal regrowth over long distances from
nigral grafts (see Figure 9.4). More generally, bridge grafts have
been used to promote sprouting and regrowth of host axons to
distant targets that they would not spontaneously reinnervate.

One type of bridge has taken account of the fact that in the
PNS axons will readily regenerate over long distances along
peripheral nerves. For example, David and Aguayo (1981) have
demonstrated that peripheral nerve grafts can provide an effect-
ive substrate for extensive growth of CNS axons when implanted
into the CNS. This suggests that the paucity of spontaneous
regeneration in the adult mammalian CNS is attributable to
the absence of suitable substrates for extensive regenerative
growth, rather than to an intrinsic incapacity of CNS neurons
for regeneration.

Such observations have stimulated attempts to identify the
molecular and cellular substrates that will promote elongation
of CNS axons over long distances. For example filters coated
with cultures of glial cells can provide a viable surface for
growth of callosal axons across the midline in genetically acal-
losal mice (Smith & Ebner, 1986) or across wound cavities in
the CNS (Kromer & Cornbrooks, 1985), and direct intracereb-
ral injections of laminin have been seen to stimulate directed
axonal growth from transplanted neurons (Zhou & Azmitia,
1988).

A more complex type of bridge has been investigated in
the context of transection of the septo-hippocampal fibres by
fimbria-fornix lesions, which have at least three effects on host
cholinergic neurons. First, the lesion removes all cholinergic
inputs to the dorsal hippocampus and associated behavioural
deficits, as described above. Second, the wound cavity causes
scarring and an impenetrable barrier to spontaneously regen-
erating axons. Third, the loss of trophic support by retrograde
transport of NGF from the hippocampus leads to atrophy and
degeneration of the cholinergic neurons themselves. Embryonic
hippocampus implanted into the lesion cavity protects septal
neurons from degeneration and promotes axonal growth not
only into the hippocampal graft, but also through the graft tis-
sue to reinnervate the host hippocampus (Kromer, Bjorklund, &
Stenevi, 1981). Such grafts can restore normal patterns of elec-
trophysiological theta activity to the host hippocampus (Buzsaki,
Gage, Czopf, & Bjorklund, 1987). Bridge grafts of this type
not only provide a substrate for axonal growth, but provide
additional targets for ingrowing axons and contain neurons
that can grow into the host brain. As such, they contain neur-
onal elements that become incorporated into a host—graft—host
relay of information, rather than simply serving as a passive
conduit.

Reciprocal graft-host reinnervation

The striatal tissue grafts described in a previous section estab-
lish extensive afferent connections from the host brain and
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project new axonal connections to appropriate targets in the
globus pallidus and even, to a limited extent, the substantia
nigra pars reticulata. It is likely that these reciprocal connec-
tions are necessary for restitution of function observed in the
grafted animals. The striatum is integrally linked into a cortico-
striato-pallido-thalamic circuit through which cortical plans of
action maintain motor control. Damage of this circuitry results
in cognitive as well as motor impairments, which have been
reversed by striatal grafts (Bjorklund et al., 1994; Dunnett,
Isacson, et al., 1988). By contrast, no pharmacological treat-
ment has been found to be effective against such deficits, either
in experimental chorea or in Huntington’s disease, suggesting
that diffusely acting pharmacological mechanisms are unlikely
to account for the recovery in grafted animals.

A number of other model systems have been described where
a relatively precise reformation of connections between graft
and host appear to become established (e.g., in the cerebel-
lum; Sotelo & Alvarado-Mallart, 1987), but these have only
recently begun to be characterised behaviourally (Triarhou,
1996; Triarhou, Zhang, & Lee, 1996).

Full reconstruction of damaged circuitry

This final category is intended to indicate the ultimate goal
of reconstructive neuronal transplantation surgery. Although
effective in different contexts, full reconstruction of the CNS
in all its complexity is never achieved in any of the graft models
so far investigated. Whereas a graft may re-establish afferent
and efferent connections with the host, necessary for its func-
tional efficacy, such reconstruction is invariably partial and
incomplete—in the precision of internal organisation, in the
precise patterns and distribution of afferent connections onto
neuronal elements within the grafts, in the extent of fibre out-
growth, and in the routes that efferent axons take to reach distant
targets. Moreover, the reformation of some subset of the nor-
mal pattern of connectivity does not necessarily apply to all
populations of afferent and efferent neurons. Perhaps the most
remarkable fact is that neural grafts do exert so many func-
tional effects on the host animal, even though the techniques
are so crude and the extent of neuronal reconstruction is so
limited.

APPLICATIONS TO NEUROLOGICAL DISEASES

It is now well established that neural tissue transplants can
repair some aspects of normal brain function following brain
damage in experimental animals. Might similar techniques
be applied clinically to repair neurological damage or dis-
ease in man? The most detailed functional analyses of the
animal models have been conducted in the context of dopamine-
denervation models of Parkinson’s disease, and parkinsonian
patients have been the first candidates for experimental neurosur-
gical transplantation.

Adrenal grafts

The first operations were conducted using autografts from the
patients’ own adrenal gland. The chromaffin cells of the adrenal
medulla secrete catecholamines, including some dopamine, and
because the tissue comes from the patient himself the most
difficult ethical and immunological issues surrounding use of
foetal CNS tissues are circumvented. The first four operations
in 1982-1985 in Sweden involved a stereotactic technique, and
did not achieve substantial clinical benefit (Lindvall, 1989)
so that the Swedish team have pursued other alternatives (see
later).

However, in 1987, a Mexican team published reports of dra-
matic recovery using an alternative open ventricular transplant-
ation technique (Madrazo et al., 1987). This report stimulated
further trials with adrenal autografts in several hundred par-
kinsonian patients in the following 3 years. The consensus of
this world-wide effort is that the open ventricular transplanta-
tion approach does achieve detectable clinical improvementina
substantial minority of patients (Goetz et al., 1989, 1990). How-
ever, there is little evidence that the adrenal grafts survive even
in cases manifesting a reasonable clinical response, so that the
mechanisms by which the grafts exert their limited influence in
this model is probably non-specific. More critically, the oper-
ation is associated with a high rate of complications from the
combined surgeries (Bakay, Allen, Apuzzo, Penn, & Tindall,
1990), resulting in levels of morbidity and mortality that many
consider unacceptable (Quinn, 1990).

Foetal nigral grafts

The return to the consideration of foetal tissue transplants was
based on the fact that evidence in experimental animals sug-
gested a far better functional response could be expected from
implantation of the appropriate population of neurons at an
appropriate stage of active developmental growth, i.e., use of
foetal nigral tissues (Lindvall, 1989). This requires a number of
ethical, immunological, and practical issues to be resolved.

Ethical. The use of human foetal donor tissues for trans-
plantation is inevitably controversial and entangled with social,
legal, and religious attitudes to the wider issue of abortion.
The Swedish Society of Medicine was first to formulate a
set of guidelines for the ethical use of foetal tissues, which
require at their heart the complete separation of the abortion
procedure itself from the use of the tissues in neural trans-
plantation. Great Britain has followed with a similar set of
principles advised by a Royal Commission under the chair-
manship of Rev. John Polkinghorne (1989), as subsequently
interpreted by guidance from the Department of Health. Each
country will need to address these issues in terms appropriate
for that society.

Age of donor.  Experimental studies have indicated that the
age of foetal donor tissue is the most critical factor for graft
viability. The optimal time window for human foetal dopamine



neurons to survive transplantation appears to be at approxim-
ately 6-8 weeks of gestation, as established from developmental
studies (Freeman et al., 1991) and validated in human nigral
xenografts implanted in cyclosporin A immunosuppressed rats
(Brundin et al., 1986).

Immunological. As indicated earlier, allografts in outbred
strains of rats and monkeys generally survive well, but rejection
can be precipitated in allografts and xenografts when sufficient
differences at both major and minor histocompatibility loci
apply. The degree of immunological tolerance that will apply
in transplantation of neural tissues into the brains of unrelated
humans remains unknown. On the one hand, a rejection response
in the brain could induce major neurological complications; on
the other hand immunosuppression therapies themselves have
substantial side-effects, in particular nephrotoxicity. The most
widely adopted protocol on which most clinical teams have
converged is to proceed with adjunct immunosuppression typ-
ically with triple cyclosporin-prednisolone-azothioprine for the
first 6 months—2 years after implantation, followed by phased
withdrawal, apparently with good effect.

Trialsin Parkinson’sdisease. Inthe 1990s, several hundred
cases of implantation of dopamine-rich human foetal grafts in
parkinsonian patients were conducted in China, Cuba, Mexico,
Poland, Spain, Sweden, UK, France, Canada, and USA. How-
ever, only a few dozen of these cases have been assessed
rigorously and reported in objective scientific and clinical detail
(Olanow, Kordower, & Freeman, 1996). The most convincing
cases are from the series first reported by Lindvall et al. (1990)
and now followed up beyond 6 years (Lindvall, 1997; Wenning
et al., 1997). This longitudinal study provides detailed clinical,
neurological, and physiological evaluation over 6 months—1 year
preoperatively and then over time following transplantation,
and with PET scans of fluoro-dopa incorporation to demon-
strate graft viability. Several of these patients have manifested
pronounced and sustained recovery in extending the total pro-
portion of “on” time, reductions in disabling drug-induced
dyskinesias, and marked improvement in measures of motor
coordination, akinesia, and rigidity (but little change in tremor),
in particular during “off” phases. Comparable dramatic res-
ults have been reported from several other centres (Freeman
et al., 1995; Peschanski et al., 1994). In particular, two of the
cases from the Tampa series have now come to post mortem,
which has confirmed the interpretation that good restitution of
the fluorodopa uptake in the PET scans in vivo does indeed
represent good survival of the nigral grafts rich in dopamin-
ergic neurons (Kordower et al., 1995), as predicted from the rat
studies.

The major area requiring further research is the development
of procedures to improve the yield of foetal dopamine cells for
transplantation. Estimates based on rat-to-rat and human-to-rat
grafts suggest that less than 5% of dopamine precursor cells sur-
vive transplantation, with the consequence that several donor
foetuses are required for each implant operation. In the effect-
ive cases described earlier, the ventral mesencephalic cells from
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four—seven embryos have been implanted into each hemisphere
of the patients (Olanow et al., 1996). Further studies are continu-
ing to refine the procedures for dissection, handling, transport,
and implantation of human foetal tissues in order to optimise cell
viability (Brundin, Bjorklund, & Lindvall, 1990). In particular
a variety of antioxidant treatments have been found to be effect-
ive in promoting graft survival (Nakao, Frodl, Duan, Widner,
& Brundin, 1994), and the addition of antioxidants to the graft
media are now being introduced into the next phase of clinical
trials in at least one centre.

Applications in other diseases. Following the clear suc-
cess of embryonic nigral transplantation in at least a few of the
well-studied cases with Parkinson’s disease, and based on the
success of embryonic striatal grafts to alleviate both motor and
cognitive deficits in animals with experimental striatal degen-
eration, Huntington’s disease has been considered as a second
potential target for neural transplantation (Peschanski, Cesaro,
& Hantraye, 1995). Consequently, several centres have now
commenced the first clinical trials of embryonic striatal cell
transplantation in Huntington’s disease, although at the time
of writing (October 1998) these are all at too early a stage for
evaluation of outcome.

Second, the success of the encapsulated cell technology in
animal has led to the first trials of spinal cord in two conditions:
the implantation of adrenal medullary tissues for the treatment
of terminal cancer pain, and of baby hamster kidney cell lines
engineered to secrete the growth factor CNTF for neuropro-
tection of motor neurons in rapidly progressing amyotrophic
lateral sclerosis (Aebischer et al., 1996; Sagen, Wang, Tresco,
& Aebischer, 1993).

Third, rapid advances are being seen in spinal cord transplant-
ation, and the use of neural grafts are likely to be soon applied for
prevention of cyst formation as well as for neuronal replacement
and for neuroprotection and trophic factor delivery (Bregman,
1994; Cheng, Cao, & Olson, 1996).

CONCLUSIONS

During the 1980s and 1990s neural transplantation has
developed through several stages. It started as a series of sporadic
and enigmatic observations which had minimal impact. How-
ever, the techniques developed as a powerful experimental tool
in neurobiology, first for the study of neuronal development,
and then applied to experimental studies of neuronal plasticity
and functional organisation of the nervous system. Recently, the
techniques have started moving out of experimental neurobio-
logy laboratories and into neurosurgical clinics. Neural implants
may come to offer radical new treatments for neurodegenerat-
ive diseases by reconstructive neurosurgery. Whereas the utility
of widespread clinical application remains to be demonstrated,
the power of the techniques in experimental neurobiology is
established and can be expected to continue contributing to
our understanding of the construction and organisation of the
nervous system.
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10. Learning and skill acquisition

Lorraine L. Pinnington

Christopher D. Ward

Learning can be defined as the process by which experience
brings about relatively permanent changes in behavioural
potential (Anderson, 1995). The French term for rehabilitation,
re-education, acknowledges the crucial importance of learning
in the rehabilitation process. Successful rehabilitation outcomes
will depend largely on changes in behaviour continuing outside
and beyond the therapeutic period.

Learning is a pervasive aspect of human life and of all nervous
systems. An avoidance reaction—for example ducking one’s
head when walking through a low door—is learned through
asimple, reflex-bound process not dissimilar to the type of learn-
ing observable in molluscs and other primitive organisms. At the
other extreme some human skills—for example playing chess,
or translating from one language to another—depend on inform-
ation processing. Clinical practice embraces the whole spectrum
of learning processes between these two extremes.

The best approach to theories of learning is through the
experimental paradigms on which they are based. Learning
research will be described from four overlapping perspectives
in this chapter: (1) Non-associative learning includes relatively
primitive behavioural processes, such as habituation, sensitisa-
tion, and priming. (2) Associative learning includes classical and
operant conditioning and other related paradigms. Most of the
evidence for these processes is derived from animal experiments.
(3) Studies of memory are centred on the storage, processing,
and reuse of information. (4) Skill learning provides a fourth
perspective, although to some extent drawing on other learning
paradigms. The concept of skill is of fundamental importance.
Rehabilitation usually entails the re-acquisition of old skills, the
performance of existing skills, and the learning of new ones.

NON-ASSOCIATIVE LEARNING
Habituation and sensitisation

Habituation and sensitisation are two forms of learning in which
the behavioural response to a single stimulus is shown to change
over time. Since only one stimulus is involved, both are cat-
egorised as non-associative processes. These have been studied
extensively in molluscs and other simple systems (see Kandel,
1976). From a survival point of view it is important that we are

alert and respond to changes in the environment and unexpected
events. Thus, the tendency for the head and eyes to turn towards
a flashing light will wane (habituate) if the light continues to
flash. Similarly, if sitting in a coffee shop, the awareness and
recognition of a newly presented pungent odour would override
the background aroma of coffee. Sensitisation is the opposite
phenomenon to habituation. In some circumstances, an emo-
tional or physical response can be enhanced when a stimulus
is repeated. A child may react increasingly violently when
an unpleasant but recurring stimulus, such as an injection, is
presented on several occasions. In humans, habituation and sens-
itisation are rarely divorced from other learning mechanisms.

Priming

Priming is another learning phenomenon in which the response
to a single stimulus is modified by prior experience. In verbal
priming, presentation of a word or “target” has been shown to
bias subsequent responses (Schacter, 1985). In a typical prim-
ing experiment subjects are exposed to a series of words in such
a way that the words cannot be recalled easily or recognised
afterwards. They are then asked to complete a series of incom-
plete words such as “br”, “pul”, etc. in any way they please.
If the target list includes the words “bring”, “pulse”, etc. sub-
jects are likely to complete the fragments to form these words
rather than, say, “brush” or “pulley”. Such verbal priming tasks
require no explicit effort: The subject is not asked to try to
learn the material, and is not required to try to recall anything.
Amnesic patients who have severe deficits in explicit learning
and recall can often perform well in priming tasks (Warrington
& Weiskrantz, 1974; Schacter, 1985). Priming often involves
the facilitation of associations with knowledge which existed
prior to the test, as when the prime “bread” leads to the more
rapid processing of “butter”. The duration of measurable prim-
ing effects varies according to the paradigm but may be as long
as 12 months (Tulving et al., 1991).

Non-associative learning in rehabilitation

Non-associative learning processes such as habituation and sens-
itisation could play a part in therapeutic procedures which do
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Figure 10.1. Classical conditioning. Effect of successive pairings of an unconditioned stimulus (meat) with a conditioned stimulus (a bell) on the conditioned

response (salivation).

not require the patient’s active cooperation. The observation
that spasticity can be modified for a period of time follow-
ing muscle stretching (Waters, 1984) suggests a physiological
change which might be based on the facilitation of innate reflex
patterns. Another application might be the establishment of
bowel “habit”, which is said to be possible after total cord tran-
section. Repeated stimulation of the rectum by suppositories or
other means could sensitise reflex bowel action.

The role of priming in rehabilitation is difficult to evaluate.
Verbal priming is often preserved in amnesics (Schacter, 1985),
but this does not enable associative learning to occur: The ability
to produce the word “bus” after it has been previously primed in
some way does not improve the ability to make an association
such as “the bus to the station is a number 21”. The products
of all types of priming are automatic; they may automatically
activate pre-existing linkages (e.g., bread to butter, or perhaps
bus to driver) but the linkages cannot apparently be used to derive
meaning from specific stimuli in the real world. This is why
verbal priming and related processes cannot be generalised to
produce comparable effects outside the laboratory or therapeutic
situation.

ASSOCIATIVE LEARNING

General references for this topic are:
Anderson (1995), and Hill (1997).

The two dominant associative learning paradigms are clas-
sical (or Pavlovian) and operant (or instrumental) conditioning.
Both of these involve the formation of associations between two
or more stimuli and new connections are formed between one
experience and another.

Lieberman (1990),

Classical conditioning

A dog normally salivates when it is shown meat, but not when
it hears a bell. Pavlov demonstrated in his pioneering work, for
which he was awarded the Nobel Prize in 1904, that a dog can
be conditioned to salivate in response to the sound of a bell
alone, provided the bell is paired repeatedly with the presenta-
tion of meat. So-called classical (Pavlovian) conditioning was
more influential in the early part of the 20th century than it is
today, although the paradigm is still relevant to our understand-
ing of learning processes (Hollis, 1997). The basic elements of
a classical conditioning experiment are a reflex (e.g., salivation);
a natural stimulus for the reflex (e.g., meat); and an experimental
stimulus (e.g., a bell) (Figure 10.1).

In the classical experiment meat, the natural stimulus for the
innate reflex of salivation, is called the unconditioned stimulus
(US).! The sound of the bell is an experimental stimulus, termed
the conditioned stimulus (CS). Salivation induced experiment-
ally by repeated association with the conditioned stimulus is
called the conditioned response (CR).

Watson and Raynor (1920) were amongst the first to apply
Pavlov’s principles of classical conditioning to humans. In an
ethically dubious experiment involving an 11-month-old infant,
they succeeded in inducing fear of a rat by presenting it with the
sound of a hammer striking a steel bar.

Effective conditioning depends on the stimuli being asso-
ciated systematically (Rescorla, 1988). A model proposed by
Rescorla and Wagner (1972) shows that many of the phe-
nomena of classical conditioning could be based on a very
simple mathematical rule defining *“associative strength”, the

1 The word unconditioned is a source of confusion: The term Pavlov used
should have been translated unconditional (McLeish, 1975).



strength of the link between an unconditioned stimulus and a
conditioned stimulus. Very subtle effects, for example discrim-
inations between different wavelengths of light stimuli, can be
produced. Such effects are seen in simple organisms and are not
mediated cognitively.

Extinction. If the conditioned stimulus is no longer fol-
lowed by the unconditioned stimulus, the probability of the
conditioned response declines and the conditioned response is
said to be extinguished. Extinction is not due to the fading away
of a memory trace. If the conditioned stimulus is subsequently
paired with a novel stimulus, the conditioned response may again
be elicited. Such effects can be demonstrated a year or more
after training. This and other evidence suggests that extinction
involves active inhibition—a form of new learning—rather than
passive “forgetting” (see Bouton, 1993).

The everyday relevance of pavlovian conditioning. Only
a limited number of responses can be conditioned experiment-
ally and there is more to life than meat and salivation. How,
then, can classical conditioning contribute to everyday learn-
ing? One answer to this question is that the innate unconditioned
responses (UR) which are subject to Pavlovian conditioning are
more numerous than those which are convenient to study and
measure in the laboratory. They include a range of behaviours
related to feeding, excretion, sex, and escape from danger.

Classical conditioning might explain how we form prefer-
ences which have profound effects on behaviour. Aversion to the
sound of a dentist’s drill can come about, for example, through

Untrained animal

Food delivery

Button presses

Floor pecking

Trained animal

Food delivery

Button presses

Floor pecking
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the formation of a new association between stimuli. Similarly,
sexual arousal can become conditioned to previously insigni-
ficant stimuli. When a second conditioned stimulus becomes
independently capable of inducing a conditioned response
secondary conditioning is said to have occurred.

Operant conditioning

Operant or instrumental conditioning was first described by
B.F. Skinner in the 1930s. Learning through operant condi-
tioning depends on the development of an association between
a behaviour and its results. Behaviour can be modified either by
rewards or by punishments. Whilst eating chocolate produces
pleasant results and is likely to recur, eating soap is usually
a once-only event. In behaviourist terminology, behaviours
which are closely followed by positive results will be reinforced:;
behaviours followed by negative effects will diminish.

Operant conditioning experiments are typically carried out
on animals such as rats and pigeons. An example is shown in
Figure 10.2. Most animal experiments utilise a small range of
primary reinforcers, such as food. Secondary reinforcers are
stimuli (rewards) which ultimately derive their potency from
indirect connections with primary reinforcers. Praise is a form of
secondary reinforcement, another classic example being money.

The operant response.  The operant response—e.g., press-
ing a button—is a “behavioural unit” rather than a precisely
stereotyped reflex response of the type induced by Pavlovian

Figure 10.2. An operant conditioning experiment on a pigeon. Effect of successive pairings of a reinforcer (food delivery) on an operant response (button

pressing). Another activity—floor pecking—is not reinforced.
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conditioning. For example a pigeon can press a button in
a number of ways; physiological details such as muscle activ-
ation vary from response to response. Similarly, working hard
might be the operant response to the secondary reinforcing effect
of gaining praise from a manager, but there is a variety of ways
of “working hard”.

Reinforcement and punishment. If food is provided imme-
diately after a pigeon’s beak happens to strike a target button by
chance, the same behaviour will be more likely to recur (i.e.,
will be reinforced). A response is reinforced in one of two
ways, both of which are “positive” for the subject: Either the
response produces a positive reward (positive reinforcement) or
it causes an unpleasant stimulus to cease (negative reinforce-
ment, or escape). Thus, keeping to the speed limit can be
positively reinforced by praising drivers publicly, or it can be
negatively reinforced by repeated fines for speeding.

Operant conditioning can suppress a target behaviour rather
than encouraging a new one. The suppression may be achieved
by punishment, as when a patient’s aggressive outbursts pre-
dictably lead to a period of social isolation. The same effect
can be obtained by positive reinforcement of an alternative
behaviour which is incompatible with the undesired behaviour
(see Chapter 31 on behaviour problems): For example, encour-
aging a patient’s constructive activities through praise or specific
rewards might reduce the amount of time available for disruptive
behaviour.

Reinforcement cannot begin until the first occasion in which
the target behaviour occurs spontaneously, producing a reward.
Rather than waiting for this to occur by chance, the experimenter
can reinforce intermediate stages—for example when an animal
walks towards the button which will produce the reward—so
that the target behaviour becomes more probable in successive
trials. This technique, termed shaping by successive approx-
imation, is sometimes used in human behavioural modification
programmes.

Extinction. Extinction of an operant response parallels the
extinction of classical conditioning; it occurs when the operant
response is no longer reinforced. A temporary increase in the
operant response—an extinction burst—may then occur. Thus,
the reinforcement for pressing a light switch is illumination of
the room, and when the bulb fails to light, a series of rap-
idly repeated switching movements of the fingers represents
an “extinction burst”. A patient who throws tantrums may be
gaining secondary reinforcement from the attention he receives
from staff. If the rehabilitation team resolves to ignore the tan-
trums, their frequency and severity may initially increase before
eventually waning as reinforcement is withheld.

Intermittent reinforcement. Most real-life reinforcers are
less reliable than light-bulb illumination: Only a proportion
of operant responses are reinforced. Under experimental and
therapeutic conditions, responses can be maintained by intermit-
tent reinforcement. Delayed reinforcement halts the extinction
process, and maintains the operant response. Thus, obtaining
a light on the fifth attempt once again reinforces switching as
a response. A patient’s disruptive behaviours may gradually be

Table 10.1. The contrast between classical and operant conditioning

Classical conditioning  Operant conditioning

What properties must e An innate reflex e Spontaneous behaviour
the animal/subject + motivation to seek a
have? reward or to avoid

punishment

o Reward or punishment

results from a specific

form of behaviour

What features must o A natural stimulus
the environment (US) +
have? o An experimental
stimulus (CS)

What new o Between an innate o Between a form of
associations are response and a new behaviour and its result
learned? stimulus

extinguished by removing a source of reinforcement such as
receiving extra attention from staff. A well-meaning visitor who
summons a nurse during an outburst will provide intermittent
reinforcement and re-establish the behaviour.

Differences between classical and operant conditioning

Itisimportantto stress the contrast between operant and classical
conditioning (Table 10.1). To recapitulate: The basic ingredi-
ents for classical conditioning are an innate reflex, a natural
stimulus, and an experimental stimulus. Responses (such as
salivation) are outside the control of the experimenter, being
governed by innate factors which determine what unconditioned
response is induced by a given unconditioned stimulus, and
what conditioned response is induced by a given conditioned
stimulus. In operant conditioning, by contrast, the range of pos-
sible responses is wider. Responses begin by being random,
and become progressively more likely if they are reinforced, or
progressively less likely if they are punished.

How does associative learning interact with cognition?

Since both classical and operant conditioning processes can be
demonstrated in primitive organisms such as Aplysia (Cook
& Carew, 1989), they cannot depend on complex cognition
or on consciousness. Radical behaviourists such as Watson
(1928) claimed that all human learning is ultimately explicable
in terms of conditioning effects. However, human behaviour
can hardly ever be uninfluenced by cognitive processes. Even
people with severe neurological impairments use knowledge
and make choices. Thus even when a task such as dressing
is learned through the chaining of a series of subcomponents,
there is usually also some evidence of cognitive mediation. Gen-
eral world knowledge (semantic knowledge) is almost always
involved—for example in identifying an object as a garment,
and a sleeve as a sleeve. Artificial intelligence programmes have
shown the importance of such knowledge in seemingly simple
tasks (Boden, 1987).

A key characteristic of human behaviour is the feeding-back
of data for error correction and this also is difficult (although
not impossible) to conceptualise within a conditioning model
(Rescorla, 1987). The early behaviourists such as Skinner had
little to say about how cognition interacts with conditioning but



others such as Tolman incorporated cognitive elements within
associative models (see Hill, 1997).

Associative learning in rehabilitation

Despite the shortcomings and misuse of learning theory, it
contributes to our understanding of patients and has thera-
peutic applications. Classical conditioning processes provide
a persuasive model (and therapeutic approaches) for emotional
disorders such as anxiety and phobic states and the subjective
significance of sensory disturbances and pain undoubtedly owe
much to learned associations of unconditioned with conditioned
stimuli. The concepts of operant conditioning can be used to
explain some aspects of many behaviours. For example, dis-
ruptive behaviour following brain injury can be interpreted in
terms of the reinforcement it provides (see Chapter 38) and a
similar account can be given for other behaviour disorders, for
example abnormal illness behaviour. A wide variety of symp-
toms can be shown to be at least partly the result of learning, and
should be interpreted in their social and cultural contexts (see
Pennebaker, 1982). These insights can be used in the design of
programmes to modify behaviour (see Chapter 34).

Conditioning processes exhibit limited degrees of generalisa-
tion from the learning situation to other environments. Operant
learning brings about progressively finer stimulus discrimina-
tions so that the operant response tends to become firmly related
to a specific context. The context in which learning occurs is
a part of the stimulus array so that the more stereotyped the
setting in which conditioning occurs the more limited its applic-
ability. Generalisation of a conditioned response beyond the
therapeutic setting requires that learning takes place in more than
one environment. For example, a specific therapy department is
likely to contain cues which exert stimulus control. At home the
patient’s responses may be influenced by different features of
the environment.

MEMORY: INFORMATION STORAGE AND RETRIEVAL

A general reference for this topic is Baddeley (1997); see also
Chapter 31.

Cognitive psychology and neuropsychology are concerned
with the processing of information. Cognitive research on learn-
ing and memory has usually been concerned with information
which can be verbalised (declarative memory). Declarative
memory can be further subdivided into episodic memory, con-
taining data relating to items or events which are associated
with specific contexts; and semantic memory, containing general
world knowledge.

Declarative memory data:

e can be stored within defined “spaces” (often in specific brain
compartments, sometimes in more distributed forms)

o can often be disrupted by focal brain lesions

o has potentially measurable time courses for acquisition,
storage, and processing
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e can be stored as representations and expressed in the form of
symbols such as words (“declarative” memory)
e is potentially available for conscious cognitive operations.

In cognitive terminology, all other forms of learning are
described as “procedural”. The learning which occurs in condi-
tioning experiments would be classed as procedural, as would
many aspects of the acquisition of motor and non-motor skills
(see later). Procedural learning has two important properties
which distinguish it from declarative memory. First, the res-
ults of procedural learning can be demonstrated physically more
easily than they can be expressed in words (for example riding
a bicycle); second, procedural learning is less disrupted by focal
brain lesions.

Cognitive research makes another important distinction,
between explicit and implicit learning. Explicit learning isa con-
scious, intentional process which can be described verbally.
Implicit or incidental learning is information or behaviour which
is acquired unconsciously (Schacter et al., 1993). Implicit learn-
ing is an everyday experience, as when we “pick up” fragments
of a foreign language or new pieces of current jargon. It can be
demonstrated in the laboratory in normal subjects, for example
by showing/highlighting that they have unwittingly learned to
detect grammatical rules used in assembling strings of code (see
Berry, 1997).

Many neuropsychological explanations of information learn-
ing are closely analogous with the operation of first-generation
digital computers in which processing occurs in stages through
a series of modules each having limited capacity. Procedural
learning can also be described in computer terms, using ana-
logies from more recent technological developments. Software
designers use the concept “procedures” as programme segments
which in some languages can themselves be remodelled by input
data (thus the computer can re-programme itself as a result of
“experience”). Modern computer science uses the term “neural
nets” to describe systems which progressively adapt themselves
to the structure and properties of the “environment” (data from
the outside world).

Stages in information storage and retrieval

Iconic and echoic “memory”. There is a general assump-
tion, supported by experimental evidence, that information such
as written or spoken words is passed to longer-term stores as
sensory traces which decay within 100 ms (Haber & Standing,
1969).

Short-term or immediate memory. Popular usage refers to
memory for recent events (in the last few hours or days) as
“short-term” but in experimental psychology this material is
regarded as part of the “long-term” store. Short-term memory
has a shorter time course. Much evidence supports the gen-
eral concept of a limited-capacity store within which material
is held separately from more permanent traces for a period of
a few seconds. Short-term memory requires active neural trans-
mission (Miller & Marlin, 1984). The time course suggests that
short-term synaptic plasticity might be involved.
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Short-term memory capacity is measured by memory span
either for lists of symbols (digits, letters, words) or for non-
verbal equivalents. Capacity is normally around seven items.
The assumption that short-term memory is separate from long-
term memory is supported by the fact that there is a recency
effect (increased recall of the last items of lists) for immediate
recall, but not for delayed recall. Immediate verbal recall and
delayed recall are aided by different cues. Moreover, there is
neuropsychological evidence of a double dissociation between
short-term and long-term memory impairment (see Baddeley,
1988, 1997).

There is evidence that verbal-based learning tasks inter-
fere with each other more than they do with visual learning.
Baddeley’s (1988) model of working memory uses the modular
approach typical of cognitive psychology. Short-term processing
is assumed to occur in several subsystems of which two have
been most intensively investigated, an articulatory loop and
a visuospatial sketchpad. They are controlled by a central exec-
utive based on the model of Shallice (1988) (see Chapter 29 on
dysexecutive syndrome). An executive deficit can disrupt both
verbal and visuospatial learning.

Long-term memory. Transfer from temporary to more per-
manent storage is rapid. Using electroconvulsive shock to induce
experimental amnesia in animals shows that transfer to a long-
term store can occur within 500 ms (Miller & Marlin, 1984).
Whether there is a further period of consolidation of memory
traces remains controversial (see Weingartner & Parker, 1984).
Long-term traces are resistant to convulsive amnesic agents,
suggesting that they are maintained by passive biochemically
based storage, rather than continuous neuronal activity (Miller
& Marlin, 1984). Itis likely that long-term storage involves syn-
aptic modifications: structural changes, or biochemical changes
such as occur in long-term synaptic potentiation.

Retrieval. Data from the long-term store are recovered by a
process of retrieval. Retrieval is to some extent automatic, which
is why a forgotten name will often “occur” to us spontaneously,
whereas a conscious effort to recall it can be counterproductive.
Spreading activation models can be used to explain automatic
retrieval of either verbal or non-verbal material (Hanson & Burr,
1990).

Factors influencing verbal learning and retrieval

A number of factors influence the extent of information learning.
These include:

attention

rehearsal strategy

semantic processing (meaningful learning)
prior knowledge

context

explicit vs implicit (incidental) learning.

Attention and rehearsal strategy. Attention is a concept
which takes different forms in different theoretical systems. In
Baddeley’s (1988) working memory model selective attention is

conceived as the supervisory function of the central executive.
Attentional deficits of the type seen with frontal lesions con-
tribute to learning impairments. Attention is also affected by
rehearsal strategy. If all the learning is done in one session
attention may wander. Distributed practice with interspersed rest
periods is often preferable, particularly for long and continuous
tasks.

Semantic processing. Semantic processing, the derivation
of meaning from a stimulus, has a strong effect on learning.
“Depth of processing” influences the degree of retention of
material such as word lists (Craik & Lockhart, 1972). Thus, a list
of words such as “bus, antelope, virtue...” etc is remembered
more easily if processing of the material is meaningful (e.g.,
“form of transport, wild animal, abstract quality . . .”, etc.) rather
than superficial (e.g., “first letter b, first letter a. . .”, etc.).

Prior knowledge. Semantic processing of the word “ante-
lope” depends on prior knowledge that an antelope is an animal.
Prior knowledge greatly affects our ability to learn new inform-
ation. Thus experienced chess-players are better than novices
at retaining chess positions (Simon & Gilmartin, 1973). Since
experts have greater prior knowledge than novices they can make
greater sense of what they see and can process data more deeply
and meaningfully. Professionals sometimes underestimate the
extent to which neurological patients are hampered in their learn-
ing by factors such as lower level of prior education, limited
literacy, or lack of familiarity with the assumptions underlying
rehabilitation programmes.

Context. Information learning is also influenced by the con-
text in which it occurs. This effect has been termed “encoding
specificity” (Tulving & Thomson, 1973). Retrieval is facilit-
ated by re-creating the contextual conditions in which learning
occurred; this is why if | forget why | have entered a room
it is helpful to return to my starting point, which acts as
a retrieval cue.

Explicit learning. Although information can be learned
implicitly, without conscious effort, such incidental learning
tends to be shallow, and very frequent repetitions may produce
little retention. Everyday experience reminds us that information
learning is enhanced by effort. Deliberate or explicit learning
capitalises on the already mentioned benefits of focused atten-
tion and depth of semantic processing. Conscious effort, and
therefore motivation, enhances learning (although it has negat-
ive effects on retrieval: It is unhelpful to try to remember a name
we have forgotten).

Verbal learning in rehabilitation

Cerebral disorders causing impaired information learning are
discussed elsewhere in this book and will not be reviewed
here (but see Kapur, 1994). Impaired information learning has
important consequences in all aspects of rehabilitation, includ-
ing skill acquisition. For example, speech therapy often involves
teaching specific, explicit strategies; occupational therapists
often aim to fractionate complex skills into verbally labelled
subroutines; and a patient’s ability to understand and remember



verbal instructions is important in physiotherapy. Acquiring a
skill does not depend entirely on information learning but is
greatly facilitated by it. Several theories of motor skill learning
involve a verbal-motor stage (Adams, 1971; Anderson, 1982;
see later).

LEARNING NEW SKILLS

General references on this topic are: Smyth and Wing (1984),
Kelso (1982), and Anderson (1995).

The real world presents a never-ending variety of new things
to say, new items to remember, new terrains to move across, new
movements to accomplish, new social contexts, new intellectual
problems to solve. Some aspects of such experiences are unique
to specific contexts, but some of what we learn in each activity
is available for transfer from one context to another, and can
bring about changes in the way in which we approach the next
similar, but not identical, experience.

The term “skill” is difficult to define. Skills are:

observable qualities of behaviour

methods, approaches or procedures, rather than set routines

acquired, and/or improvable through practice

adaptable to different environments (i.e., generalisable from

one situation to another)

e possessed by different individuals in varying degrees, as a
result of learning

e not fully describable in words.

The last listed characteristic—inexpressibility in words—
highlights the contribution of non-verbal learning processes to
all types of skill (not merely motor skills). Much of the skill
someone may demonstrate in tennis, in cooking, or in diplomacy
depends on “procedures” rather than on “propositions” (explicit
rules) and is the product of what cognitivists call procedural as
opposed to episodic learning processes. However, skill-learning
is not solely procedural but usually involves a combination of
two or more of the learning processes described earlier, and there
is still much controversy about the extent to which explicit and
episodic learning contributes to implicit learning (e.g., see Neal
& Hesketh, 1997 and Berry, 1997).

Motor skill learning

Motor learning is not analogous with verbal learning. Whilst
short-term motor memory provides a parallel with short-term
information learning the long-term storage of memory for
movements and actions poses unique problems.

Memory for basic movements and for movement sequences.
A basic movement such as elbow flexion seems a promising
starting point for the study of motor learning because a simple
movement could perhaps be a building block for more complex
actions. Short-term motor memory (STMM) has been studied
in terms of variables such as location and distance. In a typical
experiment the hand might be moved along a track from a defined
starting position to a stop (Smyth, 1984). Such studies have
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shown how different types of information (including visual cues)
might be used to code memories for basic movements.

Stereotyped movement sequences provide another widely
used experimental approach, for example in studies of the cereb-
ral localisation of motor memory (e.g., Honda et al., 1998).
Studies of single movements and of movement sequences rely
onan analogy between motor learning and verbal learning. How-
ever, this analogy breaks down when skilled actions rather than
basic movements are considered.

Memory for actions. A maotor skill such as pouring fluid
from a jug to a cup involves a number of basic movements such
as elbow flexion. Based on the verbal learning analogy, one
might suppose that information about location and distance for
each basic movement in the sequence could be coded in a long-
term store, having been transferred there from STMM. However,
such a simple model is unlikely to explain human movement
because of the novelty problem: Each particular performance
has to take account of variations in starting positions, termed
initial conditions (see Chapter 11). For example the position of
the trunk prior to the action of pouring may vary in relation to
the shoulder, as may the upper arm in relation to the trunk. Even
a small change in these initial conditions would have a “knock
on” effect on each subsequent basic movement in the sequence
so that if the action of the arm as a whole were executed by
means of a chain of stereotyped basic movements the arm’s
final position would inevitably miss the target. It is interesting
to note that even the response of a simple system such as the long-
latency stretch reflex is critically dependent on the physiological
and biomechanical context (the initial conditions) in which it is
induced (Nashner, 1976; see also Reed, 1982).

Because of the novelty problem, it seems unlikely that motor
skills are coded in the brain by means of one-to-one links
between muscles and neurons. Defining the starting position
of the hand (e.g., for pouring) would require the brain to code
the tensions and lengths of a very large number of muscles, or
at least the positions of a large number of joints, not just in
the arm and shoulder, but also in the spine. Coding all pos-
sible starting positions, and all possible movement sequences,
would result in information overload. The problem of informa-
tion overload is reduced if groups of muscles and joints function
together in “coordinative structures” or synergies, which oper-
ate relatively automatically (Tuller et al., 1982). This view of
human motor behaviour has been influenced by the great Soviet
physiologist Bernstein (see Whiting, 1984).

The problem of information overload is further reduced if we
bear in mind that not all aspects of actions have to be learned.
Many routines such as stepping movements can be induced in the
spinal cat. It is possible that much of what we call motor learning
is the triggering of innate responses and Adams (1984) suggests
that a basic repertoire of “instinctive” movement patterns may
contribute to the formation of movement sequences. Innate beha-
viours such as sucking, feeding, etc., are part of the response
repertoire of mammals. Kelso (1995) suggests that learning
“occurs as a specific modification of already existing behavi-
oural patterns in the direction of the task to be learned”. These
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patterns include some which are expressions of biomechanical
constraints, some which are innate reflexes, and some which are
acquired behaviours.

One question remains: What kind of neurological processes
underlie motor learning? There is abundant evidence that an
abstract level of movement coding occurs. For example, a per-
son’s handwriting is equally distinctive whether produced in
a miniature note-book or on a flip chart, even though very differ-
ent combinations of muscles are used. Such phenomena suggest
that the brain encodes a motor skill in an abstract form, which
Schmidt (1982) termed a schema. However, it seems likely that
no single learning process will adequately explain all aspects of
a complex motor skill.

A general theory of skill acquisition

Anderson (1982, 1995) has proposed a theory of skill acquisition
which can be applied to non-motor as well as to motor skills. In
the cognitive stage the learner approaches the task as an explicit
problem to be solved. There are often opportunities to break
down the major goal into subgoals. For example someone with
hemiplegia learning to stand from a sitting position will first
learn to adjust the position of the trunk and feet. Similarly, in
the cognitive stage of learning to drive the process of starting the
engine and getting into first gear must be memorised as a series
of discrete stages.

Verbal instructions from a teacher can be crucial at the cog-
nitive stage (Adams, 1971; Anderson, 1982, 1995). It is more
efficient (and safer) to tell a new driver which pedal is the brake,
rather than waiting for her to discover by trial and error. Simil-
arly, it is helpful to give verbal descriptions in the early stages
of recovering sitting balance or learning to use a new walking
aid. Later, such facts may play no direct part in executing the
skill of driving, standing, or walking.

In the associative stage the learner is lumping discrete stages
into “condition—action pairs” (one might call them reflexes) of
the type: “for the goal of standing up, shift weight forward
and tuck feet in” or “for the goal of starting the car, turn the
ignition-key and depress the clutch”. The formation of these
automatic “production rules” is termed proceduralisation. Pro-
cedures lump together subgoals and appear to “cut corners”.
Finally, in the autonomous stage, a series of production rules
are amalgamated into a programme which represents the skill
(for example standing, or driving). Since the cognitive compon-
ent at this stage is reduced, the task makes less demands on
attention and other tasks can be carried out simultaneously. At
this stage skills are accomplished not through the conscious use
of learned information but through unconscious application of
procedures.

We have seen that motor skills may be encoded as abstract
representations of movement termed “schemata” (see earlier).
Anderson’s more general theory of skill-learning postulates the
formation of “productions”, a term borrowed from artificial
intelligence. Essentially this involves statements of the type “If

X...then Y”. Rules of this type provide a general structure for
skills as diverse as parsing a sentence or riding a bicycle.

Factors affecting skill learning

Verbal learning. In the cognitive stage of skill learning, all
the factors which promote efficient verbal learning are relevant
(see earlier).

Active learning. Much skill learning is procedural (hon-
verbal), but this does not imply that optimal learning occurs
automatically. Active participation enhances procedural learn-
ing (Vakil et al., 1998). Skill learning is enhanced by greater
engagement in the task. Not all forms of engagement are help-
ful, however: Conscious (verbal) analysis of performance can
be distracting and can impede learning.

Practice. Practice schedules have been studied in many
learning situations, including verbal learning (see Baddeley,
1997) and motor skill learning (see Kelso, 1982). The total
time hypothesis states that the amount of learning achieved is a
function of the total time devoted to learning. Another principle
is that distributed practice—learning in multiple sessions—is
preferable to fewer more prolonged practice sessions. Fatigue
is one obvious reason for using distributed practice schedules;
another is that during a prolonged practice session a particular
pattern of response, and of error, may predominate and be per-
petuated. A third advantage of distributed practice may be that
intervals between practice sessions are used for covert or mental
rehearsal. There is growing evidence particularly from research
on the acquisition of sporting skill, that active mental rehearsal
enhances subsequent performance (Garza & Feltz, 1998).

Context. Learning is facilitated by varying the perform-
ance and the context. At a different practice session the context
will be different, other types of performance will occur and
the resultant learning be more general. The inherent variabil-
ity of each performance of a motor skill—the changes in initial
conditions—may help to explain why motor learning tends to be
more robust than information learning: the encoding conditions
are less specific.

Feedback: Knowledge of performance and knowledge of
results. One prerequisite for improving a motor skill is inform-
ation about the outcome of each performance, termed knowledge
of results (KR). However, knowing that you scored an ace does
not in itself improve your tennis serve. KR must be combined
in some way with a mechanism for retaining and reproducing
good performance and rejecting erroneous trials. Such data will
usually be derived firstly from a mental image of the intended
movement (feed-forward) and secondly from a memory record
of the performance, typically based on visual and proprioceptive
feedback. For reasons given in the preceding section on motor
learning, these data are likely to be coded in the form of an
abstract schema. In motor skills there is a complex relationship
between KR and KP (Brisson & Alain, 1997).

The processing of KR is one aspect of motor skill
learning which is open to cognitively based experiments
since it involves acquiring information and competes with



other information-learning for working memory resources
(Marteniuk, 1986). The issue of KR is relevant to all skills but
the interaction between KR and other learning factors is complex
(see Swinnen, 1990; Swinnen et al., 1990; Winstein & Schmidt,
1990).

In non-motor skills KR and KP contribute similarly to learn-
ing. KP is derived from a comparison between intentions and
a record of performances (for example chess moves which led
to a current position).

Positive and negative transfer. In normal learning, specific
aspects of one task frequently cause negative effects on related
tasks. For example, driving a car whose indicator switch is
on the left of the steering column deleteriously affects sub-
sequent driving of a car with the opposite arrangement. In
a study of telegraphists, negative transfer was demonstrated
when, after learning one letter-symbol code, the telegraphists
learned another code. Subsequently, however, performance in
the second task benefited from the previous exposure to the ori-
ginal task. The improvement in general aspects of the skill—for
example speed of finger or eye movement—represented posit-
ive transfer (Siipola & Israel, 1933). The concept of positive and
negative transfer applies to all skills.

It is easier to demonstrate that transfer has occurred than
to pinpoint precisely what has been transferred during skill
learning. Among the candidates as vehicles of transfer are
verbal information; other cognitive data such as motor schemata
or abstract rules termed “productions”; and conditioned
reflexes.

Learning new skKills in rehabilitation

Motor skill learning. Learning or relearning a skill such as
walking following a hemiplegic stroke is not based purely on
memorising a sequence of basic movements such as stepping
but is likely to involve the formation of an abstract “schema”.
An efficient schema must take account of altered biomechanical
conditions, for example failure of the hip to flex on the paretic
side. Such factors may make pre-existing “coordinative struc-
tures” irrelevant or inoperative, and presumably new ones are
formed. It therefore seems implausible that motor relearning in
rehabilitation consists solely in the revival of memory traces laid
down prior to the stroke.

Motor learning takes place against a background of innate,
“hard-wired” reactions which can sometimes be exploited but
may often be deleterious—for example unselective flexion of
the spastic arm.

General aspects of skill acquisition. In rehabilitation,
motor learning is just one aspect of the more general problem
of skill acquisition, and a number of general learning principles
apply both to motor and to non-motor skills. Many lessons can be
drawn from the theoretical background of skill acquisition, even
though evidence is fragmentary. First, as mentioned earlier, it
must be recognised that verbal learning is fundamental to many
skills. Preservation of “procedural memory” in experimental
tests of brain-injured patients should not disguise this fact. Even
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in motor skill acquisition it may be necessary to devise ways of
compensating for deficiencies in retaining information which is
required especially in the early stages of learning. Therapeutic
programmes may need to be prolonged specifically in order to
allow basic verbal information required for skill acquisition to
“sink in”; or alternatives such as written instructions may be
needed.

During rehabilitation the environment for learning tends to be
standardised—the same parallel bars, the same bathroom—and
the materials for learning are often equally routine: a limited
set of words for speech therapy; the same clothes for dressing;
etc. But abilities acquired in hospital are often inappropriate
to natural conditions. People with severe brain injury tend to
have limited ability to generalise from one learning situation
to another. Insofar as operant processes contribute to learn-
ing, it is important, as we have seen, to vary the context
of learning to minimise negative aspects of stimulus control.
The same principle applies to the learning of motor skills. For
example, transferring from chair to bed should involve more
than one bed and chair combination. Alternatively, if learn-
ing ability is severely limited and context-specific, it will be
necessary to train the patient in the home environment. Therapy
assessments should not be limited to the original therapeutic
environment. We must ensure that the patient can benefit from
speech therapy, carry out self-care tasks, etc., in the outside
world.

Negative transfer is an important concept in rehabilitation
where learning of one task may have deleterious effects on
another. Detection of such interactions requires careful obser-
vation and teamwork.

Other negative learning effects must be appreciated. The
whole environment provides the patient with the possibility
of acquiring undesirable forms of behaviour which are never-
theless, in a sense, highly skilled. These include for example
inefficient patterns of gait and the social “skill” of manipulating
staff and family.

BIOLOGICAL BASIS OF LEARNING

General references for this topic are: Dudai (1989), Mathies
(1989), and Alkon et al. (1991).

Cellular mechanisms of learning

Most evidence suggests that neurologically based learning
requires changes in synaptic function (synaptic plasticity). The
best understood synaptic changes are those of short duration
(seconds or minutes) (Zucker, 1989; Mendell, 1984). Neurons
show long-term changes in firing and biochemical properties
as a result of stimulation (see Carew & Sahley, 1986). One
promising candidate mechanism for human learning is long-term
synaptic potentiation (LTP) which is mediated by N-methyl-D-
aspartate (NMDA) receptors (see Matthies, 1989; Brown et al.,
1988). LTP was first demonstrated following tetanic stimula-
tion of the hippocampus but occurs at other sites (Martinez &
Derrick, 1996).
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Long-term changes in synaptic transmission may not be based
on pre-synaptic firing rates but on enzyme-mediated changes
which occur at selected post-synaptic sites. Such selection of
specific pathways—*“neuronal Darwinism”—could be a general
property of learning in the central nervous system (Alkon, 1988;
Young, 1988).

Anatomy: Where does learning occur?

Processes involved in learning occur at many levels in the central
nervous system.

Cerebral  hemispheres. Neuropsychological evidence
shows that in general verbal learning deficits are associated
with left hemisphere lesions, and non-verbal deficits with right
hemisphere damage (Newcombe, 1969; Kapur, 1994). The two
areas most clearly associated with the amnesic syndrome (see
Chapter 28) are the medial temporal lobes and the diencephalon
(Squire et al., 1993). There is neuropsychological evidence to
suggest that the hippocampus stores event memories, rather than
general knowledge (semantic memory) (Eichenbaum, 1997).
Focal lesions of the frontal lobes can also impair learning (e.g.,
Petrides, 1985). In the amnesic syndrome, there may be pre-
servation of implicit, procedural learning (see later, Chapter 28,
and Schacter, 1985). Some forms of procedural learning are
impaired selectively in Huntington’s disease, suggesting that
the neostriatum may be implicated (Saint Cyr et al., 1988;
Heindel et al., 1989; Knowlton et al., 1996), although not all
types of motor learning appear to be affected by striatal damage
(Willingham et al., 1996).

Experimental data parallel many of the above clinical find-
ings, with strong evidence for the involvement of the hippo-
campus in learning (O’Keefe & Nadel, 1978), and evidence
implicating associated limbic structures including the amy-
gdala (e.g., Gaffan et al., 1989), and the thalamus (e.g.,
Canavan et al., 1989). The neostriatum may be involved in
specific aspects of cue discrimination and learning (Hikosaka
etal., 1989).

Cerebellum and brainstem. Following Marr (1969) there
continues to be interest in the role of the cerebellum in motor
learning (Raymond et al., 1996; Thach, 1998). In one prim-
itive form of learning, the adaptation of the vestibulo-ocular
reflex, intrinsic brainstem neurons have a key role, in conjunc-
tion with the cerebellum (Lisberger, 1988; Lisberger & Pavalko,
1988). The cerebellum has also been implicated in classical
conditioning of eye blinking (Thompson, 1986; Hesslow et al.,
1998).

Spinal cord. Post-tetanic potentiation and habituation are
two examples of ways in which the spinal cord can change its
responses as a result of stimulation and can therefore be said to
“learn”. Fromaclinical point of view, a more interesting intrinsic
“learning” ability is shown by spinal cats which regain hind-limb
stepping after a period of “training” (Grillner & Dubuc, 1988).
Wolpaw and Lee (1989) showed that the H-reflex could be mod-
ified by operant conditioning in intact monkeys. The induced

change in reflex properties remained following cord transection,
implying that a memory “trace” can be stored outside the
brain.

The physiological basis of non-associative learning

Simple processes such as sensitisation can be studied readily in
simple organisms, and morphological as well as physiological
changes can be demonstrated, suggesting facilitation of syn-
aptic transmission (Bailey & Chen, 1989). In higher organisms
facilitated transmission through more complex neuronal nets is
postulated. “Spreading activation” (Anderson, 1984; Baddeley,
1997) is a mechanism which has been used to explain verbal
priming effects (Ratcliff & McKoon, 1981). It is suggested that
following the processing of a word at an initial “node”, there is
a ramification of activation across a network, to involve neigh-
bouring nodes which have previously been associated with the
target word. Many such associations would represent semantic
links.

The physiological basis for classical and
operant conditioning

Classical conditioning. The neurophysiological basis
of conditioned eye-blinking has been studied extensively
(Thompson, 1988; Hesslow et al., 1998). It is thought that
unconditioned and conditioned stimuli converge on the cere-
bellum. The conditioned response (from the interpositus nuclei)
is assumed to inhibit activation of the pathway for the uncondi-
tioned stimulus, so that associative strength is controlled by a
feed-back process.

Behavioural theorists have often claimed that conditioning
reflects afundamental biological mechanism, if not the sole basis
for learning. Their claim gains some support from the fact that
both classical and operant conditioning can be demonstrated in
lower animals (see Carew & Sahley, 1986). In primitive organ-
isms it is conceivable that conditioning could depend on plastic
changes in a small number (perhaps as few as three) neurons,
representing the convergence of two inputs on a response-neuron
(Alkon, 1988; Alkon et al., 1991).

CONCLUSION

This chapter has outlined a number of experimental perspectives
which throw light on learning processes involved in neurolo-
gical rehabilitation. Further details and clinical examples will
be found in relevant chapters elsewhere in the book. An import-
ant conclusion to be drawn is that no single theory is adequate
for all clinical contexts. The fact that learning occurs at so
many levels of the nervous system and in so many forms
should increase our respect for the learning which occurs in all
patients, even those with the most severe impairments of verbal
memory.
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