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Providing the clinical basis for new interventional therapies:

refined diagnosis and assessment of recovery after spinal cord injury
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Today, there is accumulating evidence from animal experiments that axonal regeneration and an
enhanced level of functional repair can be induced after a spinal cord injury (SCI).
Consequently, in the near future, new therapeutic approaches will be developed for the
treatment of patients with SCI. The aim of the project presented here is to provide the required
clinical basis for the implementation of novel interventional therapies. Refined and combined
clinical and neurophysiological measures are needed for a precise qualitative and quantitative
assessment of spinal cord function in patients with SCI at an early stage. This represents a basic
requirement to recognise any improvement in the recovery of function and to monitor any
significant effect of a new treatment. To this aim, five European Spinal Cord Injury Centres
involved in the rehabilitation of acute SCI patients have built up a close clinical collaboration to
develop a standardised protocol for the assessment of the outcome after SCI and the extent of
recovery achieved by actually applied therapies in a larger population of SCI patients. The
project’s aim is to establish objective, refined tools as a basis for monitoring the effects of new
treatment strategies.
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Introduction

Recovery of lost function after spinal cord injury (SCI)
is in an exciting phase of research. Recovery after SCI is
a multidimensional process that includes different
mechanisms (Figure 1). In a clinical rehabilitation
setting, recovery of sensorimotor functions is mainly
achieved by ‘adaptation’ (eg application of an orthosis)
and ‘compensation’ (eg training of new muscle syner-
gies). The physical training is primarily directed to
strengthen and optimise the preserved sensorimotor
functions. The physical therapy aims to improve the
function of both undamaged and, as far as possible,
damaged neuronal structures. However, the ‘reorganisa-
tion’ of neuronal circuits is also the target of specific
training approaches. Especially repetitive training ses-
sions aim to optimise the afferent inputs and to improve
complex upper and lower limb movements. In addition,
animal experiments currently prepare the basis for
future novel therapeutic approaches, including induc-
tion of axonal regeneration and plasticity, myelin repair
and improved neuroprotective strategies.1

Since the Second World War, epidemiological
changes in SCI took place. In the last few decades,
especially more frequently incomplete SCIs are trans-
ferred sooner to specialised Spinal Cord Injury Centres.2

There is a higher frequency of sports and recreational
accidents, and the annual incidence in developed
countries varies greatly from 2.1 to 123.6 per million
people.3–8

In a large outcome study of patients who had
sustained a SCI, 37% could not walk, 24% could walk,
but used wheelchair for daily locomotion, and 39% were
functional walkers.9 Although neurological recovery is
influenced by aetiology and severity of injury, there is
still no evidence that surgery compared to a conservative
treatment enables a favourable outcome.10,11 However,
it could be shown that, by clinical examinations, suitable
patients for future new pharmacological or surgical
treatment might be identified.12 Based on these data as
well as the long-term psychosocial effects of SCI,13

recovery of locomotor function is becoming an im-
portant goal for an increasing proportion of patients.

Up to now, most rehabilitation approaches have
focused on the exploitation of spinal cord plasticity
below the level of lesion, for example, by the locomotor
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training14,15 (for a review, see Dietz16). In the future, it
might become feasible to partially repair a spinal cord
lesion, for example, by inducing regeneration17 (for a
review, see Schwab1, Schwab and Bartholdi18). The
effects of these new approaches observed in rat
experiments appear to be potentially beneficial with
respect to an improved outcome of function after SCI.19

‘Translating these experimental therapies to human
patients is enormously challenging and will involve well
integrated groups of basic and clinical scientists working
together to cross almost entirely uncharted territory.20

Consequently, clinical centres dealing with spinal cord-
injured patients should become prepared to include such
novel approaches in their treatment procedures. This
means that they should be able to carefully monitor any
regeneration effects by clinical, electrophysiological,
imaging and behavioural examinations.

The aim of this paper is to indicate the requirement of
a comprehensive protocol for the assessment of the
course of a SCI, rather than providing a detailed
protocol of all possible clinical and neurophysiological
examinations. The most important aspect of the
‘comprehensive protocol’ is the combination of clinical
(ASIA standards), functional (ADL scores, walking
capacity) and neurophysiological assessments. As re-
covery in neurological disorders is always a complex and
multidimensional process, the application of only one of
these assessments is not sufficient to estimate and/or
evaluate the clinical significance of any new treatment.

New treatment approaches

Approaches using plasticity
Functional recovery after CNS injury depend, in part,
upon reorganisation of undamaged neural pathways.21

Spinal cord circuits are capable of significant reorgani-
sation induced by both activity-dependent and injury-
induced plasticity. This plasticity becomes obvious in
the ability of spinalised animals to regain a certain
degree of motor function. Recent work with spinal-
injured humans demonstrates that training can greatly
improve the functional locomotor abilities (for a review,
see Dietz16). New methodologies to enhance limb
movement are designed to further exploit the plastic
capabilities of the spinal cord by reinforcing appropriate
connections in an activity-dependent manner.16,22

It is likely that even the best future therapeutic
interventions will not result in complete re-establishment
of all the descending and ascending projections within
the spinal cord. Thus, it is important to maximise the
functional contributions of the limited number of
projections that can be encouraged to regenerate. The
regeneration of supraspinal axons must establish stable
synapses with ‘appropriate’ target neurones in the spinal
cord, in order to contribute to functional recovery (for a
review, see Schwab,1 Schwab and Bartholdi,18 Rain-
eteau and Schwab21).

Activity-dependent processes play a significant role in
appropriate remodelling in CNS pathways including the
motor system.21,22 Thus, it is feasible that provision of
appropriate patterns of activity within spinal cord
circuits will assist in establishing functional connectivity
between regenerating supraspinal axons and spinal
neurons. Locomotor training, in combination with the
appropriate physiological and pharmacological stimula-
tion, can provide appropriate neural activity within
spinal locomotor circuits.22 It has therefore a potential
to modify and refine the pattern of regenerating synaptic
connections in an activity-dependent manner. Thus, the
methods described for enhancing locomotor recovery
after spinal injury in the absence of axonal regeneration
may also play an important role in optimising the
functional contribution of regenerating spinal pathways.

Approaches leading to regeneration
There is convincing evidence from animal, namely rat,
experiments that regeneration can be induced after a
SCI17,23 (for a review, see Schwab,1 Schwab and
Bartholdi,18 Fawcett20). Recently, electrophysiological,
behavioural, and imaging studies have indicated that the
rat represents a reasonable model related to human
SCI.24 Consequently, in the near future, new therapeutic
approaches to induce some axonal regeneration as well
as enhancement of compensatory nerve fibre growth
may become available for the treatment of patients with
SCI.

Potential therapeutic interventions include applica-
tion of neuronal survival and growth-promoting factors,
‘bridging’ transplants of foetal spinal tissue, Schwann or
olfactory ensheating cells or stem cells25,26 and the
neutralisation of myelin-associated factors that inhibit
axonal outgrowth.1,17–19,24,26 In addition, stimulating
regeneration of damaged axons, several of these
therapies, such as neurotrophin application26,27 or
neutralisation of myelin-associated factors,1,17 also have
the potential to facilitate plasticity within intact neural
pathways.

With regard to locomotor recovery, transplantation
of foetal cells after spinal transection in the rat resulted
in significantly improved outcome.28,29 One possible
explanation for the enhanced locomotor performance is
that the spinal locomotor circuitry can be activated by
tonic activation arising from the transplanted tissue, for
example, from 5-HT or Dopamine fibres.30 Thus, there
are several promising approaches, although still on an

Figure 1 Human SCI recovery can be achieved by different
principal mechanisms
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experimental level, which indicate that it could be
possible in the near future to improve the mobility also
of severely affected patients with SCI.

New interventional therapies: requirements
for a future clinical application

In 2001, a clinical initiative was started, which aimed to
provide the required clinical basis for the implementa-
tion of novel interventional therapies on a large scale.
To this aim, five SCI Centres involved in the rehabilita-
tion of acute SCI patients (see the participating centres
and responsible principal investigators listed at the end
of the report), an engineering section of neuroradiology
and a basic neurobiologic lab working in spinal tract
regeneration, decided to build up a close collaboration,
financially supported by the International Institute for
Research in Paraplegia (IRP, Zürich). The same
standardised assessment protocol for monitoring the
extent and characteristics of recovery in SCI will be
applied. About 120 acute SCI patients per year will enter
this study and will be followed by a standardised
evaluation program.

The paper does not intend to give a methodological
overview about the test quality of each of the proposed
tests. All of them have their own characteristics (dis/-
advantages) concerning their specificity and sensitivity
(see references).

Clinical outcome measures
The neurological deficit caused by SCI is presently
assessed by the internationally accepted and standard-
ised neurological examination protocol of the American
Spinal Injury Association (ASIA).31 This assessment
represents a semiquantitative tool to monitor motor and
sensory neurological deficits. This protocol allows to
determine the level of the lesion, to estimate the extent of
neurological deficits, and also to predict to some extent
the outcome of SCI. The ASIA score allows to describe
structural deficits only indirectly, extrapolated from the
neurological deficit.

The assessment of the functional outcome is most
important to adequately estimate the patient’s quality of
life. Besides the neurological deficit, the assessments of
functional impairment, for example, walking capa-
city,32,33 (for a review, see Barbeau and Rossignol34)
hand function and bladder control,35 provide essential
information about the capacity of the upper and lower
limbs, as well as autonomic nerve function. The gain in
function achieved during the rehabilitation and by
specific therapeutic approaches should be documented
by specific behavioural tests. Some actual therapeutical
approaches, such as the locomotor training,13,14 have
greater effects on the walking ability than on the ASIA
motor score,15 underlining the requirement for reliable
functional tests in addition to the ASIA score, (for a
review, see Dietz et al). The walking index for SCI
(WISCI) is applied for the evaluation of locomotion36

and the spinal cord independence measure (SCIM) as

a standardised rating scale of activities of daily life
(ADL).37 Therefore, the SCIM and the WISCI scores
aim to assess the functional impairment of a task and not
the neurogenic deficit.

For the assessment of walking function, the WISCI
walking index was recently described.36 This walking
scale has a good validity and reliability, and includes 20
items to assess the walking ability of a patient with
incomplete SCI. As the WISCI scale does not really
reflect all aspects of locomotor ability in patients with
SCI, additional tests (timed up and go, walking distance
in 6min, time needed for a distance of 10m) have to be
implemented. These tests allow to quantitatively assess
the walking capacity. Furthermore, they give additional
information about the capacity achieved between the
levels of the WISCI scale (eg increase in walking speed
while requiring the same walking aids).

The SCIM rating scale estimates the impairment in
ADL focused on four most important aspects: self-care,
respiration, sphincter management and mobility. It
provides a total SCIM score of 100 points, while all
the subitems (eg feeding, bathing) are weighted (scores
from 0 to 15) dependent on their relevance. Therefore,
the SCIM score allows to describe the extent of
impairment and the necessary support the patient needs
to cover daily life activities.

Neurophysiological recordings
Neurophysiological recordings (neurography, somato-
sensory-evoked potentials (SSEP), motor-evoked poten-
tials (MEP)) allow the assessment of ascending and
descending spinal tract function. These recordings are
not influenced by the cooperation of the patient and can
be performed even in unconscious patients (eg due to
drugs or in the intensive care unit) or in spinal shock.
During the last few years, it could be demonstrated that,
by the combination of clinical and neurophysiological
recordings (neurography, SSEP, MEP, sympathetic skin
response), the functional outcome of patients with an
SCI can be predicted with a high reliability within the
first 3 weeks after the trauma.38,39 This enables to plan
adequate rehabilitation aims and to initiate specific
therapeutic approaches (eg functional electrical stimula-
tion) at an early stage (for a review, see Curt and
Dietz40). Neurophysiology can be complemented by
high-resolution MRI of the spinal cord to provide
information about the anatomically preserved parts of
spinal cord tracts and consequently of outcome.24,41

Especially, by the combination of MEP, SSEP and
neurographic recordings, a highly reliable prediction of
the outcome of hand38,39,42 and of locomotor func-
tion43,44 can be achieved (for a review, see Curt and
Dietz,40 Taylor et al45). The neurographic recordings
have been shown to be important in order to assess the
extent of intramedullary and peripheral nerve lesions,
which represent an essential basis for the planning of
rehabilitation approaches.46,47 The neurographic re-
cordings within 10–14 days after trauma indicate if the
development of a spastic or flaccid paralysis should be
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expected. This, for example, determines whether func-
tional electrical stimulation (FES) could be applied, as
FES technique is only applicable if there is only a minor
damage in the peripheral part of the motor pathways.

Specific goals
The specific aims of our clinical initiative are to develop
a comprehensive standard protocol for: (1) early
diagnosis, (2) monitoring of the course and (3) predic-
tion of the outcome in acute SCI patients. The
combination of the assessment tools and the appropriate
timing of the follow-up examinations (from very acute
to chronic) allow to monitor the course of the
spontaneous recovery, as well as rehabilitation-related
gain in function. The proposed protocol is not directed
for a specific scientific approach (for example, a new
surgical treatment). As all the possible statistical
analytical approaches are strongly influenced by the
specific intervention, power calculations have to be
determined specifically for the actual approach.

First-year experience

Establishment of standardised diagnostic tests
The clinical examination performed according to the
ASIA protocol is routine in all centres. It represents one
main basis for the prospective studies of the relationship
between neurophysiological recordings and clinical out-
come.

In addition, a defined set of basic neurophysiological
recordings was established in all centres. As neurophy-
siological recordings were already routinely performed
in Garches and Zurich, the techniques established there
were taken as a basis for the routine neurophysiological
recordings in all the participating centres.

The clinical examinations are paralleled by neurophy-
siological recordings in every acute patient with a
traumatic SCI. The timing of the examinations is
scheduled in relation to the date of injury. The very
acute examinations are aimed to be performed 5–10
days after injury, the last chronic examinations about 1
year after acute SCI. It could have been shown earlier40

that, by such a time table and sequence of testing, the
outcome of the function can be best predicted and
monitored over time. It is not intended to acquire data
within the first hours after trauma, as such early
recordings are less reliable. The time window at 5–10
days also allows a distinction between resolving
neuronal conduction blocks (early functional recovery)
and postlesion repair mechanisms (weeks to months
after injury).

Establishment of functional tests
The following standardised tests for the functional
outcome are now established in the five centres. For
the walking function, the WISCI walking index, and for
hand function, the Sollermann test, and some part of
hand function are also reflected in the SCIM score. The

Sollermann test was originally suggested to be applied in
association with hand surgery. Therefore, the occupa-
tional therapists of all participating centres still evaluate
reliable tests for hand function that would be most
appropriate for tetraplegic patients.

Therapeutical approaches
By the standardised clinical, neurophysiological and
functional examinations described above, the course of
spontaneous recovery can be monitored under the
conventional physical and pharmacological therapies.
These standard therapies differ to some extent in each
centre. For example, some centres rely more on a
Bobath or on a Vojta physical therapy. Furthermore,
some centres apply earlier and different antispastic drugs
than other ones. It is difficult to completely standardise
the routine therapies for all centres. However, these
differences in therapy will not affect the clinical and
neurophysiological examinations, and the development
of a standardised protocol for diagnosis and outcome.
The effect of possible differences will be analysed
a posteriori.

Coordination of the project
A common database was established for all the
participating centres. All clinical and neurophysiological
data of each patient who entered one of the five
Paraplegic Centres for acute rehabilitation are registered
first in the local databases of each centre. By email, the
anonymous data sets of each patient are then forwarded
to the central database located in Zürich. The data of
each patient who gave his/her informed consent are
stored in this data bank for comparison and further
evaluation.

Consultative and technical meetings are held about
every 6 months. Especially, the meetings of occupational
and physiotherapists were of great importance to select
the same standards for the functional assessments. One
of the leaders of the project (AC) visited all the centres
to ensure the harmonisation of the technical procedures
and to secure the same standard of neurophysiological
examinations in each centre. After 1 year of experience
with the project, all the centres collaborate in an
optimal, well co-ordinated way. Not only was a
significant progress of the project achieved, but also
the centres themselves profited from the clinical
initiative, due to the standardised assessment of patients
with SCI.

Next steps to be done

In the next part of the project, new neurophysiological
examinations will be introduced, in particular to assess
the function of the vegetative system. The sympathetic
skin reflexes (SSR) are up to now not routinely recorded
in patients with SCI. By this approach, the vegetative
system, which is also impaired in most patients with
SCI, can be assessed reliably.48,49 The technique
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is relatively simple, but requires some experience to
reliably perform systematic recordings of skin reflexes at
different body sites in patients with different levels of
SCI. For the assessment of the spinal-segmental path-
way, neurographic and electromyographic parameters
as well as reflexes will be analysed.

Furthermore, the technology of transcranial magnetic
brain stimulation will be established to assess the
cortico-spinal tract function. Although it is not yet
routinely performed in paraplegic centres, it is clear that
double or triple impulses can be applied to the brain to
reliably assess the remaining impulse conductivity of the
cortico-spinal tract fibres after SCI,50 better than that
achieved by single impulse stimulation.

An important aspect in the next years will also be the
question, in how far the specific repetitive training of
functional movements (hand function, locomotor abil-
ity) is able to improve the outcome as compared with the
conventional physical therapies.

The present project follows the outline of the WHO
for the rehabilitation of SCI patients, which aims to
improve the assessment of ‘body structure’ and of ‘body
function’. This assessment can serve as the basis to select
the best therapeutical approaches to improve activities
and participation. In the future, this will be reflected in a
better ‘participation’ of these patients in their social
surrounding, and also to recognise the relevant environ-
mental factors (for a review, see homepage WHO http://
www3.who.int/icf).
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