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ABSTRACT

Background Spinal cord injury (SCI) results in a complete or partial loss of
motor and/or sensory function below the injury level. An SCI causes extensive
functional impairment compelling many persons to wheelchair usage.
Maintaining an adequate strength and control of trunk and shoulder muscles
becomes essential, as the majority of every day tasks will be performed in a
sitting position. Moreover, physical exercise is crucial to avoid risks connected
with a sedentary life-style. Therefore, it becomes important to find suitable,
effective, and attractive physical activities to retain and even improve motor
functions achieved during rehabilitation. Ideally, such a training activity should
be versatile and have the potential to improve several capacities beneficial to
everyday life and thereby increase the independence of persons with SCI. Kayak
paddling appears to fulfil several of the criteria for such an activity.

Objectives The overall aims were to see if, and to what extent, a period of
training on a modified kayak ergometer could influence functional performance
as well as specific qualities, such as, shoulder muscle strength and sitting
balance control in a group of post-rehabilitated persons with thoracic SCI. An
additional aim was to understand more about the availability of the trunk
muscles in a person with a clinically complete thoracic SCI and how the trunk
muscles are used to maintain upright sitting in response to balance
perturbations.

Methods Ten adult post-rehabilitated persons with thoracic SCI performed 30
sessions of kayak ergometer training for a 10-week period, with progressively
increased intensity and balance demand in the medio-lateral direction. Pre- and
post-training measurements included performance in functional wheelchair
tests, maximal voluntary shoulder muscle strength, and trunk stability in
response to support-surface translations. Electromyographic (EMG) recordings
from deep and superficial trunk muscles were obtained in a sub-sample of two
subjects, one with a high thoracic SCI and one able-bodied person.

Results There were significant improvements with training in functional
performance, shoulder muscle strength, and the ability to maintain an upright
sitting posture in response to balance perturbations in the group of persons with
SCI. The EMG results revealed that the person with a high thoracic SCI,
clinically classified as complete, was still able to activate trunk muscles below
the injury, both in maximal voluntary efforts and in response to balance
perturbations, but the response pattern differed from that of the able-bodied.
Conclusions The improvements in test-performance observed with the kayak
ergometer training in the persons with SCI should enhance their capacity to
master similar challenges in everyday life, which, in turn, might lead to a greater
independence. The pilot data on muscle activation highlight the importance of
including examination of trunk muscle function in persons with thoracic SCI in
relation to injury classification, prognosis, and training prescription.

Key words Balance, electromyography, exercise, kinematics, motor skills,
paraplegia, postural control, shoulder joint, spinal cord injury, wheelchair.



SAMMANFATTNING
Bakgrund

Vid en ryggmairgsskada upphor helt eller delvis verforingen av nervsignaler i
ryggmaérgen, vilket medfor motorisk och sensorisk funktionsnedséttning
nedanfor skadenivan. I Sverige skadas varje ar cirka 150 personer sé svért att
det leder till en ryggmaérgsskada. Medelaldern vid skadetillfallet 4r cirka 38 ér,
majoriteten dr mén (75-80 %) och den vanligaste orsaken ar trafikolyckor, f6ljd
av fall- och dykolyckor. Ryggmaérgsskador kan medfora tetraplegi eller
paraplegi. Tetraplegi innebér att funktionsnedséttningen paverkar arm, bal och
ben, medan paraplegi omfattar nedsatt funktion i enbart bal och ben. Skadan kan
antingen vara komplett eller inkomplett, d.v.s. ha varierande grad av
kvarvarande motorisk och/eller sensorisk funktion nedanfor skadeomradet.
Forutom att skadan paverkar kinsel och muskelfunktion leder den till en rad
andra problem, sdsom blas- och tarmrubbning, smérta och spasticitet. Ett av
mélen med rehabiliteringen efter skada blir darfor att minimera effekten av
dessa problem. Det 6vergripande mélet r att skapa forutsittningar for att varje
individ far mojlighet att bli sa sjélvstédndig som mojlig. For personer som blivit
rullstolsbrukare innebér det att optimera funktionen i bal och skuldror, eftersom
merparten av vardagliga moment utfors i sittande. Andra viktiga fysiska faktorer
ar styrka, balans och uthéllighet.

Behovet av regelbunden fysisk aktivitet for att bibehalla och/eller forbéttra
funktioner uppnadda under rehabiliteringsperioden kvarstér hela livet. Genom
att utveckla effektiva och attraktiva triningsmetoder kan utovandet av fysisk
aktivitet stimuleras. Denna tréning bor, forutom att forbéttra nimnda
prestationsvariabler, ocksa vara skonsam mot axlar och armar, da upprepad
ensidig belastning vid exempelvis forflyttningar och rullstolskérning har visat
sig leda till 6kad forekomst av skulderbesvér hos personer med kronisk
ryggmargsskada. Kajakpaddling bor vara en lamplig aktivitet for att mota
ovanstaende krav. De specifika rorelserna som man utfor vid kajakpaddling
paverkar en stor del av 6verkroppens muskulatur. Dessutom stéller paddlingen
krav pé balans, styrka och uthallighet. Kajakpaddling har ocksa visat sig lamplig
for personer med ryggmargsskada och den kan utdvas pa liknande villkor som
for icke-skadade personer.

Paddling i kajakergometer ir ett alternativ till paddling péa &ppet vatten och gor
traningen oberoende av utomhusklimatet (dock missas naturupplevelsen).
Traning i kajakergometer har visat sig stdlla liknade fysiologiska krav som
paddling pa 6ppet vatten. En uppenbar skillnad &r dock att ergometern, till
skillnad fran kajaken, vilar pa ett stabilt underlag. En del i projektet var darfor
att utveckla en justerbar balansmodul till ergometern, vilket ger mojlighet att
reglera och kontrollera troghetsmomentet och dirmed balanskravet i sidled
under paddlingen.



Syfte

Det 6vergripande syftet med avhandlingsarbetet var att utvardera om
regelbunden tréning pa kajakergometer resulterar i dverforingseffekter pa
formagan att utfora funktionella vardagliga moment i rullstolen samt specifika
kvalitéer, sasom styrka i skuldermuskulaturen och balstabilitet i sittande vid
olika typer av balansstorningar, hos personer med ryggméargsskada pa
brostryggsniva. Syftet var ocksa att studera formagan att aktivera
balmuskulaturen vid kliniskt komplett' ryggmérgskada pa brostryggsniva och
undersoka hur balmuskulaturen anvénds for att stabilisera 6verkroppen vid olika
balansstorningar.

Metod

Tio personer deltog i traningsstudien, 7 médn och 3 kvinnor. Samtliga hade en
ryggmargsskada pé brostryggsniva (T3-T12), hade avslutat sin
rehabiliteringsperiod och var rullstolsbrukare. Medelaldern for gruppen var 38
ar (24-60 ar) och antal ar efter skadan varierade fran 3 till 26 (medianvérde: 12
ar). Under 10 veckor genomforde gruppen 30 traningspass pa kajakergometer,
som utrustats med den specialutvecklade modulen med reglerbart balanskrav i
sidled. Intensiteten och balanskravet 6kades successivt under traningsperioden.
Fore och efter trdningsperioden utférdes métningar av prestationsformégan i
funktionella tester, maximal styrka i skuldermuskulaturen (i isokinetisk
dynamometer) och stabilitet i dverkroppen (tredimensionellt roreseutslag i
balen, métt med ett optoelektroniskt rorelseregistreringssystem) efter
balansstorningar astadkomna genom hastiga forflyttningar av underlaget.
Samtliga tester, forutom styrkemétningen, genomfordes i den egna rullstolen.
Efter avslutad traningsperiod fick deltagarna skriftligt utvdrdera upplevelsen av
triningen med avseende pa vilbefinnande och funktionsférmaga i vardagliga
moment. I den paféljande fallstudien gjordes métningar av muskelaktivitet (via
ytelektroder applicerade pa huden och tradelektroder placerade i muskulaturen) i
atta bdlmuskler, dels vid balansstorningar (som ovan), dels vid forsok till
maximala viljeméssiga sammandragningar av respektive balmuskel hos en
person med ryggmaérgsskada (vid brostkota 3, kliniskt klassificerad som
komplett) och en icke-skadad person.

"I Kliniken anvénds ett internationellt framtaget testinstrument (International Standard of
Neurological Classification of Spinal Cord Injury, Marino et al. 2003) for klassificering av graden
av sensorisk och motorisk funktionsnedsittning efter en ryggmargsskada samt beddmning av den
neurologiska nivan pa skadan. Test av kdnseln sker pa 28 nyckelpunkter pa armar, ben och bal
medan den motoriska funktionen bedéms enbart i armar och ben. Den ldgsta nivan med normal
sensorik och motorik faststéller den neurologiska skadenivéan. Eftersom bedomning av
bélmuskulaturen saknas, blir den neurologiska skadenivan pé brostryggen klassificerad enbart efter
den sensoriska nivan.



Resultat

Tréningen i kajakergometer ledde till positiva dverforingseffekter pa
prestationen i funktionella rullstolstester, exempelvis rullstolskérning i
uppforsbacke, forflyttning fran rullstol till hog brits och ’sit-and-reach” tester,
d.v.s. 1 formaga att né sa langt som mojligt framfor kroppen utan att tappa
balansen. Traningen forbattrade ocksa specifika kvalitéer, som den maximala
styrkan i skuldermusklerna och stabiliteten 1 6verkroppen vid balansstorningar.
Resultaten fran fallstudien visade att personen med hog ryggmargskada i
brostryggen, klassificerad kliniskt som komplett, kunde aktivera dven den
balmuskulatur som innerveras nedanfor skadenivan, bade vid maximal
viljemassig sammandragning och som svar pa oforberedda balansstérningar.
Daremot skiljde sig aktiveringsmonstret vid balansstorningarna fran den icke-
skadades.

Slutsats

Baserat pé resultaten fran tréningsstudien kan regelbunden paddling i
kajakergometer rekommenderas som traningsform for personer med
ryggmargsskada pad brostryggsniva. Traningen medforde att deltagarna kunde
utfora svarare funktionella moment i rullstolen, vilket i sin tur kan leda till 6kad
sjalvstandighet i det dagliga livet. Kajakergometertrdningen orsakade heller
ingen skuldersmarta eller medforde nagra andra belastningsrelaterade problem.
Deltagarna var ocksa positiva till triningsformen och uppgav att de kénde ett
okat vélbefinnande efter avslutad trdningsperiod. Den pavisade formagan hos en
person med hog ryggmargsskada i brostryggen att aktivera sina bukmuskler,
pekar pé vikten av att inkludera balmuskulaturen vid klassificering av motorisk
funktion och skadenivé. Harigenom ges ocksa en bittre bas for diagnos, prognos
och triningsrekommendation.

Nyckelord
Balans, elektromyografi, hallning, kinematik, kraftmoment, motoriska

fardigheter, muskelstyrka, paraplegi, ryggmargsskada, rullstol, skulderled,
traning.
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INTRODUCTION

Spinal cord injury (SCI)

Spinal cord injury (SCI) results in a complete or partial loss of motor and/or
sensory function below the injury level. The incidence of traumatic SCI in
Sweden is about 10 cases per million inhabitants per year (Norrbrink Budh,
2004). The mean age at injury is 38 years; the majority (78 %) are men (Jackson
et al., 2004), and traffic accidents are the primary cause of injury (Sekhon et al.,
2001). Impairment of motor and sensory function in the arms, trunk and legs
defines tetraplegia, whereas paraplegia is characterised by impairment or loss of
motor and sensory function in the trunk and legs alone.

Neurological classification

In order to make a standard method of assessing the level and completeness of
an SCI, an Impairment Scale and sensory and motor scores were developed by
the American Spinal Injury Association (ASIA) in 1982. Since then the tests
have been revised, most recently in 2003 by Marino et al. (2003) One of the
goals of the manual was to ensure that both the measurement technique and the
usage of the resulting data were consistent across practitioners and researchers.

Sensory and motor function

The sensory examination is completed through the testing of a key point in each
of the 28 dermatomes on both sides of the body. Two aspects of sensation are
examined at each point: sensitivity to pin prick and to light touch. Each
sensation is separately scored on a three-point scale: 0 = absent, 1 = impaired
and 2 = normal.

The motor examination involves bilateral manual muscle tests, graded on a six-
point scale (range 0-5)* of the upper and lower limbs, each consisting of five
key muscles or muscle groups. Unfortunately, the assessment does not include
the trunk muscles, which makes conclusions about motor connectivity to these
muscles uncertain.

2 Muscle grading on a six-point scale according to the ASIA Motor Score (Marino et al., 2003).

0 = total paralysis, 1 = palpable or visible contraction, 2 = active movement, gravity eliminated, 3 =
active movement, against gravity, 4 = active movement, against some resistance, and 5 = (normal)
active movement, against full resistance.

13



Neurological level

The neurological lesion level is defined as the most caudal level at which both
motor and sensory modalities are intact on both sides of the body. In cases in
which there is no key muscle for a segment the trunk that has sensory
dermatomes intact, e.g. T2 — L1, the motor level is taken as that which
corresponds to the sensory level. The lack of information about motor
preservation to the trunk muscles will accordingly constitute a severe limitation
to the classification of the neurological lesion level.

Completeness

The ASIA Impairment Scale is used in grading the degree of impairment, which
is classified as complete or incomplete®. A complete injury means that there is
on absence of sensory or motor function in the lowest sacral segments, and an
incomplete injury has partial preservation of sensory and/or motor function
below the neurological level and includes the lowest sacral segments.

Medical consequences

An SCI is associated with functional impairment compelling many persons to
use wheelchairs, and is often complicated by medical problems, such as
impaired bladder and bowel function (Dahlberg et al, 2004; Vall¢s et al., 2006),
pain (Norrbrink Budh et al., 2003), spasticity (Skold et al., 1999; Adams and
Hicks, 2005) and sexual dysfunction (Westgren et al., 1997; Anderson et al.,
2006). One of the primary goals in rehabilitation of patients with SCI is
therefore to minimize the effects of this type of problems.

3 The ASIA Impairment Scale (AIS, Marino et al., 2003): AIS A= complete injury, no sensory or
motor function is preserved in the sacral segments S4-S5, AIS B = sensory but no motor function
below the neurological level and includes the sacral segments S4-S5, AIS C = motor function
preserved below the neurological level, and more than half of the key muscles below the
neurological level have a muscle grade less than 3, AIS D = motor function is preserved below the
neurological level, and at least half of the key muscles below the neurological level have a muscle
grade greater than or equal to 3, AIS E = normal.

14



Physical activity and SCI
Rehabilitation

The overall goal of rehabilitation is that every individual with an SCI should be
given an opportunity to achieve the highest degree of independence possible.
For a person with paraplegia compelled to wheelchair usage, this means
regaining as much of normal function and control of the trunk and shoulder
muscles as possible, since the majority of every day tasks will be performed in a
sitting position. Training of muscle strength of upper body muscles, balance
control in sitting and aerobic capacity (endurance) therefore becomes a central
part of the life of the person with paraplegia during the rehabilitation, that is,
about 3-6 months after the injury, depending on whether the treatment involves
surgery or is conservative.

Post-rehabilitation training

After termination of the rehabilitation the need for physical training still
remains, to maintain the acquired abilities and avoid the risks involved with a
sedentary life-style (Jacobs and Nash, 2004). Apart from improving physical
capacities, participation in physical activities has numerous benefits, for
example, it may help to reduce depression, improve family and social
interaction and prolong life expectancy (Slater and Meade, 2004). When
choosing an activity it becomes important to consider to what extent the
particular type of training stimulates the above-mentioned parameters without,
in itself, provoking overuse syndromes. Overuse syndromes are frequent in
persons with chronic SCI (Curtis et al., 1999; van Drongelen et al., 2006), and
have been related, among other things, to regular participation in sport activities,
e.g. basketball, with frequent vigorous starts and stops (Curtis and Black, 1999).

Earlier studies investigating the effects of training on performance and function
in persons with SCI are relatively few and, so far, only Grigorenko et al. (2004)
have used kayak paddling as a training paradigm. In previous publications,
trainability of this category of subjects with respect to different capacities has
been demonstrated after various types of training. Improvements in cardio-
respiratory function were reported after circuit training (Jacobs et al., 2001),
wheelchair ergometer training (Tordi et al., 2001, Bougenot el al., 2003) and
stimulation-assisted rowing (Wheeler et al., 2002). Gains in shoulder muscle
strength were observed after training combining arm or wheelchair ergometer
exercise and exercises with weights (Jacobs et al., 2001; Hicks et al., 2003),
whereas training only on the ergometers appeared to have less effect on muscle
strength (Davis and Shephard, 1990; Yim et al., 1993). Studies on training of
balance control, in general, are few and none on persons with SCI appeared in a
search of available databases. The pertinent question about the transferability of
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post-rehabilitation training effects to functional activities in daily life has not
been dealt with specifically in the above mentioned studies. In a paper by Duran
et al. (2001) a training program consisting of a variety of different exercises was
shown to result in improvements in tests that were aimed at mimicking daily
activities.

Kayak paddling appears to be an activity versatile enough to enable training
effects on several of the above-mentioned functional capabilities and specific
qualities. It occurs in sitting, which is a necessary prerequisite, and it involves
most of the upper body musculature (Trevithick et al., 2006) in alternating
three-dimensional movements (Plagenhof, 1979). The requirements for balance
control are high due to the complex movements, the interplay between reaction
forces in different directions, and the construction of the kayak. Furthermore, by
varying the intensity of paddling, the activity can be directed mainly towards
endurance or strength type of training (Tesch, 1983; Shephard, 1987; Fry and
Morton, 1991).

Open-sea kayaking

Open sea kayaking has been promoted as one of several physical activities for
persons with SCI by the Rekryteringsgruppen Active Rehabilitation.* Special
arrangements to make the kayak suitable for persons with SCI and to allow a
progression with respect to independent paddling have been undertaken (cf. Fig.

1).

Figure 1

Kayaking on open sea with varying
degrees of independence. Above: paddling
with an able-bodied person in the rear
position. Below: paddling alone with
pontoons at the sides of the kayak to
increase sideways stability.

4 Rekryteringsgruppen Active Rehabilitation is a Swedish non-profit organization (founded 1976)
working with sport activities for persons with SCI as a method to improve their performance and
self-confidence and to help them succeed in their ambition to become independent in daily living.
Many of the instructors have disabilities themselves, which enable them to both teach and serve as
role models.
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Based on these experiences, a training study was performed with regular open
sea kayak training in a group of persons with thoracic SCI during an 8-week
period (Grigorenko et al., 2004). After the cessation of the training period the
participants declared positive subjective experiences of the training concerning,
e.g., sitting balance control, shoulder muscle strength and endurance.
Furthermore, the maximal aerobic power measured on a kayak ergometer was
increased with 4% after the training period (Bjerkefors et al., 2005), but the
objective evidence for balance improvements was meagre. One factor that may
have contributed to the limited effects of training was the difficulty in
controlling, and adjusting over time, the level of balance challenge during open-
sea kayaking. A second factor may have been the restriction to static measures
of balance recorded during quiet, undisturbed sitting. The authors speculate that
training effects might be revealed with more challenging tests and increased
variability of training intensity, e.g. balance demand.

Kayak ergometer training

Paddling on a kayak ergometer is an alternative to open sea kayaking.
Commercially available kayak ergometers make it possible to perform paddling
without being dependent on weather conditions. In addition, they provide means
of controlling the training in detail, with feedback of training intensity, speed
and distance. However, an obvious difference is that the kayak ergometer
normally rests on a steady surface, which minimizes the otherwise considerable
unsteadiness during kayaking on open sea. By adding an adjustable balance
module to the ergometer, the balance demand can be individually adjusted and
progressively increased as training advances.

With our previous study on open sea kayaking (Grigorenko et al., 2004) as a
starting point, we decided to perform a training study on kayak ergometer. As
part of the project a special module was constructed allowing a controlled
variation of the sideways unsteadiness during paddling.

17



AIMS

General aims of the thesis

to see if, and to what extent, a period of 10 weeks of training on a modified
kayak ergometer could influence functional performance as well as specific
qualities, such as muscle strength and balance control in a group of post-
rehabilitated persons with thoracic SCIL.

to understand more about the motor function of the trunk muscles in persons
with SCI and how these muscles are used to maintain upright sitting in
response to balance perturbations.

Specific aims of the four studies

to assess the effects of kayak ergometer training on the performance in
functional tests carried out in wheelchair by persons with SCI.
(Study 1)

to investigate the effects of kayak ergometer training on shoulder muscle
strength in persons with SCI, and to investigate if, and how, their shoulder
strength before and after training differed from that of able-bodied persons.
(Study Il

to determine whether kayak ergometer training in persons with SCI could
influence postural responses to support-surface translations, consisting of
both an unpredictable and a predictable balance perturbation.

(Study Il

to investigate if lower trunk muscles could be activated during maximal
efforts in a person with a high thoracic SCI, and to see if, and how, his
activation pattern of upper and lower trunk muscles differed from that of an

able-bodied person in response to unexpected support-surface translations.
(Study 1V)

18



METHODS
Subjects

Persons with SCI were contacted by mail via Rekryteringsgruppen Active
Rehabilitation and 10 healthy persons (7 M and 3 F; 38 + 12 years, 1.76 + 0.09
m and 70.8 £ 13.9 kg) with traumatic SCI volunteered to participate in study I,
I, and III. A description of the subjects including a classification according to
the ASIA (American Spinal Injury Association, Marino et al., 2003) is presented
in Table 1.

Table 1 Characteristics of the subjects with SCI participating in studies I, II, Il and IV

Subj Age/ Years Sit Lesion Sensory Motor  AIS Physical

gender post- height level pinprick / score activity
injury (m) light touch (h/w)

1" 29/M 3 0.97 T3 37 /44 50 A 3-5
2 42 /M 22 0.91 T4 481748 50 A 3-5
3 60/M 7 0.89 T6 52 /52 50 A 1-2
4 38/ M 18 0.99 T6 52 /66 50 B 0-2
5 43 /M 20 0.95 T9 48/48 50 A 0-2
6 26/M 5 0.91 T9 64 /68 50 A 3-5
7 50/F 26 0.94 T9 88/90 71 C 0
8 36/ M 16 0.94 T11 78/83 50 B 3-5
9 28/F 7 0.81 T12 76177 50 A 0-2
10 24/F 7 0.79 T12 83 /81 62 A 0-2

Note: *Subject 1 participated also in study IV. The sit height was defined as the distance
between the seat of the chair and the top of the head. More information concerning the
classification of the neurological lesion level and the sensory and motor score is given in
the Introduction. AIS (American Spinal Injury Association Impairment Scale, Marino et al.,
2003). The frequency of participating in physical activities reported by the subjects (hours
per week).

In study II, a reference group of 10 able-bodied persons with similar body
measures as the persons with SCI took part in the strength tests (7 M and 3 F; 35
+ 10 years, 1.77 £0.08 m and 76.5 + 12.7 kg).

In study IV, two healthy habitually active men participated, one with a thoracic
SCI (Subj 1 in Table 1), and one able-bodied. The age, height, mass, and sit
height of the able-bodied subject were: 38 years, 1.91 m, 91 kg, and 1.01 m. His
level of habitual physical activity was similar to that of the subject with SCI.

19



Training tool and protocol

A commercially available kayak ergometer (Dansprint, Denmark) was modified
with an additional balance module constructed and built within the realm of this
project. This module made it possible to regulate the balance demand in the
medio-lateral direction by changing the axis of rotation between 11 different
positions (Fig. 2). To secure the sitting position, a special kayak seat with
adjustable back and footrest was mounted onto the kayak ergometer (Fig. 2).

Figure 2 The kayak ergometer with the special seat and the custom-built balance module.
Numbers 1 and 11 in the right picture indicate the most and the least stable position,
respectively.

Subjects paddled three times a week during a 10-week-period; total number of
sessions was 30 for each subject. A session lasted approximately 60 min and
included a warm-up, interval training, and a cool-down. Kayak instructors
supervised all sessions. During the first three sessions, subjects were taught
paddling technique. After this familiarization the balance demand and the
training intensity were progressively increased during the training period.

The kayak ergometer was equipped with a display, which provided information
on the subject’s performance, such as, paddling distance (m), speed (m/s),
average intensity (W), and stroke rate (strokes/min). This feedback was used to
present a predetermined, individually adjusted training program to each subject
and to document each training session (cf. Table 2, where an example of an
individual training program is presented).

20



Table 2 A training protocol for one person (Subj 2) during all sessions (1 — 30)

Type of training Balance Watt Distance
demand (W) (m)

1 Technique 6 9 1700
2 Technique 6 13 2720
3 Technique 6 10 2302
4 3x200m 6 15 2744
5 3x200m, 1x300m 6 15 2955
6 2x200m, 1 x 300 m 6 15 2510
7 4 x500 m 6 20 3392
8 6 x 500 m 6 21 4560
9 3500 m 6 21 4557
10 700 m, 3 x 300 m 6 26 3839
11 700, 600, 500, 400 m 6 27 3795
12 3 x 1000 m 6 25 4231
13 6 x 600 m 7 25 4886
14 600 m (me), 100 m (lo), 3 x 300 m (hi) 7 30 4200
15 400, 500, 600, 700, 800 m 7 33 4276
16 3000 m 7 25 4200
17 4 x 200, 3 x 300, 2 x 400, 1 x 500 m 7 28 5126
18 6 x500 m 7 32 4205
19 3000 m 7 21 4229
20 400, 500, 600, 500, 400, 300 m 7 32 4300
21 10 x 300 m 7 30 4380
22 3 x[5x 150 m (hi) and 50 m (lo)] 7 35 4297
23 1 x 500, 2 x400, 3 x300,4x200m 7 32 4304
24 1000, 800, 600, 400, 200 m 7 34 4226
25 2 x [6 x 90 m (hi) and 30 m (lo)] 8 32 4556
26 1600 m, 3 x 600 m 8 26 4150
27 9 x 250 m (hi) and 100 m (lo) 8 25 5104
28 5x 400, 5x200 m 8 27 4513
29 200, 400, 600, 800, 600, 400, 200 m 8 37 4514
30 10x 300 m 8 31 4172

Note: “Balance demand” refers to the instability of the balance module in medio-lateral
direction according to 11 different levels (see Fig. 2). (lo)=low intensity, (me)=medium
intensity, (hi)=high intensity.
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Tests, equipment and protocols

Table 3 summarizes the tests, equipment and protocols used in the four studies.

In study I, IT and II1, the tests were performed before and after the training

period. In study IV, the data were collected in one session for each subject.

Table 3 Tests, equipment and protocols in studies I-IV

Study Tests Equipment Measurements Trials
Sit-and-reach
Forward (both hands)
Forward (right hand) Sit-and-reach .
Forward (left hand) device Distance (m) 2
45° rotated (right hand)
45° rotated (left hand)
Transfer to a plank bed T ank bed, Height (m) 5
p measuring tape 9
Propelling wheelchair
5 m on the rear wheels Cones, measuring
Platform tape, stop-watch, Time (s) 2*
Figure-8 platforms at Height (m)
15 m, level surface different heights
50 m, inclined surface
Selecting alternatives Questionnaire Subjective experiences 1
Maximal voluntary Shoulder torque (Nm)
concentric contractions N at 3 specific angular
: ) Isokinetic e L2

1l Flexion, Extension dvnamometer positions: beginning, 4
Abduction, Adduction y middle and end of the
External rot., Internal rot. motion
Support-surface Moveable platform, 4 kinematic responses
translations accelerometer, of trunk angular (°) and

1} ) . 10
Forward, Backward motion capture linear (m)
Rightward, Leftward system displacement

Moveable platform, Response to platform

Support-surface | lerati 8 K
translations acce erometer, acceleration of 8 trun

\ motion capture muscles, EMG pattern 5
Forward, Backward o ;

: syst., EMG: intra- and onset times (s),
Rightward, Leftward : .
muscular, surface  trunk kinematics

Maximal voluntary efforts .
Trunk: extension, flexion, EMG: intra- Activation of trunk

I\ . . muscular and 2
flexion with leftward and muscles
) . surface
rightward rotation
Muscle size

fy ~ Obliquus externus abd., ;oo g Thickness (m) 1

Obliquus internus abd.,
Transversus abdominis

Note: “Trials” refers to the number of trials per experimental situation. * In mounting a
platform subjects had 5 trials at their disposal. In study I, lll and IV, the subjects used their
own wheelchairs, with identical adjustments, such as air pressure in the tires and rear-
wheel position, and the same wheelchair cushion. To ensure the same sitting position in
the before and after tests (study | and Ill), the distance between the knees (apex of patella)
and the backrest of the wheelchair, as well as the position of the feet on the footrest, were
kept the same in all tests.
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Sit-and-reach (study I)

A special device was built for the sit-and-reach tests. A thin string with a
moveable handle was attached to a board and a measuring tape was pasted onto
the board below the string. A sharp pointer underneath the handle was used for
exact reading of the distance reached. The distance between the wheelchair and
the board, as well as the height of the board, was controlled in all tests. The
subjects were instructed to hold the handle with thumbs and index fingers. The
maximal distance was determined when the subjects reached their stability limit,
i.e. when they could hold the end position without falling over.

Figure 3

Sit-and-reach test performed in a
straightforward direction with
both hands.

Figure 4

Sit-and-reach test performed in a
straightforward direction with the
left and the right hand separately.

Figure 5

Sit-and-reach test performed
with each hand and the
wheelchair rotated 45° to the
contralateral side.
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Transfer to a plank bed (study )

TR e——

Propelling tests (study I)

Figure 6

The test was to transfer the
body from the wheelchair to an
adjustable plank bed. To
perform a proper test the
subjects had to sit stably and
securely on the bed after the
transfer.

Figure 7

Propelling the wheelchair 5
meters on the rear-wheels.
The subjects started in a
wheelie position with the rear
wheel axle on the start line,
and finished when the axle
crossed the goal line.

Figure 8

Mounting a platform.

The subjects started 1.5 min
front of the platform. The
height of the platform was
progressively increased by 1
cm until the subjects reached
their maximal height within 5
trials.

The other wheelchair propelling tests were: five laps in a figure-8 around
two cones placed 3 m apart, and propelling 15 m on a level surface and 50

m up a 3° incline (cf. Table 3).
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Questionnaire (study I)

A written questionnaire was distributed directly after the last training session.
The subjects had to rate their subjective experiences of the training with respect
to general well-being; ability to reach an object, transfer into a car, and propel
over a curb; shoulder strength and upper body stability.

Shoulder muscle strength (study Il)

Shoulder muscle strength (torque) measurements were performed using an
isokinetic dynamometer (Biodex System 3, USA). Torque was assessed during
maximal voluntary concentric contractions performed during six shoulder
movements: flexion and extension (range of motion 65°), abduction and
adduction (65°), and external and internal rotation (60°), with an angular
velocity of 30°-s (Fig. 9). Position specific strength was assessed at three
shoulder angles (at the beginning, middle and end of the range of motion) in the
respective movements. Each position occurred during the isokinetic (constant
angular velocity) phase of the movement, as illustrated in Fig. 10.

40+ beg mid end r60
_ \ 50
§ 30 \
E 40
Ed s
5 21 3
2 104 -
@ k10
0 -0
Time 1s
Figure 9 Figure 10
Subjects were seated in an experimental Representative recordings of shoulder
chair (Biodex) with the backrest tilted at muscle strength (torque in Nm, thick
85°. To prevent trunk movement during line) and angular velocity (°'s'1, thin line)
testing, the upper body was secured with from one subject during a single
Velcro straps across the subject’s chest maximal voluntary concentric
and pelvis. In all tests, subjects were contraction in shoulder external
applying torque to a handle. Wrist rotation. Vertical lines denote the three
movements were prevented by a rigid shoulder angles at which the position
brace. In shoulder flexion, extension, specific torque was determined, i.e. at
abduction and adduction the elbow was the beginning (beg), middle (mid) and
maintained in an extended position by an end (end) of the range of motion.

orthoplastic splint.
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Balance perturbation (study Il and IV)

In study III and IV, horizontal support-surface translations were presented
randomly, either in the forward (FWD) or backward (BWD) direction, or in the
rightward (RWD) or leftward (LWD) direction, while subjects sat in their own
wheelchairs (Fig. 11). The platform perturbation consisted of an unpredictable
initial acceleration followed by a constant velocity phase and a predictable
deceleration (Fig. 12). The platform acceleration was sampled at 2 kHz with an
accelerometer (Kistler, USA) fixed to the wooden platform (Fig. 11).

Figure 11

The wheels were firmly fixed to a wooden
platform on top of a moving belt. Subjects were
instructed to sit in a relaxed position, with folded
arms, and focus on a visual target 2 m in front of
them. Earphones were worn to remove any audio
feedback from the motor or actions of the
operator prior to the onset of the perturbation.

In response to each perturbation, subjects were
advised to recover their sitting balance as quickly
as possible without using their arms.

Trunk kinematics (study Il and IV)

In study III, triads of infra-red light emitting diodes were attached at the
following positions to define the trunk segment: 4 markers placed in a diamond
shape, 2 over the spine at C7 and T7 level and 1 on the left and 1 on the right
acromion (Fig. 11). An additional three markers were placed in a triangle on the
backrest of the wheelchair (reference segment) (Fig. 11). Movement data were
recorded using an optoelectronic motion-analysis system (Selspot II, Sweden) at
a sampling frequency of 100 Hz. The movement data were used to calculate 3D
angular and linear displacement of the trunk segment relative to the wheelchair.

In study 1V, reflective markers were attached at the same anatomic positions as
in study III to define the trunk segment, and movement data were recorded
using a motion capture system (ProReflex, Sweden). The data were sampled at a
frequency of 100 Hz and were used to calculate 3D trunk angular displacement
relative to the wheelchair.
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Kinematic responses

As illustrated in Fig. 12, four kinematic responses to support-surface translation
were calculated: (I) peak amplitude following platform acceleration onset, (II)
trunk position 1 s after the end of platform acceleration, (III) peak amplitude
following platform deceleration onset, and (IV) trunk position 1 s after the end
of platform deceleration.

Figure 12

8 Angular displacement curve to
acc dec illustrate the kinematic variables
analyzed. Four kinematic
responses (I — IV) of angular and
linear trunk displacement were
11 investigated.

vr s/,

7

7

2222722222777

Zero time indicates onset of the
support-surface translation.
Hatched vertical bars denote
duration of the acceleration and
deceleration of the platform, with
the constant velocity phase in-
between.

constant
velocity

angular displacement (°)

0 1 2 3 4 5
| 1 time (s)
duration of translation

In study III, all four kinematic responses were investigated for trunk angular and
linear displacement in the anterio-posterior (AP) direction during FWD and
BWD translations, and in the AP and medio-lateral (ML) directions for LAT
translations (LAT = mean of RWD and LWD data). Angular displacement about
the longitudinal axis (trunk twisting = TW) was also measured for LAT
translations.

In study IV, peak amplitude and time to peak amplitude following platform
acceleration onset were investigated for trunk angular displacement in the AP
direction during FWD and BWD translations. For RWD and LWD translation,
trunk angular displacement was calculated in the AP, ML and TW direction,
respectively.

Muscle activity (study IV)

Electromyography (EMG) was recorded unilaterally from four abdominal
muscles using indwelling fine-wire electrodes, and from erector spinae and three
upper trunk muscles with surface electrodes in response to sudden support-
surface translations and in maximal voluntary contractions. Surface and intra-
muscular EMG signals were sampled at 2 kHz.
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Intra-muscular EMG

Two fine-wires were placed in parallel into rectus abdominis (RA), obliquus
externus abdominis (OE), obliquus internus abdominis (OI), and transversus
abdominis (TrA) (cf. Fig. 13). The precise placement was achieved with online
sonographic imaging (EnVisor, The Netherlands). Needles were carefully
removed prior to recording, and sonographic imaging used to ensure that the
wires had remained in their correct locations.

Figure 13

Ultrasound images of the
ventro-lateral abdominal
wall showing a cross-
section of the obliquus
externus (OE), obliquus
internus (Ol), and
transversus abdominis
(TrA). The high contrast line
running obliquely from top
right shows an insertion
needle carrying a fine-wire
electrode.

Surface EMG

Pairs of surface electrodes were attached with 2 cm inter-electrode separation on
the skin over pectoralis major (PM) in the middle of the cranial part of the
sternocostal head, trapezius (TZ) on the ascending part at the level of T7,
latissimus dorsi (LD) 2 cm caudo-laterally to the inferior angle of the scapula,
and erector spinae (ES) at T12 level. Two ground electrodes were placed on the
left and right patella, respectively. Prior to electrode placement the skin was
shaved, lightly abraded and cleaned with 98 % alcohol.

EMG responses to support-surface translations

The EMG signals were rectified and EMG latencies were calculated relative to
the onset of platform acceleration for all eight muscles. The onsets were
identified by first determining the baseline mean and standard deviation (SD) of
the EMG signal over a 1-s-period before acceleration onset. EMG onsets were
then identified as the instant after which the EMG signal exceeded one SD of
the baseline mean, and remained above this threshold for at least 25 ms, while
allowing for a drop below the threshold for no longer than 3 ms.
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EMG during maximal voluntary contractions

Maximal voluntary isometric contractions against resistance were performed
aiming at involving each of the eight muscles investigated with EMG. The
contractions were carried out when subjects sat upright in the wheelchair, and
included attempted trunk extension, trunk flexion, and trunk flexion with
leftward and rightward rotation. A maximum voluntary pressurisation of the
abdominal cavity (”Valsalva manoeuvre”) was also performed.

Ultrasound imaging (study IV)

Thicknesses of the abdominal muscles, OE, OI and TrA, were measured from
ultrasound images (EnVisor, The Netherlands). The right ventro-lateral
abdominal wall was explored and measurements were made at the position
where TrA was thickest (Fig. 14).

Figure 14 Ultrasound images showing obliquus externus (OE), obliquus internus (Ol), and
transversus abdominis (TrA) muscles taken from the subject with SCI (a) and the Control
subject (b). The images were taken when subjects were lying in a supine position with
knees slightly bent. The vertical lines denote the positions in which the measurements of
muscle thickness were taken.

Ethical approval

All subjects were given both oral and written information about all aspects of
the study and gave their written consent to participate. Approval was granted
from the Ethical Committee of the Karolinska Institutet and the Regional Ethics
Review Board in Stockholm, respectively.
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Statistical analysis

An overview of the statistical procedures employed in this thesis is presented in
Table 4. In all cases the STATISTICA program, version 6 and 7 (StatSoft,
USA) was used for the analysis. The level of significance was set at P < 0.05
and tendencies (study II) were identified at 0.05 < P < 0.01. Shapiro-Wilk’s W
test was applied to examine normality in the distribution of data.

Table 4 Overview of the statistical analyses performed in studies | - IV

Study | Study I Study IlI Study IVT
Descriptive statistics
Mean + SD . . . .
Mean + 0.95 % CI .
Mode value .
Analytic statistics
t-test for dependent samples . .
Wilcoxon Matched Pairs Test . .
Two-way ANOVA* .
Three-way ANOVA* .
Pre-planned comparisons . .
Pearson’s correlation coefficient . .
Spearman rank order correlation . .
Intraclass correlation (ICC ,)) M

Note: SD=standard deviation, Cl=confidence interval. * If the data did not conform to the
assumption of sphericity, the P values were Greenhouse-Geisser corrected. T Descriptive
statistics were used to present individual data for the variables with multiple observations.

In study I, paired Student’s #-test and Wilcoxon Matched Pairs Test were used to
compare before and after training data. In the test-retest comparisons,
coefficient of variation, Pearson’s correlation coefficient and Student’s #-test
were used. Pearson’s correlation coefficient and Spearman rank order
correlation were calculated between subject characteristics, and the before, after,
and after-before values, as well as between the training effects and the before
training values.

In study 11, ANOVA was used to detect differences between before and after
training values with the factors: training, movement and position. To estimate
test-retest reliability intraclass correlations were calculated.

In study I1I, the differences between before and after training values were
determined using ANOVA with the factors: training and direction of translation,
or using paired Student’s z-test and Wilcoxon Matched Pairs Test. Pearson’s
correlation coefficient and Spearman rank order correlation were calculated
between subject characteristics and the kinematic responses, both for the values
before training and the differences with training.
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RESULTS

The training (study | —1ll)

All 10 subjects with SCI completed the 30 sessions of kayak ergometer training
as planned. The average balance demand, intensity and distance were
significantly increased from the beginning to the end of the 10-week training
period (Table 5).

Table 5 Individual balance demand, intensity and paddling distance at the start and
end of the training period

. Balance demand Intensity (W) Distance (m)
Subject first last first last first last
1 6 8 19 40 2678 4387

2 7 9 15 32 2736 4400

3 5 8 15 39 2389 4335

4 5 8 20 44 2807 3919

5 8 9 36 75 3289 4540

6 6 9 22 34 3200 4408

7 5 9 15 34 2626 4393

8 7 9 33 58 3046 6237

9 7 9 15 31 2385 4099
10 7 9 14 27 2870 3500
mean 6 9 20 41 2803 4422
SD 1 1 8 15 308 709

NOTE. “Balance demand” refers to the instability of the balance module according to 11
different levels in the medio-lateral direction, with 1 representing the lowest demand. “First"
refers to average values for the first 3 (sessmns 4 to 6) and “last” for the last 3 (28 to 30)
full training sessions, respectively. Bold figures denote a significant increase (p < 0.05) in
mean values from the first to the last training sessions. W=Watts, m=meter, SD=standard
deviation.
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The tests (study | - IV)

Subjective experiences (study I)

A majority of the subjects reported perceived improvements after the training.
No one experienced any deterioration. The mode value, defined as the answer
selected by most subjects, was highest, i.e. “large improvement”, for “general

well-being”, and “upper body stability” (Table 6).

Table 6 Subjective experiences rated after 10 weeks of kayak ergometer training

General Reach Transfer Propel Propel  Shoulder Upper
well- an into a overa ' il strength body
being object car curb P 9 stability

“Unchanged” 2 3 2 1 1 1
~Small , 1 2 2 5 3 2 1
improvement
‘Moderate =4 2 3 1 4 3 2
improvement
‘Large 5 2 1 3 4
improvement’
‘Very large | 1 2 1 1 2 1 1
improvement
“Don’t know” 1 1

The figures in the columns represent the number of subjects selecting each alternative
answer listed to the left. The bold figures represent the mode value.
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Sit-and-reach (study I)

There were significant improvements in all sit-and-reach tests after training
(Fig. 15). The average increase was 4.8 cm (14 %). The largest improvement
(23 %) was seen in the bilateral forward sit-and-reach test. The coefficient of
variation for test-retest trials varied from 1.3 to 4.6 %.

Forward
(both hands)

Forward
(right hand)

* 7777) After - before
Il Retest - test

Forward
(left hand)

Rotated
(right hand)

Rotated
(left hand)

10 5 0 5 10 15 20 25 30 35 40 45 50 55
Differences (%)

Figure 15 Mean values (and standard deviation) for the differences (%) between after-
before training and retest-test values in sit-and-reach tests. * A significant increase
(p<0.05) from before to after training and from test to retest, respectively.

Transfer and propelling tests (study I)

There were significant improvements in height of transfer from the wheelchair
to the plank bed (3.3 £ 3.6 cm, 9.7 %), mounting a platform (1.0 + 1.0 cm, 7.2
%), propelling 15 m on level (- 0.19 +0.20 s, 3.1 %) and 50 m up a 3° inclined
surface (-1.06 = 0.47 s, 5.6 %). In propelling the wheelchair on the rear wheels,
there was a trend towards an improvement (- 9.8 %, P = 0.059) whereas no
statistical difference with training was seen in the figure-8 test. The coefficient
of variation for test-retest trials varied from 1.8 to 4.0 %.
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Shoulder muscle strength (study Il)

There was a main effect (P = 0.023) of kayak ergometer training with increased
shoulder muscle strength after training. The improvements were independent of
shoulder movement, and occurred in the beginning and middle positions of the
range of motion (Fig. 16).

A tendency (P = 0.081) towards lower shoulder muscle strength was observed in
the SCI group compared to a matched reference group of able-bodied persons
(Fig. 16).

The average intraclass correlation coefficient for test-retest torque values in the
SCI group before training was 0.941 (95 % confidence interval: 0.928 — 0.954).

954 954 Adduction .
90 90 —
85 o5 /
80 Extension ° 80 Py
— ;Z‘ Flexion — Zz‘ /O
§ 65 — 65 4 ©
o 60 60 /
2 554 55
g 50 504 ©
= a5 % 47 Abduction
40 40 .
35 35 \
30 30 _
25 25 \5
204 204
15 T T T 15 T T T
-3 17.5 38 17 37.5 58
Shoulder position (%)
Figure 16
[
951 Bt Mean values of shoulder muscle
] :| Ator strength (torque, Nm) in specific
80] —@— Reference angul_?r positions at a velocity of .
- 30°-s™ for the group of persons with
£ & _ SCI before and after training and for
g @3 memalrotaton the reference group, in a. shoulder
g 5] 5_43 flexion and extension, b. shoulder
—_— . .
T g_————///"’"_ abduction and adduction, and c.
35 External rotation shoulder external and internal
o I = rotation. Arrows indicate the
1 % —_ . . .
2] B§ﬁ direction of movement. (Note that in
1 \ I \ paper ll, least squares means were
5 15 35

Shoulder position (%)

shown in Fig. 2 and used in the
statistics.)



Trunk stability (study Ill)

Significant improvements in postural stability were demonstrated after training
with smaller angular and linear trunk displacements in anterio-posterior
direction and in twisting in all four kinematic responses during FWD, BWD and
LAT translations (Figs. 17a-b, d-e). No effects of training were seen in medio-
lateral angular and linear trunk movement during LAT translations (Fig. 17c¢).
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Figure 17 Mean curves of trunk angular displacement in anterio-posterior (AP) direction
during a. forward (FWD), and b. backward (BWD) translations, and in c. medio-lateral
(ML), d. AP, and e. twisting (TW) direction during lateral (LAT) translations, versus time.
The thin curves indicate the group mean before training and the thick curves after
training (N=10). The red curves represent mean trunk displacement for one able-bodied
subject (from study V).
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Abdominal muscle thickness (study IV)

The ultrasound measurements indicated similar thickness of each of the muscle
layers of the ventro-lateral abdominal wall in the subject with SCI (OE: 13 mm,
OI: 11 mm, and TrA: 6 mm) as in the Control subject (11, 15, and 7 mm,
respectively) (Fig. 18, left).

Trunk muscle activation (study IV)
Activation ability during maximal voluntary efforts

The subject with SCI, classified clinically as complete (AIS A) at T3 level, was
able to activate all his abdominal muscles, innervated from segments below the
lesion level, in maximal voluntary efforts (Fig. 18, upper right). The EMG
traces from the two subjects appeared similar from a qualitative point of view
(Fig. 18, right), but with more frequent occurrence of individual spikes in the
recording from the subject with SCI, which is most likely related to a lower
level of activation in this subject.

SCI 04

T

1s

Figure 18 Ultrasound images (left) and rectified EMG traces (right) from obliquus externus
(OE), obliquus internus (Ol), and transversus abdominis (TrA) in the subject with SCI
(upper) and the able-bodied Control subject (lower). The EMG traces are from single
voluntary contractions aiming at a maximal activation of that particular muscle.
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Activation responses to support-surface translations

The pattern and timing of muscle responses to support-surface translations
differed between the two subjects (Figs. 19 a-d). Responses in the subject with
SCI generally involved a larger number of muscles, with a more frequent
engagement of upper trunk muscles, i.e. PM, TZ, and LD, and occurrence of
coactivation of ventral and dorsal muscles, particularly in FWD and BWD

translations (Figs. 19 a-b).
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Figure 19 a

In forward (FWD) translation, the
subject with SCI had an early
activation of upper trunk muscles
and an activation of dorsal before
ventral lower trunk muscles. In
contrast, the Control subject
displayed an early and more
selective activation of the abdominal
muscles.

Figure 19 b

In backward (BWD) translation,
dorsal muscles were activated
with similar latencies in both
subjects. In addition, there was a
late activation of abdominal
muscles (OE, Ol and TrA) in the
subject with SCI.
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Figure 19 c and d In rightward (RWD) translation (c), the subject with SCI showed an
early recruitment of the dorsal muscles, including those of the upper trunk, whereas
the abdominal muscles had longer latencies. For the Control subject, on the other
hand, the initial responses appeared specifically in the ES, Ol and TrA muscles. In the
leftward (LWD) translation (d), the muscles (recorded from the right side) showed

more variable responses in both subjects.
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DISCUSSION

Training effects

Main findings of this thesis were that persons with long-standing thoracic spinal
cord injury (SCI) were able to improve their shoulder muscle strength and
postural stability after a 10-week period of kayak ergometer training. Also,
more challenging functional tasks could be performed after the training, which,
in turn, might lead to a greater independence in daily living. In addition, the
training in the kayak ergometer, albeit intense, did not cause any shoulder pain
or other problems. These findings, plus the positive subjective experience
expressed by the participants, indicate that this type of training is an effective,
and attractive, activity for persons with thoracic SCI.

As always, the effects, if any, of a period of physical training, are dependent on
the proficiency of the participants, the characteristics of the training stimulus,
and the properties of the tests used for evaluation.

Participants

The proficiency of the current subjects with SCI, as a group, is difficult to
establish due to lack of comparable data. Interestingly, in the one test where
their performance was compared to that of able-bodied subjects, the results
showed shoulder strength values that were similar to those of the able-bodied.

As far as the individual variation within the SCI group is concerned, it may, at
first glance, appear small, since they all had a thoracic SCI, were wheelchair
users and had finished their rehabilitation period. However, when adding
additional group descriptors, such as age, time post-injury, sensory and motor
function scores, and level of physical activity, the heterogeneity of the group
becomes apparent. The inter-individual variation within each parameter is large
and the number of parameters to consider is high. Furthermore, they can interact
in numerous ways. For example, an initial disadvantage, due to a high level of
injury, may be counteracted by a long and physically active period post-injury.
This complexity is likely to underlie the finding of few and low correlations
between background parameters, including level of injury, and initial
proficiency with respect to functional tests and trunk stability in response to
balance perturbations. Correlations were present between initial performance
and training effects for three of the five functional wheelchair tests, i.e. a large
training effect was related to a low initial performance level, as would be
expected from current training science (Kraemer et al., 2002). However, no
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correlations were found between changes with training and any of the
background variables, e.g. level of the SCI.

Another limiting factor in the study is the relatively low number of subjects.
This has to do with the special category of subjects as well as with the specific
inclusion criteria. The number of persons with a clinically classified complete
thoracic SCI in the Stockholm area is limited to about 150 and of these about 60
are included in the database of Rekryteringsgruppen, from which the subjects
were recruited. In addition, the subjects had to make a commitment to devote
time to this study for an extended period, including numerous test and training
sessions, which might have deterred some of the potential participants. The
subjects volunteering for the project were extraordinary positive and loyal to the
project and the problem of lack of adherence to the protocol, which training
studies often suffer from, did not exist in this project.

It would have been desirable with a control group of subjects with SCI, who
were to take part in the tests and not in the training. However, it was decided
early on not to attempt to recruit such a group based on the limited number of
potential subjects and the additional difficulty in finding a group of persons with
a sufficient match of critical variables with the experimental group. Extra care
was instead taken to establish a stable pre-training level in the experimental
group by having them go through the entire test protocol twice before the start
of the training. A comparison of these two tests generally showed no statistical
difference due to learning. Corresponding statistics was not carried out for the
balance tests, but we regard it unlikely that there is a training/learning effect just
due to repeated measurements, considering the fact that such a long time (10
weeks) elapsed between test occasions.

Even though the study was primarily aimed at investigating training effects, it
would have been of interest to perform a more systematic comparison between
the experimental group and a matched group of able-bodied subjects. This
would have allowed exploring the possibility that the changes with training in
the SCI group would go either in the direction of becoming more “normal” or in
the other direction, i.e. deferring more from the “normal” by further establishing
unique responses of persons with SCI. The former could be the case for
compensations to balance perturbations (though only based on comparison with
data from one able-bodied subject, cf. Fig 16 in the Summary) and the latter in
the case of balance in quite sitting (Grigorenko et al., 2004). A comparison of
strength performance between the SCI group and a reference group of able-
bodied persons was considered feasible, since the tests were done in a special
experimental set-up deemed equally unfamiliar to both subject categories. The
functional tests, on the other hand, were designed for the subjects with SCI and
they would have been difficult to perform for a group of able-bodied subjects
not used to a wheelchair. The balance tests did not require wheelchair
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experience and could have included a reference group of able-bodied. Such a
comparison was made in the case study, where invasive recordings of muscle
activation were carried out on one occasion, i.e. training effects were not
investigated.

Training

Kayak ergometer paddling was selected as the training paradigm for several
reasons. Firstly, it meets the necessary criterion of being an activity possible to
carry out in sitting. Secondly, it appears to involve most of the upper body
musculature. This has been demonstrated for the muscles around the shoulder
joint in able-bodied subjects (Trevithick et al., 2006). Corresponding data for
the trunk muscles are lacking, but it is evident from a mechanical point of view
that there has to be a link transferring the forces from the paddle via the
shoulders to the kayak. Moreover, the paddling movement is complex with
alternating three-dimensional upper body movements during the pull, lift and
push phases. These movements have been described in able-bodied paddlers
(Plagenhof, 1979). Although no study has yet been done comparing paddling
technique between able-bodied persons and persons with SCI, the basic
alternating paddle movement appears to be similar. Thirdly, the complex
interplay between forces in different directions, and the construction of the
kayak, placed marked demands on balance control and stability of the upper
body, particularly in the medio-lateral direction. Lastly, by varying the intensity
of paddling, the activity can be directed mainly towards endurance or strength
type of training (Tesch, 1983; Shephard, 1987; Fry and Morton, 1991).
Furthermore, kayaking on open sea has been shown to be a suitable and
appreciated training activity for persons with thoracic SCI (Grigorenko et al.,
2004).

Training indoors on a kayak ergometer is an alternative to open sea kayaking,
having the advantage of not being weather-dependent. Kayak ergometers are
commercially available and widely used among competitive kayakers and also
for general training purposes. A great advantage with the ergometer is that the
intensity of the activity is easily controlled. A display provides information on,
for example, paddling distance, intensity and speed. This information adds
motivation to the trainee as well. A direct comparison of movement and muscle
activity patterns in the ergometer and on open sea has still to be performed.
However, kayak ergometer training has been reported to be able to simulate
open sea kayaking in terms of physiological demands, such as oxygen uptake
and heart rate (van Someren et al., 2000). An obvious difference is, however,
that the ergometer normally rests on a steady surface, which minimizes the
otherwise considerable unsteadiness during kayaking on open sea. To
compensate for this and make the training more realistic in terms of challenge to
balance control, one of the first tasks in this thesis work was to modify a
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commercially available kayak ergometer with an adjustable balance demand in
the medio-lateral direction. This module made it possible to individually adjust
and progressively increase the balance demand for each subject during the
training period. It also appeared to be suitable for this category of persons, since
all of them could increase the level of difficulty, but none was able to reach the
most unstable setting during the training period. Anecdotally, a world champion
kayaker has tried the modified ergometer and deemed it a valuable tool worth
incorporating in his own training.

All subjects in this study expressed subjective improvements on general well
being after the intervention. This is in line with earlier studies showing positive
effects of exercise in general on quality of life in persons with long-standing
SCI (Ditor et al., 2003; Hicks et al., 2003). The kayak ergometer training was
also easy to learn, and the social togetherness, which is often mentioned as an
asset of physical training, was met by having the participants train in parallel on
four similarly equipped ergometers. Another positive aspect of the training was
that the extra load on the upper body induced by the rather intense training did
not lead to any shoulder problems or other overload symptoms. Shoulder pain is
a major problem for persons with long-standing SCI (e.g. Curtis et al., 1999; van
Drongelen et al., 2006) and it has been related, among other things, to regular
participation in sport activities, e.g. basketball, with frequent vigorous starts and
stops (Curtis and Black, 1999). The absence of shoulder problems with kayak
training could probably be ascribed to the individually adjusted progression of
the training as well as the smooth character of the paddling movement itself.
The majority of the trainees also reported experiences of improvements in
functional tasks, such as reaching for an object and propelling the wheelchair
uphill. These results are in line with previous findings from open sea kayak
training in persons with SCI (Grigorenko et al., 2004), and were substantiated
by the actual improvement in performance in most of the functional tests.

Due to the gradual improvement on the part of the participants, the overall
training intensity and load could be progressively increased over the training
period in all subjects. The outline of the training protocol was such that it
contained sessions and periods of lesser or higher intensity, presumably
stimulating both increases in endurance capacity and muscle strength.

No direct tests of endurance were performed in the current study, but the
decreased time in the energetically demanding task of propelling 50 m on an
inclined surface may be indicative of such an adaptation. In a previous study,
with a similar protocol, but on open sea, it was shown that maximal aerobic
power measured on a kayak ergometer increased with 4% after an 8-week-
period of training in a group of persons with SCI (Bjerkefors et al., 2005).
Different types of exercise programs have earlier been reported to improve the
cardiorespiratory function in persons with SCI, e.g. circuit training (Jacobs et
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al., 2001), wheelchair ergometer training (Tordi et al., 2001; Bougenot el al.,
2003), and stimulation-assisted rowing (Wheeler et al., 2002).

As far as muscle strength is concerned, the paddling regime apparently provided
enough stimuli to improve shoulder muscle strength, as evidenced by the
various standardized isokinetic strength tests applied. It also appeared to be
sufficient to lead to strength gains in shoulder movements in all three planes.
Other studies that have evaluated muscle strength after interventions with
similar training equipment have reported that training only on an arm ergometer
or on a wheelchair ergometer (Davis and Shephard, 1990; Yim et al., 1993)
caused a minimal strength improvement, whereas studies that included also
strength training exercises have been able to demonstrate marked strength gains
(Jacobs et al., 2001; Hicks et al., 2003). The strength improvement measured
here after kayak ergometer training, albeit relatively modest, indicates that the
three-dimensional upper body movement during paddling contains parts of high
enough muscle load to stimulate strength growth, which seems not to be the
case for the mainly two-dimensional movements in arm and wheelchair
ergometers. Measuring the strength of trunk muscles was attempted initially in
the current project, but was abandoned due to difficulties in creating a
standardized experimental situation where any strength output of these specific
muscles could be assessed in a satisfactory way.

In addition to being able to progressively increase the intensity of the training,
the trainees were able to cope with a gradually more demanding challenge to the
sitting balance provided by the adjustable balance module. Since this instability
was provoked primarily in the sideways direction, an improvement in balance
and stability of the upper body was expected mainly in the medio-lateral
direction. Moreover, movements in this direction were assumed to be least
affected by the subjects’ regular wheelchair propulsion and thus more trainable.
Contrary to expectations, no effects were observed in the medio-lateral
kinematic responses to lateral support-surface translations. However, the
posterior and twisting movements in lateral translations were diminished with
training. A possible explanation for this might lie in the compensatory
“techniques” used. Before training, the subjects appeared to fixate the upper
body in a backward leaning position, utilizing the backrest to withstand the
lateral perturbation, since this position was assumed after the initial acceleration
and maintained throughout the rest of the translation. The backward movement
occurred simultaneously with a trunk twisting towards the direction of
translation. This combination of additional trunk movements might be a
consequence of a limited ability to specifically perform lateral trunk flexion, i.e.
to approach the balance limit in relation to the support surface in the sideways
direction. To compensate for this, the trunk had to be twisted around the vertical
axis, moving the upper body in the opposite direction and thus avoiding tipping
over to the side. After training, there seems to be lesser need for this
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compensatory mechanism. Thus, even though the actual trunk movement to the
side remained unchanged, the training appeared to improve the coordination of
movements and allow for a more “pure” side-bending response without
concomitant movements in other planes. The suggested movement strategy in
response to sideways perturbations in persons with SCI was supported by the
findings in the case study. The person with SCI had a movement pattern with
more of twisting and posterior trunk movement, whereas the able-bodied person
showed a more “pure” side-bending response.

The improvements with training on the responses to the initial unpredictable
acceleration and the ensuing predictable deceleration indicate that the
mechanisms involved, primarily muscle reflex responses and feed-forward
control, are, to some extent, trainable by the specific training regime applied. It
is, however, difficult to speculate about putative neural mechanisms. One
possible reason for the increased trunk stability might be that the relatively
demanding training could have provoked an increased neural drive in
descending cortico-spinal pathways to postural trunk muscles. This increased
drive might, in turn, induce activation of denervated and/or atrophied
musculature. Such an improvement in neural communication between the brain
and effector muscles has been reported after intense locomotion training in
persons with an incomplete SCI (Thomas and Gorassini, 2005). In the current
study, all subjects, except one, were classified as having complete SCI, and
should therefore have an even more limited function in these neural pathways.
Interestingly, several studies (e.g. Dimitrijevic et al., 1983; Sherwood et al.,
1992) have demonstrated a “discomplete” syndrome in patients with thoracic
SCI, clinically classified as complete. Study IV constitutes a beginning of
studying motor strategies underlying the control of upper body stability and
sitting balance in persons with thoracic SCI.

Tests

The tests used to evaluate the possible transfer effects of kayak ergometer
training had different specific purposes and therefore different characteristics.
The functional tests were chosen to mirror daily activities and thus they should
have an implicit validity. The strength tests were specifically aimed at
measuring a certain quality, namely muscle strength at the shoulder joint under
highly standardized conditions. Also, the balance tests were carried out in a
laboratory environment, but were selected to represent situations that can occur
in daily life, such as when travelling in a bus or subway with sudden
accelerations and decelerations. No other measures were taken to ensure the
validity of the tests. The reliability of the tests was assessed with a test-retest
approach for the functional tests and the strength measurements and found to be
of acceptable magnitude. To minimize the possible influence of learning in the
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balance tests, the subjects were allowed a familiarization session one week prior
to the first test occasion.

Due to the relatively high proficiency of our subjects, who were all in a post-
rehabilitation stage, available functional tests that have been evaluated in terms
of reliability and validity (Catz et al., 1997; Lynch et al., 1998; Kilkens et al.,
2002 and 2004) had to be modified to increase the resolution of the outcome
measure and avoid ceiling effects. These adjustments of the tests were obtained
after pilot studies on persons with SCI with a similar range of performance
levels as the experimental group. The functional tests were based on
measurements of time, distance and height. Thus, no evaluation was done of the
actual techniques involved in carrying out the tasks. Other studies have used
scoring systems, which included a qualitative evaluation of the level of skill
involved (Catz et al., 1997; Harvey et al., 1998; Kilkens et al., 2003; Kirby et
al., 2004). In our material of post-rehabilitation subjects, it would have been
essentially impossible to subjectively judge changes in the quality of
performance as well as selecting appropriate levels of pass and fail. The
sensitivity of the tests applied here proved to be enough to measure changes
with training and difference between subjects and experimental and control
groups. One exception was the sit-and-reach tests, where a ceiling effect could
not be avoided for the three subjects with a low injury level. They could control
the forward inclination of the trunk and thus only anatomical dimensions limited
their reaching distance. Therefore, this type of sit-and-reach-test cannot be
recommended for subjects with an SCI at or below the T11 level.

In the strength measurements, dynamic concentric (shortening) contractions
were selected because of the intuitive similarity to the contraction type
predominating in most muscles during paddling. Isokinetic testing, i.c. at a
constant angular movement velocity, was chosen to provide standardization of
the measurements of dynamic strength. Since paddling is a three-dimensional
movement, it was decided to measure strength in reciprocal movements about
all three axes. It is realized that the paddling movement is not restricted to
movements around these axes and that it does not occur at constant angular
velocities. However, the standardization was given priority in these
measurements of a specific quality, namely muscle strength. The peak angular
velocities during paddling were measured for movements around each of the
three axes of rotation and ranged from 170 to 390 deg/s. Thus, the selected
speed of 30 deg/s was included in the lower part of each speed range. The
dynamometer used in this study has earlier been shown to provide accurate and
reliable measures of torque and velocity (Drouin et al., 2004). However, we
discovered that with a speed set at 180 deg/s, the machine could not reach the
set velocity before the very end of the range of motion, thus limiting the part
that was isokinetic to about 5 deg. This speed was therefore omitted from our
protocol.
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The test paradigm used here to assess trunk stability via translations of the
support-surface was recently introduced by Carpenter et al. (2005). It actually
utilizes a motor-driven treadmill, earlier used for studies of locomotion (e.g.
Thorstensson et al., 1982). The control of the acceleration and speed of the
treadmill has proven to be of acceptable accuracy and reproducibility to serve
also for balance studies (Carpenter et al., 2005). The initial studies were carried
out on standing able-bodied persons (Carpenter et al., 2005; Tokuno et al.,
2006). This is the first time that sitting has been studied. The experimental set-
up made it possible to evaluate postural compensations to both an unpredictable
acceleration and a predictable deceleration during a single trial. One limitation
in the control was that the size of the two perturbations could not be made
exactly the same. The magnitudes of the perturbations were selected in
systematic pilot experiments to be manageable, yet challenging, for all subjects
in the training group. However, due to the heterogeneity among the participants,
the challenge could be close to the maximal for one and relatively “easy” for
another. Using more individually adapted criteria for choosing the size of the
perturbation, e.g. having it closer to each person’s balance limit, might have
revealed more clear training effects. On the other hand, such tests could involve
more risks to the subject. During the tests with balance perturbations, the
movements of the upper body were recorded with a motion-capture system with
markers placed on the skin over certain anatomical landmarks. One of the
limitations adhering to such a method is the possibility of skin-slippage, i.e.
movement of the skin and marker in relation to the underlying skeletal
structures. No systematic evaluation of skin-slippage was done here, but such
movements have been shown to be relatively small (<2 mm) over the spine
(Nilsson, 1990). Unfortunately, the analyses in this study did not include
movements of the head. A significant role of the head in postural control has
previously been demonstrated in paraplegics in response to tilting of the
support-surface (Bernard et al., 1994).

A variety of valid and reliable questionnaires for evaluating self-reported well
being (e.g. The Swedish SF-36 Health Survey, Westgren and Levi, 1998) and
functioning (e.g. SCIM, Catz et al., 1997) exist for persons with SCI. The basis
for our decision not to use standardized questionnaires was that we wanted to
evaluate primarily specific experiences related to our particular tests and
training protocol. One of the drawbacks with this approach is that it limits the
possibilities to make comparisons with other studies.
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Trunk muscle activation

Among the main findings was also the observation that a person with a
clinically diagnosed complete SCI at the T3 level still was able to activate his
trunk muscles below the lesion level, and that he had adopted a different pattern
of muscle response to balance perturbation as compared to an able-bodied
person.

Naturally, observations on a single person are limited, but still allow
speculations about possible underlying mechanisms and implications for injury
classification and training during and after rehabilitation in persons with
thoracic SCI.

Possible neural mechanisms

Results from the electromyographic recordings showed that the person with SCI
was able to activate trunk muscles below the injury, both in voluntary efforts
and in response to balance perturbations. The ability to activate those muscles
with motor nerves exiting from the spinal cord below the injury level could have
different underlying mechanisms. One is that the SCI was incomplete and that
remaining connections might have been reinforced during rehabilitation and
usage during the post-rehabilitation period. Another possibility is that activation
of these lower trunk muscles is induced indirectly by activation of other
muscles, e.g. the upper trunk muscles. Contractions of upper trunk muscles,
with intact innervation also after thoracic SCI, might lead to stretching and a
subsequent reflex activation of the lower ones. There may also be additional
triggers other than stretch, e.g. activation may be directed from heteronymous or
even antagonistic muscle actions via neural connections adopted over time to
compensate for the impairment caused by the SCI. Using neurophysiological
techniques, it has been possible to demonstrate remaining sub-clinical motor
function via neural pathways passing an SCI clinically classified as complete
(Dimitrijevic et al., 1983; Sherwood et al., 1992). These experiments have
mainly been designed to identify supraspinal influence on spinal reflexes in the
legs. Rarely have the trunk muscles been investigated. In response to the
balance perturbations the subject with SCI demonstrated less specific
electromyographic responses than the able-bodied subject. Lower trunk muscles
were activated also in this situation, but often in a different order and together
with antagonist muscles and/or other normally non-postural upper trunk
muscles. Evidently, even though lower muscles could be activated, their
contribution to counteracting the movement induced by the perturbation was
insufficient and had to be complemented by recruitment of additional muscles.
A development of unique muscle activation patterns and new muscle synergies
has previously been demonstrated in persons with thoracic SCI in sit-and-reach
tests (Seelen et al., 1998; Potten et al., 1999).
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Implications for classification

The present finding of an ability to activate lower trunk muscles in a person
with a high thoracic SCI points to a need to revise the current classification
system for thoracic SCI to include motor tests also for trunk muscles. In clinical
practice, the International Standard of Neurological Classification of Spinal
Cord Injury (Marino et al., 2003) has become a standardized and routinely used
assessment tool to classify motor and sensory function in persons with SCI. The
motor examination involves bilateral manual muscle tests, graded on a 0-5 scale,
of the upper and lower limbs, each consisting of five key muscles.
Unfortunately, the assessment tool does not include the trunk muscles, which
makes conclusions about motor connectivity to these muscles uncertain. The
lack of information about motor preservation to the trunk muscles will also
affect the classification of the neurological lesion level, which normally is based
on the most caudal segment with normal motor and sensory function. Therefore,
in persons with thoracic SCI, the classification of the level of the injury will be
determined solely based on sensory function. The development a new
instrument for injury classification should occur with close interaction between
basic neurophysiological and clinical research to make it valid and reliable on
the one hand and also user friendly on the other. Sensitivity enough to discern
level of injury as well as progress with rehabilitation and training is highly
desirable.

Implications for rehabilitation and training

Knowing if a person with a thoracic SCI has access to his/her lower trunk
muscles is important for judging the potential for improvement and for
prescribing optimal exercises in rehabilitation and for post-rehabilitation
training. Since stabilization of the trunk is a prerequisite for adequate
movements of the arms and head, trunk muscle activation is provoked by daily
activities, but only if the trunk is unsupported. Exercises should therefore imply
extra provocations of the active trunk stabilization system, directly or indirectly.
Such training would potentially increase the ability of independent trunk
stabilization and thereby have the beneficial effect of increasing the repertoire of
tasks achievable manually. Ideally, the training exercises should be flexible
enough to be applicable in different stages of rehabilitation as well as for
progressive post-rehabilitation training. Training tools could be used, such as
the kayak ergometer in the current project, but less complex tools and exercises
without tools should be developed based on the present results and ideas and
continued research. Finally, the present findings of remaining motor
connectivity to lower trunk muscles should caution the clinician when using the
diagnosis “complete” SCI and encourage the persons given such a diagnosis.
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CONCLUSIONS

in relation to the aims of the four studies:

There were clear transfer effects of the kayak ergometer training onto
performance in functional wheelchair tests in the persons with thoracic SCI.
Since these tests mimicked some daily activities, the improvements should,
in turn, lead to a better ability to carry out more challenging tasks of daily
living, which might lead to a greater independence. This, and the positive
subjective experience from the training expressed by the subjects, promotes
kayaking as a suitable activity for persons with thoracic SCI.

Kayak ergometer training resulted in a general increase of shoulder muscle
strength in persons with SCI. There was a tendency towards lower shoulder
muscle strength as compared to a reference group of able-bodied persons,
which might indicate that post-rehabilitated persons with SCI have not
managed to fully maintain their shoulder muscle strength. Evidently the
current training regime contained loads high enough to induce gains in
strength, but still did not cause any shoulder problems or other overload
symptoms.

In general, postural stability in response to support-surface translations was
improved with kayak ergometer training, i.e. the same balance perturbation,
be it predictable or unpredictable, caused smaller trunk displacements after
training. This improvement seen in standardized laboratory tests, might, in
turn, allow persons with long-standing SCI to better master similar
challenges to balance perturbations in everyday life.

The results from the case study showed that a person with a high thoracic
SCI, clinically classified as complete, was still able to activate trunk
muscles below the injury, both in maximal voluntary efforts and in response
to balance perturbations. In the latter case, the person with SCI displayed a
different trunk muscle coordination pattern than an able-bodied subject.
These pilot data highlight the importance of including examination of trunk
muscle function in persons with thoracic SCI in relation to injury
classification, prognosis, and training prescription.
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matlddor du har packat med nyttiga bonor och gronsaker som fatt mina arbetskamrater vid
lunchbordet att nyfiket titta och fraga: - Vad éter du? - Oh, rodbetslimpa?!

Till sist vill jag tacka for ekonomiskt stéd fran Allménna Arvsfonden, Centrum for Idrottsforskning,

Hjéalpmedelsinstitutet, Gymnastik- och Idrottshogskolan, Norrbacka Eugeniastiftelsen, Legitimerade
Sjukgymnaster Riksforbund.
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