Scand J Rehab Med 31: 250-256, 1999
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ABSTRACT. The locked-in syndrome is character- “locked-in syndrome” to characterize patients with
ized by quadriplegia, preserved consciousness and preserved full consciousness, but without the ability to
inability to respond to the outside world. In recent respond to the outside world. Lesions in the ventral
years, the repetitive execution of identical movements portion of the pons destroy corticospinal and cortico-
has been demonstrated to be crucial for the recovery bulbar fibres as well as motor nuclei. Structures within
of arm and hand function in stroke patients. The the dorsal part of the pons controlling consciousness and
present study aimed at investigating the efficiency of transmitting sensory information to the cortex usually
repetitive training in a patient suffering from locked-  remain intact. Cranial nerves I|-IV and midbrain
in syndrome due to an occlusion of the basilar artery. structures above the pons are also spared.
Seven months after the brainstem lesion and after a  Three varieties of the locked-in syndrome have been
15-week period of standard inpatient therapy, the distinguished by Bauer et al. (2). The classical locked-in
repetitive training was applied to the (most affected) syndrome comprises complete quadriplegia, lower
right upper extremity in addition to usual therapy.  cranial nerve paralysis with more or less intact vertical
After 42 weeks of the repetitive training for the right eye and upper eyelid movements. Patients with incom-
arm, it was applied to the left arm. The ranges of plete locked-in syndrome have residual voluntary
active motion as well as functional motor capacity contractions, particularly in distal parts of the arms and
and muscle tone were regularly assessed. During legs, but these are weak and, in most cases, functionally
those phases when the repetitive sensorimotor train- useless. Patients who are totally immobile including eye
ing was applied to the right or left arm, the ranges of and eyelid movements belong to the complete category
active motion, muscle strength and functional motor (2). The most common aetiology of the locked-in
capacity of the trained arm increased significantly syndrome is basilar artery occlusion, although the same
accompanied by a continuous normalization of clinical picture may result from a pontine haemorrhage
muscle tone in the flexor muscle groups. Since the or tumour, encephalitis or traumatic brainstem injury.
prominent functional improvements of the right and The mortality rate within the first year is approxi-
left arms were observed during those phases when the mately 60% (19). Death occurs most frequently within
repetitive training was applied, these effects were the first 4 months (19) and is most often attributed to
likely to be due to the training rather than to the pulmonary complications or an extension of the lesion.
standard rehabilitation program or extraneous influ-  For those patients who survive, chances for a significant
ences. The repetitive sensorimotor training, there- recovery are considered to be poor (16). Nevertheless,
fore, appears to be appropriate to improve motor McCusker et al. (17) report that recovery may continue
function of the arm and hand and to accelerate the for years. Prognosis appears to be more favourable in
time course of recovery even in patients with almost patients with non-vascular rather than vascular aetiol-
complete central paralysis of both arms. ogy.

In recent years, a specific repetitive sensorimotor
Key words:locked-in syndrome; repetitive sensorimotor traintraining (RST) has been developed to improve the
ing; rehabilitation; physiotherapy; arm and hand function.  outcome of motor rehabilitation of the centrally paretic
arm and hand in stroke patients (6, 8, 9). In daily training
sessions, patients are asked to perform voluntary
isometric and isotonic contractions repetitively. Iso-
In 1966, Plum & Posner (20) introduced the ternmetric contractions are to be executed as rapidly and as

INTRODUCTION

Scand J Rehab Med 31



stronglyaspossiblejsotoniccontractionsnustcoverthe
entire rangeof motion thatis actively availablefor the
patient at a respectivejoint. In caseslacking active
movement, the intended movementsare repetitively
carriedout by an occupationatherapistor physiothera-
pist. The patients’movementperformancesre closely
observedandarm muscletoneis frequentlyassesseth
order to detectthe occurrenceof undesiredassociated
movementsand an increasein muscletone. For both
assessmentthetrainingis interruptedfor a shortperiod
andcontinuedafterasufficientreductionof muscletone.

RST improves functional motor capacity of the
centrally paretic upper extremity and accelerateghe
time courseof recoverysignificantly. Similar positive
results are observed when EMG-initiated electrical
musclestimulationis repetitivelyappliedto functionally
importantmusclegroupsof the upperextremity (8, 15).
The commonfeatureof both training proceduress the
repetitivevoluntaryactivationof functionallyimportant
musclegroupsof the arm andhand.The proprioceptive
andcutaneousmpulsesgeneratedepetitivelyandtime-
locked to the unfolding voluntary movement are
supposedo form the basisof motor learning (10) as
well asmotor recoveryin strokepatientsirrespectiveof
which methodologyis employed.Both approachesre
appropriateto strengthersensorimotoicoupling within
motor regionsof the braininvolved in the movement.

The aim of the presentstudy was to investigate
whetherthe RST originally designedfor hemiparetic
stroke patientsis of value for motor function in a
quadriplegicpatientsufferingfrom locked-insyndrome.
This studyis partof aseriesof investigationconcerning
the functional value of repeatedmotor practice in
patientswith centralmotor disorders.

PATIENT AND METHODS

The 45-year-oldright-haned patientreportedon in the present
paperwas admittedto hospital becausene developedrapidly
progressivequadriplegiadue to an ischaemiclesion of the
ventralpons(anda smallinfarction of theleft thalamus)aused
by persistentocclusian of the basilarartery, as demonstated
angiographicady. His cardiovasalar and pulmonarysituation
stabilized after a few weeks so that rehabilitation could be
startedn theacutehospital.lt consisédof regularoccupatimal
and physiothergy, including mobilization. After 7 monthshe
wastransferredasaninpatientto our rehabilitaton hospital.On
examinationhewasanarthricandquadripkgic,exceptfor some
smallandweakvoluntaryhand fingerandelbowextension®n
the left side (about10% of the rangeof motion). On command,
he was able to produceslight contractims of the extensor
muscle groupsof the right forearm, but without any visible
motion. Sensationvas normal. Reflexeswere hyperactie and
he had bilateral Babinski signs. He could communicateby
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vertical eye movemens (upward gazefor “yes”) and by eye
blinking (eyelid closurefor “no”). Accordingto his clinical
picture,the patientwasclassifiedassufferingfrom incomplee
locked-in syndrome(2). He took no neuroactie drugsduring
any phaseof the study.

Rehabilitationprogram

The rehabiltation program started immediatey after the
patient's admissionto our rehabilitation departmeh and was
appliedduring all phasef the studyin additionto RST.The
rehabilitationstrategyfollowed a coordinaéed team approach.
Nurseswere responsiblefor monitoring pulmonary function,
mouth care, tracheal suctioning, proper head and body
positioning, observing susceptite skin regions, and so on.
Within two weeks, the patient learnedto use a computer
assistedcommunicatn systemthat could be controlled by
eyelid movemens. Standardphysical exercise therapy was
applieddaily, includingpassivenovemens of thearmsandlegs
(in part using a motor-driven cycling device), bringing the
patientinto an upright position by meansof a tilt table and
combatingspasticityby slow sustainednusclestretching.The
patient received daily conventional occupationaland phy-
siotherapyaccordingto the Bobath concept(3,4) (individual
therapyfor at least2 hoursa day) supplemered by speech
therapy and psychologicalassistancePhysiotheapy particu-
larly aimed at facilitating trunk, leg and arm movemers,
wherea®ccupatimal therapywasconcernedvith armandhand
activation predomnantlyontheleft side,which presentedome
residualmotor function (seeabove).

Repetitivesensorimototraining (RST)

During the first 15 weeksafter admisgon to our rehabilitation
hospital the patientreceivedthe conventionabccupatimal and
physiotherapydescribed above. During this time and the
following phasesof the study, motor function of the upper
extremities was assessedevery 3 weeks. Starting at the
beginning of the 16th week, RST was practised5 days per
week in addition to the standard rehabilitation program
describedabove.To demonstratehe influenceof the training
in comparisa to conventionaloccupationaknd physiotherapy
andin ordernotto overstain the patient, RST wasappliedonly
to his right arm, whereasthe conventonal rehabilitaion
program focusedon arms, legs and trunk. After the patient
hadbeeninformedin detailaboutits aim anddesignheagreed
to participatein the study, which had beenapprowed by the
ethicalboardof the FreeUniversity of Berlin. In particular, the
patientwas madeawarethat he could withdraw his consen at
any time, andthat RST would neithermaodify nor diminish the
standardehabilitaton programhe receiveddaily in additionto
the repetitivetraining.

The principle of RST is thatit aims at facilitating selective
movementsat shoulder,elbow, wrist and finger joints. Move-
mentsinsteadof isometriccontractionsor posturalactivity are
predominantindprimary. If the intendedmovementcannotbe
executedactively, the motionis carriedout by the physiothera
pist. Thereafter,parallel to the recoveryof voluntay muscle
control,selective movemeatsmustbe performedmoreandmore
againsgravitationa pull, coveringtheentirerangeof motion.In
afurtherstep,the patientis askedto performthe movemens as
fastaspossible but to avoid anincreasein muscletoneor the
occurrenceof undesiredassociatedeactions(18). Finally, in
orderto enhancenusclestrengthmnovemens are performedat
various resistancelevels exertedby weights (100g to 3Kkg)

SandJ RehabMed 31



252 H. Hummelshein& C. Eickhof

attachedo the upperarm or forearmandto the handdorsum,
dependingon the target movement After the patient has
achievedvoluntarymotor capacityat a singlejoint, movemens
aretrainedthatinvolve several(proximal anddistal) segments
of the arm, including posturaland dynamic activities In our
patient,RST lastedbetween60 and 70 minutesfor eacharm. It
was applied by two advancedphysiotherapist who were
regularly supervisedoy other membersof the researchgroup
in order to ensurethat the RST was adminisered in an
appropriatenanner.

Assessments

In order to evaluatethe patient's motor capacity, the active
rangeof motion(dividedinto five categoriest0, 25,50, 75and
100% of the total rangeof motion, both for active movemens
without gravitational influence and for active movemats
againstgravitatioral pull) was assesseévery three weeksfor
thosemovementdistedin Tablel. Furthermoe, motorcapacity
of the upperextremitywasregularlyquantifiedby meansof the
Fugl-Meyertest(7). Muscletonewasassesselly meansof the
modified Ashworth scale(5). Ratingswere performedby two
experiencednembersof our researchgroupwho had yearsof
experiencein adminisering the Fugl-Meyer test and the
modified Ashworth scale. Interrater reliability was regularly
checkedandamountedo 90%.

The Fugl-Meyertest(7) wasoriginally designedo evaluate
motor function, balance,some sensationqualities and joint
function in strokepatients.In our patient,the developmenbf
motorcapacityof theupperextremitywasregularlyassessehy
meanf itemsA-C in thearmsectionof this test. This section
comprisegeflexactivity of thebiceps tricepsandfingerflexors
(max. score4), voluntaly movemensg completelywithin flexor
and/or extensorsynergies(max. score 18), voluntay move-
ments mixing flexor and extensorsynergies(max. score 6),
voluntary movemaets with little or no synergy dependace
(max. score6), voluntaly movemers of the wrist (max. score
10)andhand(max.scorel4)and,in laterstagesthenormalized
activity of tendonreflexes(max. score2). The Ashworthscale
(5) wasusedto assessnuscletoneof variouspartsof alimb. It
rangesfrom O (flaccid tone)to 5 (rigid fixation). Conventional
testingof musclestrength,for instanceby meansof the MRC
scale, appearsto be a somewhatinadequag assessment
instrument,as motor activity in patientswith brain lesionsis
oftendependenbn synergies.

Courseof the study

Therehabilitaton programstarted asmentionedabove about7
months after the acute stroke. The active rangesof motion
(Tablel) aswell asmuscletoneandfunctiond motorcapacityof
the arm were assesseavery 3 weeks. Fifteen weeks after
admissiornto our rehabilitaton departmet) RST startedfor the
right arm in addition to the usual inpatient rehabilitaton
program.To demonstratéheinfluenceof RST,it wasapplied—
during the first 42 weeks—enly to the right arm, which had
shownno voluntarymotoractivity atthe beginningof the study.
If therangeof voluntarymovemenand/orthefunctiond motor
capacityincreaseat the momentwhenRST is introducediit is
likely due to the training rather than to the standard
rehabilitation proceduresor extraneousevents. From the
beginningof the 43rd week, RST was also appliedto the left
arm, the residual motor capacity of which had beenslightly
superiorto thatof the right arm at the time of admissiorto the
rehabilitationdepartmen After atotal of 78 weeksof inpatient
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Fig. 1. Time course(x-axis in weeks)of the rangeof motion
(y-axisin % of the maximumrangeof motion) for activeante-
versionof the upperarm (without gravitationa pull). 0: Be-
ginning of repetitive sensorinotor training (RST) for the right
arm; 1: Beginningof RST for the left arm; 2: Dismissalfrom
the rehabilitation hospital; 3: Resumptionof RST; 4: End of
the study.Rightarm: @; left arm: A.

rehabilitaton, RST had to be interruped due to the patient’s
dismissalfrom hospital. The time courseof the training canbe
inferredfrom Fig. 1.

RESULTS

Figurel illustratestheinfluenceof RST on the rangeof
motion of active anteversiorof the upperarm. After 15
weeksof repetitivetraining, activemovementsovering
about25% of the rangeof motion were observedThe
completerangeof active motion was reachedafter 24
weeks.During the following weeks,the patientexperi-
encedurtherrecoveryof strengthin theinvolvedmuscle
groups. Similar developmentsvere observedwith the
other movementsthat were regularly assessedThe
improvementin active range of motion beganat the
momentwhen the RST was started.This held true for
bothright andleft arms(Tablel).

Theimprovemenin rangeof activemotionatvarious
joints was accompaniedby increasingscoreson the
Fugl-Meyerscale(Fig. 2). At the end of the study,the
patientwas ableto useboth armseffectively in several
activities of daily living provided that they did not
require high degreesof muscularforce. Furthermore,
RST contributedto the reductionof enhancednuscle
tone, as is evidentin Fig. 3 for those muscle groups
actingon the elbow. Muscletone beganto diminish for
theright armafterthe 15thweekandfor theleft armafter
the 57th week, i.e. the momentsat which the repetitive
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Tablel. Rangesof activemotion(right and left arm) (in % of the total range of motion)

0? 0 1 1 2 2 3 3 4 4
R® L R L R L R L R L
Movementsvithoutgravitationd pull
Shoulder
Anteverson of the upperarm 0 0 100 0 100 75 100 25 100 100
Retroverson of the upperarm 0 25 100 100 100 100 100 75 100 100
Externalrotation 0 50 100 50 100 100 100 50 100 100
Internalrotation 0 25 100 100 100 100 100 75 100 100
Abductian 0 25 50 50 100 75 100 50 100 100
Adductian 0 75 100 50 100 100 100 100 100 100
Elbow
Extension 0 25 100 50 100 100 100 75 100 100
Flexion 0 25 100 75 100 100 100 75 100 100
Pronation 0 75 100 75 100 100 100 50 100 75
Supinaton 0 25 100 50 100 100 100 50 100 100
Wrist
Extension 50 100 50 100 75 100 75 100 100

0
Flexion 25 50 100 75 100 100 100 50 100 100
Ulnar abductia 0 50 100 50 100 100 100 50 100 100
Radialabduction 0 100 100 75 100 100 100 50 100 100

Fingers
Extension 0 25 100 50 100 75 100 50 100 75
Flexion 25 50 100 75 100 100 100 75 100 100
Abduction of the indexfinger 0 0 100 50 100 75 100 50 100 100
Adduction of theindexfinger 0 0 100 75 100 75 100 50 100 100
Thumb
Oppositin 75 100 25 100 50 100 25 100 100

75
Extension 75 0 100 0 100 75 100 50 100 100
Flexion 0 0 100 25 100 75 100 75 100 100

Movementsgainstgravitational pull
Shoulder

Anteverson of the upperarm 0 0 75 0 100 0 100 0 100 0
Retroverson of the upperarm 0 0 75 100 100 75 100 0 100 50
Externalrotation 0 0 100 0 75 25 100 0 100 50
Internalrotation 0 0 100 0 100 50 100 0 100 75
Abductin 0 0 75 0 100 0 100 0 100 0
Adduction 0 0 100 0 100 25 100 0 100 50
Elbow
Extension 0 0 100 0 100 75 100 0 100 100
Flexion 0 0 100 0 100 100 100 0 100 100
Pronation 0 0 100 0 100 50 100 0 100 0
Supinaton 0 0 100 0 100 50 100 0 100 100
Wrist
Extension 0 0 100 0 100 0 100 0 100 75
Flexion 0 0 100 0 100 25 100 0 100 75
Ulnar abductin 0 0 100 0 100 50 100 0 100 25
Radialabduction 0 0 100 0 100 50 100 0 100 75
Fingers
Extension 0 0 100 0 100 0 100 0 100 0
Flexion 0 0 100 0 100 75 100 0 100 75
Abductin of theindexfinger 0 0 100 0 100 0 100 0 100 0
Adduction of the index finger 0 0 100 0 100 0 100 0 100 25
Thumb
Oppositim 0 0 100 0 100 0 100 0 100 50
Extension 0 0 100 0 100 0 100 0 100 50
Flexion 0 0 75 0 100 0 100 0 100 0

2 0: Beginningof repetitive sensorinotor training (RST) for the right arm; 1: Beginningof RST for the left arm (42 weeksafter
the beginningof the training for the right arm); 2: Interruptionof the training for 4 months;3: Resumptionof the training; 4:
End of the study.
b R: right; L: left.

SandJ RehabMed 31



254 H. Hummelshein& C. Eickhof

Q 1 2 3 4
o ; : : : :

51
A0
0 A

204

0l : : : :
1 6 11 "5 21 26 31 35 41 46 51 4 &1 B 71 78 B1 BE 41 BEADTI06111115

Fig. 2. Time course(x-axis in weeks)of the scoreg(y-axis) of
the Fugl-Meyer Scale(upperextremity section).0: Beginning
of repetitive sensorinator training (RST) for the right arm; 1:
Beginningof RST for the left arm; 2: Dismissalfrom the re-
habilitation hospital; 3: Resumptionof RST; 4: End of the
study.Rightarm: ¢; left arm: A.

training was introduced for the right and left arms,
respectively(Fig. 3).

DISCUSSION

According to Patterson& Grabois (19), spontaneous
recoveryin patientssufferingfrom locked-insyndrome
is expectedto be most prominentduring the first 4—6
months.Katz et al. (13) emphasizehatlack of recovery
within the first 6 monthspredicts persistentlocked-in
syndrome.Neverthelessaccordingto McCuskeret al.
(17), recovery may continuefor years, particularly in
patientswith non-vascularather than vascularaetiol-
ogy. Sinceour patientwasadmittedto the rehabilitation
departmentibout7 monthsafter the acutebrain lesion,
and becauseRST started15 weekslater, more than 10
monthshad passedvhen RST commencedTherefore,
spontaneousecoverylikely only playeda minor role in
functional restitution. Furthermorejt had beenconclu-
sively demonstratech previousstudiesthatthe effectof
repetitivetraining is indeedspecificandnot simply due
to enhancedreatmentime (6, 9).

The designof the presentcasestudyis appropriateto
documenthe impactof the repetitivetraining precisely
(14), sinceimprovementsn the rangeof active motion
andin motorfunctionwereobservedexclusivelyfor the
rightarmaftertrainingfor thatarmhadstarted Thesame
holdstrue for the left arm,whereanly minor changes
in motor parameter®ccurredduring the first 57 weeks
whenconventionabccupationahndphysiotherapyvere
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Fig. 3. Muscle tone (assessetly meansof the modified Ash-
worth scale)for the flexor musclesactingon the elbowandon
the hand (x-axis: time coursein weeks,y-axis: averageof the
individud Ashworth scores).0: Beginning of repetitive sen-
sorimotor training (RST) for the right arm; 1: Beginning of
RST for the left arm; 2: Dismissalfrom the rehabilitationhos-
pital; 3: Resumptionof RST; 4: End of the study. Right arm:
&; leftarm: A.

applied,andduring the 15 weekswhenthe training was
interrupted. During the period when RST was inter-
rupted, the patient experienceda decline in motor
function of the left arm. Unlike the right arm, the
function of the left arm was not yet sufficientto allow
him to performeverydaylife activities. This fact could
havecontributedo areductionin voluntaryactivationof
thisarm,andto asubsequerdecreasé theactiverange
of motion.

During all phasesof the study, the patientreceived
conventional physiotherapyaccording to the Bobath
concept(3,4), supplementedy occupationaltherapy.
Both therapeuticapproachesim at reducingspasticity,
whereasRST seeksto activatecentrally pareticmuscle
groupsdirectly. As was pointed out convincingly by
Bitefisch et al. (6) for the centrally paretic hand,
therapeutianeasure$ocusingon muscletonereduction
contributelittle to functionalmotorimprovementOnthe
otherhand,whenRST wasappliedfor the right armits
motor function improved,whereasno relevantchanges
wereobservedor theleft arm. At the momentwhenthe
repetitive training startedfor the left arm, both active
rangeof motionandfunctionalmotorcapacityincreased.

RST improved motor function significantly. The
patient was able to perform useful activities such as
shaving and brushing his teeth without external aid.
Neverthelesshe hadto be supportedn motoractivities
requiring higher levels of muscularforce. Thesefacts
justify the applicationof RST. Furthermore the addi-



tional costsappeato berelativelylow. Thephysiothera-
pist, who spendsetween120 and 140 minutesper day
on the training, i.e. around 25% of her or his daily

working time, contributesto this addedexpense.The

additionalcostsdueto RST, therefore,run up to $1000
per month.

In contrasto therepetitivetrainingasit wasdescribed
previously (6,8,9) for the affected hand of stroke
patientsthe training describedn the presentpaperwas
appliedto all functionally relevantmusclegroupsof the
centrallypareticarm. Furthermorethe patientsincluded
in thestudiesby Bitefischetal. (6) andHummelsheinet
al. (8,9) hadsomeresidualmotor function of the hand,
whereasthe patientdescribedn the presentstudy was
completely paralysed,exceptfor someslight contrac-
tionsof theextensomuscleof theleft armandforearm.
The repetitive training, therefore,startedwith motions
carried out by the physiotherapist.Neverthelessthe
repetitivemotor actionwasappropriateto initialize and
maintainfunctionalrecovery.

An importantfeatureof RST is the fact thatit places
high value on facilitating selective movementsand
emphasizeshe avoidanceof grosssynergisticpatterns.
In fact, the degreeof spasticitydecreaseth parallelwith
the growing voluntary motor capacity,aswas observed
in previousstudieswith strokepatients(6, 8).

Both the modified RST described here and the
repetitive training described in previous studies
(6, 8, 9) consisbf stereotypedepetitivemotoractivities.
Accordingto Asanuma& Keller (1), the proprioceptive
andcutaneousmpulsesgeneratedepetitivelyandtime-
lockedto the movementarethoughtto form the basisof
motor learningaswell asof motor recoveryin patients
with lesionsin the central nervoussystem.Since our
patientpresentechormal sensoryperceptionthe repeti-
tive afferentstimulationtogethemwith movement-related
activity in motorcentresof the braincould haveinduced
unmasking phenomenawithin pre-existing neuronal
circuits (11) and probablyenhancecortical representa-
tional zones(12). Furthermore Jong-term potentiation
phenomendroughtaboutby repeatedhyarisingafferent
stimuli mighthavefacilitatedtheexcitationof respective
subsetf motor cortical neuronesactivating particular
musclesor musclegroups(10).

Thestriking butlong-termrecoveryinducedby RSTis
probably supported by the known high degree of
redundancywithin the motor systemformed by the
parallel and independentorganization of inputs and
outputsfor different representationsf musclegroups.
This hasbeenillustratedin detail by Strick (21) for the
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handrepresentatioim motor, premotorand supplemen-
tary motor areasf the cortex. Theseareadiffer in their

accesdo brainstemmotor centresas well asto spinal

motoneuronesand interneurones.RST could have

activatedalternativerepresentationaonesin secondary
motorareasor in the brainstemwhich possesselatively

independent descending pathways that bypass the

lesionedbrainstemregions. Future prospectivestudies
should investigate the influence of repeated motor

practicein patientssufferingfrom lessseverebrainstem
or incompletespinalcord lesions.
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