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RESUMO

Este estudo propde analisar as estratégias usadas pelo Sistema Nervoso
Central para controlar os movimentos multiarticulares, assim como avaliar a
importancia das informagdes proprioceptivas na manutencdo desta estratégia.
Sujeitos. Participaram deste estudo cinco sujeitos normais e dois sujeitos
portadores de neuropatia periférica. Métode. Os sujeitos permaneciam
sentados em uma cadeira estando com o tronco firmemente fixado no encosto.
Nesta condi¢do os sujeitos realizavam movimentos de reversdo no plano
vertical com o membro superior dominante. Partindo da posi¢do inicial os
sujeitos moviam em direcio a frés alvos o mais rapido possivel. Resultados.
Os sujeitos normais obtiveram trajetdrias retilineas 4 custa de uma dissociagio
do padrdo de deslocamento articular e torque muscular entre a articulagiio do
ombro ¢ do cotovelo. Este comportamenio determinou baixos indices de
correlacio linear entre os torques musculares gerados nas articulagdes do
ombro ¢ do cotovelo. Por outro lado, sujeitos portadores de neuropatia
periférica nio puderam dissociar 0 comportamento cinematico e cinético das
duas articulagdes, estabelecendo altos indices de correlagdo linear entre os
torques musculares. O acoplamento destas duas articulacbes resultou na

formacio de trajetérias lineares com menor retilinearidade. Discussio.



Portanto, os sujeitos portadores de neuropatia periférica nio conseguiram
dissociar o comportamento entre as duas articulagdes para executar uma
trajetéria retilinea. Esfas observacfes destacam dois pontos fundamentais
sobre o confrole dos movimentos multiarticulares. Primeiro, o Sistema
Nervoso Central integro tem como principal estratégia manter a retilinearidade
da trajetoria e, segundo, as informagGes proprioceptivas sio de fundamental
importancia para adequar o comportamento de cada articulacio envolvida na

tarefa em funcéo da trajetoria linear.
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ABSTRACT

This study aims amplify the understanding of the strategies launched by
the Central Nervous System in the execution of multijoint tasks, as well as
establish the differences in the motor behavior between subjects with
neuropathies and normal ones. This differences can clarify the way the Central
Nervous System mtegrates the proprioceptive afferent information in the
programe configuration and motor commands. Subjects. Five neurologically
normal subjects and two subjects with peripheral neuropathy volunteered
themselves to participate in this study. Methods. The subjects made reversal
movements in the vertical plan being seated in a chair with their upper bodies
firmily fixed to the back of the chairs. Starting from the initial position the
subjects made movements in the three targets direction as fast as possible. No
mstructions were given as to the trajectory of the movement to be made.
Results. The neurologically normal subjects obtained straighter trajectories
differentiation i the articulate movement pattern between the shoulder and
the elbow, differentiation in the muscle torque pattern among the articulation
and the index of linear correlation among the muscle torque. However, the
subjects with peripheral neuropathies could not make straight trajectories.

They presented some compromise in the articulate movement of the elbow,
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similar to the shoulder pattern. They obtamed an alternation in the muscle
torque pattern of the elbow, establishing behavior similar to the one the
shoulder presents. They determined high index of linear correlation.
Discussion. Summarizing, the subjects could not dissociate the articulate
dislocation patterns among the articulations of shoulder and elbow to
guarantee the execution of a straight trajectory. This behavior would only be
possibie if the linear correlation index among the muscle torque was reduced.
However, the subjects with peripheral neuropathy could not establish the same
mdex present in the neurologically normal subjects. It is possibie that the
proprioceptive imformation from a variety of muscle-skeletal structure would
play an important role in elaborating motor programes that will command the
sequence of muscle recruitment to establish adequate patterns of muscle

torque.
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L INTRODUCAO

Nas thtimas décadas, muitos estudos em controle motor tém contribuido
para identificar as estratégias adotadas pelo Sistema Nervoso Central na
execucio das mais variadas tarefas motoras. Estes estudos puderam ideniificar
padroes  basicos de  comportamento  cinemaftico, cinético e
eletroneuromiografico, ¢ deste modo propor novas teorias em controle motor
(Hallet et al., 1975; Gottlieb et al, 1989). Tais analises trouxeram maior
esclarecimento quanto a elaboracdo do ato motor, e concomitante, novos
pardmetros para avaliar as alteragdes motoras estabelecidas em um grande
ntmero de condigdes patoiégicas que afetam o Sistema Nervoso.

O ato motor representa um fendmeno bastante complexo, constituido por
muitas variaveis mesmo para as tarefas motoras mais simpies, como € o caso
dos movimentos umiarticulares. Estas variaveis podem ser divididas em
intrinsecas e extrinsecas. As varidveis infrinsecas correspondem ao
deslocamento articular, a velocidade angular da articulagéo, torque muscular e
torque de interacio estabelecidos durante a realizacdo dos movimentos. A
velocidade angular € determinada pela diviso entre o deslocamento angular
(em graus) pela unidade de tempo (segundo). O torque muscular corresponde

ao torque estabelecido em determinada articulacio em resultado as ac¢Ges de



forcas geradas durante a coniracdo muscular. O torque pode ser definido como
a tendéncia de uma forca em gerar rotagdo, quando aplicada num sistema de
eixo. O torque € determinado através da segumnte formula: (T = F . d). Onde :
T =torque; F = forga aplicada; d = distincia perpendicular da forga ao eixo de
rotacdo. Por outro lado, as forgas de perturbacdo estabelecidas durante o
movimento de outras articulagbes do mesmo membro, também estabelecem
torques. Estes constituem os torques de interacio.

As varidveis exfrinsecas correspondem aqueias relacionadas com a
projecdo espacial da extremidade distal do segmento que se move, como a
trajetoria linear de um dedo ¢ sua velocidade linear. Para que todas as
variaveis sejam consideradas durante a execugdo do ato motor, a tarefa motora
poderia exigir do Sistema Nervoso Central uma sobrecarga de processamento.
Desta forma, acredita-se que o sistema nervoso adote estratégias para
simplificar o processamento das tarefas motoras, reduzindo o nimero de
varidveis a ser consideradas (Morasso, 1981; Bunco et al., 1995; Gottlieb et

al., 1996; Almeida, 2000).



Teoria do Programa Motor

Em estudos de movimentos uni-articulares, como no movimento rapido de
flexdo do cotovelo, foi possivel determinar um padrio bem definido em fases
de ativagio entre o musculo agonista (biceps braquial) e o antagonista (triceps
braquial) (Hallet et al., 1975). O musculo agonista ¢ ativado primeiramente
ap6s um breve periodo de laténcia, apresentando dois “burst” de atividade
eletromiografica. Os dois “burst” agonistas sio intercalados por um “burst” de
atividade do mwisculo antagonista. Este padrio de atividade eletromiografica
foi denominado de padrdo trifisico. O padrio trifasico de ativa¢io muscular
foi observado também em sujeitos portadores de neuropatia periférica. Por
esta razdo, os aufores admitiram que este comportamento & determinado
atraveés de programas centrais.

A 1idéia de que programas centrais possam determinar todas as
coordenadas necessarias para atingir a meta do movimento nfio é totalmente
aceita. Outros autores defendem que os movimentos sdo fortemente induzidos
pelas condicdes externas, e, portanto, sdo processados com mecanismos de
corregbes (feedback) estabelecidos pelos circuitos reflexos medulares (Angel
et al, 1970). Segundo esta hipdtese, as condicdes externas estariam

determinando a cada momento a eferéncia necessiria para se gerar o ato



motor. Entretanto, muitos estudos relacionam o padrio de ativacio muscular
com a idéia de programa motor (Hallet ¢t al., 1975; Lestienne, 1979).

Todavia o padrdo frifisico ndo é totalmente invariante. Este deve ser
modulado quanto & intensidade de atividade muscular, duracio de atividade
agonista e laténcia antagonista. Estudos estabeleceram estratégias observadas
em movimentos de alcance, adequando o comportamento eletromiografico a
variagdo da distincia (insensivel d velocidade) ou da velocidade (sensivel a
velocidade) de movimento. Estas estratégias foram denominadas em seu
conjunto de “Estratégia Dual” (Gottlieb et al., 1989). A estratégia insensivel é
determinada em movimentos realizados o mais répido possivel para diferentes
distincias. Nesta condicio a intensidade de recrutainento muscular nos
primeiros 30 milisegundos (Q30) permanece constante, sendo modulado o
tempo de atividade agonista e a laténcia antagonista. Na estratégia sensivel a
velocidade, observada ao executar 0 mesmo movimento em distintas
velocidades, a intensidade de recrutamento (Q30) ¢ modulada, permanecendo
constante o tempo de atividade agonista ¢ a laténcia antagonista.

O padrdo de ativagdo muscular vai determinar a ocorréncia dos torques
musculares nas articulagdes, de maneira a estabelecer o movimento articular
necessario para a realizagio de uma tarefa motora. Em oltima andlise, o

Sistema Nervoso Central cria padrdes de recrutamento muscular para



estabelecer torques musculares adequados a execugdo dos movimentos (Bueno

et al., 1995; Gottlicb et al., 1996).

Padrdes de Movimentos Multiarticulares

Nos movimentos multiarticulares temos uma condicdo mais complexa para
ser controlada pelo Sistema Nervoso. O comando exercido nas articulacGes
envolvidas deve ser sincronizado para garantir o movimento coordenado.
Algumas hipéteses tém sido discutidas com a finalidade de explicar como tais
movimentos sdo coordenados pelo Sistema Nervoso. Uma advoga a favor do
controle das vanaveis extrinsecas. Por exemplo, em relacdo ao controle da
trajetoria linear e a velocidade linear do dedo indicador (Morasso, 1981;
Hollerbach et al., 1982). Os autores que defendemn estd hipdtese,
demonstraram que nos movimentos multiarticulares a trajetéria do dedo
indicador tende a ser sempre retilinea ¢ a sua velocidade linear padronizada
em forma de sino (Morasso, 1981). Estas caracteristicas estiveram presentes
em movimentos para diversas dire¢Ges, ao contrario das caracteristicas
mirinsecas (i.e., deslocamento angular, velocidade angular e aceleragédo
angular do cotovelo ¢ do ombro) que variavam em relacdo & direcio do

movimento. Partindo desta observacdo, Morasso considerou que os



movimentos multiarticulares sio controlados em funcio das variaveis
extrinsecas do movimento.

A segunda hipdtese considera que os movimentos sdo planejados em
termos das caracteristicas intrinsecas. Como varidveis intrinsecas podem ser
entendidas as caracteristicas cinematicas (i.¢., 4ngulo ¢ velocidade angular) ¢
cinéticas (torques musculares ¢ de interagio) dos movimentos que ocorrem

nas articulagSes (Bueno, 1995; Gottlieb et al., 1996).

Teoria da Covariacio Linear

Gottlieb e co-autores demonstraram que ha uma refacio linear entre os
torques musculares gerados entre as articulagdes do ombro e o cotovelo na
execugdo de movimentos para diversas direcSes (Gottlieb et al., 1996). Esta
relagio linear presente entre os torques musculares foi designada como
"covariagio linear".

O principio da covariagdo linear preconiza duas regras especificas para a
coordenagio de torques musculares em duas articulagdes interligadas em
cadeia:

- Sincronia em termos de geracdo de magnitudes desses torques;



- A existéncia de uma sincronia temporal na mudanga de direcdo desses

torques musculares (veja Figura 1).
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Figura 1. Principio da covariagdo linear entre os torques musculares. Sincronismo em

termos de magnitude (A) e temporal (B). Reprodugfio autorizada (Gottlieb, Song, Hong,
Almeida e Corcos, 1996).

Essa covariagdo linear entre os torques foi também observada para
movimentos uni-articulares com a articulagio ndo-focal nfo restrita (Gottlieb
et al,, 1996), em movimenios de apontar em diferentes direcdes espaciais
(Gottlieb et al., 1997) e em movimentos de reversdo planar (Almeida, 2000).

O principio da covariagio € identificado mesmo em criangas no inicio do
desenvolvimento neuropsicomotor (30 meses de idade), demonstrando que

este principio ndo ¢ estabelecido através do aprendizado (Zaal et al., 1999).



Participacio dos Torques de Interaciio

Nos movimentos multiarticulares devemos considerar a influéncia dos
torques de interacdo proporcionados pela movimentagio de uma articulagio
sobre outra articulagdo ligada em cadeia. O torque de interacio é exercido em
articulagdes ndo-focais, decorrente do movimento exercide em uma
articulagdo focal (Hollerbach et al., 1982).

Existem trés mecanismos que podem explicar como os torques de
interagdo sdo compensados (Hollerbach et al., 1982). Para evitar que um
movimento focal gere um distirbio numa articulagio nio-focal, o Sistema
Nervoso Central pode ativar antecipadamente misculos que controlam a
articulagio nio-focal evitando distirbios no movimento (Almeida et al.,
1995). Essas respostas sdo mediadas por um mecanismo de feedforward. Isto
€, antes que ocorra a perturbacdo do movimento o Sistema Nervoso Central
manda um comando antecipatério para ativar grupos musculares e estabilizar a
articulacdo.

Um segundo mecanismo seria atribuido aos circuitos reflexos medulares
em resposta ao estiramento muscular, quando uma articulacio tende a ser
deslocada por forgas externas. Este representaria um mecanismo de correcio

por feedback (Hollerbach et al., 1982). No entanto, essas respostas, por serem



mediadas através dos circuitos reflexos, necessitam de tempo para ser
elicitadas. Dessa forma, esse mecanismo somente poderia entrar em ag¢io num
intervalo de tempo de aproximadamente 30 milisegundos para circuitos
monossindpticos (Day et al., 1984), e entre 100 milisegundos para os circuitos
polissinapticos (Marsden et al., 1983).

Finalmente, o terceiro mecanismo que pode estar envolvido nesta funcdo
advém das préprias caracteristicas viscoeldsticas do tecido muscular. Estes
tecidos geram tensdo ao serem distendidos, e deste modo corrigiriam
passivamente os efeitos de interagio presente nos movimentos multiarticulares
(Hollerbach et al., 1982). No entanto é preciso lembrar que a resisténcia
passiva oferecida pelos componentes viscoeldsticos é muito pequena se
comparada a resisténcia oferecida por um musculo ativado (Rack et al., 1969),
sendo que a tensdo gerada pelo musculo também dependente de sua condicio
de estiramento (Gordon et al., 1966).

Sujeitos portadores de neuropatia periférica apresentam alteracbes no
comportamento motor, principalmente em relagio aos movimentos
multiarticulares. Para alguns autores, estes erros decorrem da incapacidade dos
individuos portadores de neuropatia em identificar ¢ reagir aos torques de

interacdo ( Sainburg et al., 1993).



Portadores de Neuropatia Periférica

As neuropatias periféricas constituem alteragdes dos axénios periféricos
sensitivos e/ou motores decorrentes de uma variedade de condicdes
patologicas de origem metabdlica, endécrina, traumatica, hereditaria, entre
outros (Henson et al., 1970; Bruyn et al., 1970; Campbell, 1970). Elas se
caracterizam por quadros de perda ou redugiio das diversas modalidades
sensitivas ¢ por redugio da capacidade de gerar contragio muscular. Estes
sintomas resultam da perda da capacidade dos axonios periféricos em conduzir
os impulsos neurais aferentes e/ou eferentes. As neuropatias de origem
endécrma podem resultar em quadros relativamente seletivos de
comprometimento sensorial, atingindo preferencialmente as fibras grossas que
podem apresentar marcante desmielinizaco (Bruyn et al., 1970).

O padrio de distribuigio anatémica € comprometimento funcional
depende da origem da neuropatia. Neuropatias causadas por mecanismos de
compressdo como a Sindrome do Tiunel do Carpo, geram comprometimento
sensorial € motor por afetar o nervo mediano na passagem do retiniculo
flexor do pusho (Kaeser, 1970). Esta condigdo determina, entdo, um quadro
de mononeuropatia. Neuropatias de origem endécrina frequentemente

estabelecem quadros de polineuropatias, podendo iniciar com manifestagdes
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de predominio sensitive, apesar de apresentarem também algum grau de
comprometimento das fibras motoras (Bruyn et al., 1970). Alteracdes
aufondmicas também podem ser verificadas em pacientes com neuropatia por
Diabetes mellitus (Bruyn et al., 1970), resultando em disfungdes urogenitais e
gastrointestinais. A propor¢do de comprometimento sensorial ou motor estd
diretamente relacionada ao grau de afeccfio dos tipos de fibras nervosas

envolvidas no quadro patologico do paciente.

Diagndstico na Neuropatia Periférica

A confirmacdo clinica de um quadro de neuropatia periférica pode ser
obtida por estudos de potenciais evocados e de eletroncuromiografia. O estudo
de potenciais evocados apresenta trés pardmetros: laténcia, amplitude e
duracdo. A laténcia obtida pela emissdo de um potencial evocado dividida pela
disténcia enfre o eletrodo de estimulacio e o eletrodo de coleta determina a
velocidade de conducéo das fibras mais rapidas. A amplitude de um potencial
¢ relacionada ao ntimero de fibras que respondem 3 c¢letroestimulacio ¢ sua
duracéio estd relacionada a diferenca entre as velocidades de condugdo entre
todas as fibras que foram despolarizadas (Kaeser, 1970). Alteracao nos valores

em qualquer um destes pardmetros, manifesta alteractes na condugfo axonal
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ou quantidade de fibras despolarizadas pela eletroestimulacio. Na clinica
neurologica a velocidade de conducio determinada pelo potencial evocado
representa a caracteristica de maior importincia para estabelecer o
diagnéstico.

As fibras sensitivas ou motoras mais mielinizadas, portanto de maior
didmetro, apresentam maiores velocidades de conducdo. Valores na
velocidade de condugdo para fibras de distintos didmetros foram citados por

Kaeser (1970) e estio reproduzidos na Tabela 1.

Tabela I
Velocidade de condugio de fibras nervosas em acordo ao seu didmetro
(segundo Zottermann, 1937 In.: Kaeser,1970).

Diametro (11) Velocidade {m/s)
1-1.9 0.31.2
2-2.9 1.2-3
3-3.9 3-5
4-4.9 5-8
5-5.9 8-11
6-6.9 11-15
7-7.9 15-20
8-8.9 20-25
9-9.9 25-31

10-10.9 31-37
11-11.9 37-44
12-12.9 44-52
13-13.9 52-60
14-14.9 60-63

12



Também em razdo ao seu didmetro, as fibras nervosas sensorias
provenientes de receptores proprioceptivos podem ser classificadas em fibras
do tipo I, I, I e IV, respectivamente das mais grossas as mais fmas (Ochs,
1970; Hothwell, 1986). As fibras do tipo I sfo responsaveis pela conducdo das
informacgSes aferentes proprioceptivas provenientes dos receptores do fuso
neuromuscular (Ia) e 6rgio tendinoso de Golgi (Ib) (Ochs, 1970). As fibras Ia
conduzem informacgdes das fibras intrafusais ativadas em condigoes
dindmicas. As fibras Ib inervam o 6rgio tendinoso de Golgi, que sinaliza em
resposta ao aumento de tensdo na inser¢do tendinosa do musculo. As fibras
tipo I também enviam informagSes proprioceptivas dos receptores
neuromusculares, que informam sobre condigdes estaticas de alongamento
muscular. Receptores articulares (corpuisculo de Meissner, de Pacini, de
Ruffini, receptor de Merkel, entre outros) sdo inervados por fibras do tipo I ao
tipo IV (Rothwell, 1986). As fibras do tipo Il também sdo responsaveis pela
conducio das informacles de pressdo e nociceptivas dos musculos (Ochs,
1970). Fibras do tipo IV constituem as fibras ndo-mielinizadas que conduzem
informacdes de terminais livres provenientes das articulagcGes (Rothwell,
1986). As fibras que partem dos receptores cutincos sdo classificadas de
acordo com sua velocidade de conducido em fibras do tipo A, B e C. Os

axdénios do grupo A ainda sfo subdivididos em Aa, A, Ay e AS. As fibras

13



cutdneas do tipo Ac correspondem aproximadamente s fibras do tipo I e I1, e
as fibras A6 ao grupo I (Rothwell, 1986). Fibras do grupo B e C constituem
as fibras autonémicas mielinizadas de baixa velocidade de conduciio e fibras
amielinicas, respectivamente.

Finalmente as fibras motoras sfo divididas em dois grandes grupos. As
fibras mais grossas (18-10 p) correspondem ao grupo o € as mais finas (8-2 p)
correspondem ao grupo v. As fibras do grupo o inervam as fibras motoras,
sendo responsaveis por conduzir a resposta motora, € as fibras do grupo y
inervam a porgdo receptora do fuso neuromuscular (Ochs, 1970).

Os valores normais de velocidade de conducdo obtidos em cada nervo
variam extensivamente entre autores (Kaeser, 1970). Mesmo em individuos
saudaveis estes valores sdo afetados por uma série de fatores, como idade do
sujeito, temperatura, segmento proximal ou distal do nervo. Entretanto,

valores publicados por Kaeser sdo descritos na Tabela II.
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Tabela IT

Velocidade de conducdo nervosa motora e sensitiva, conforme

proposicdo de Kaeser (1970).

Nervo Velocidade de Velocidade de
Condugio Motora Condugao
(m/s) Sensorial (m/s)
58 (49-66) (SD = 5.22) 61 (54-73)
ULNAR (punho-cotovelo)
56 (560-68) (SD = 4.24) 58 (48-70)
MEDIANO (punho-cotovelo)
50 (42-62) (SD = 4.24)
FIBULAR
48 (36-58) (SD = 4.70)
TIBIAL POSTERIOR

Nos quadros de neuropatia periférica o estudo de potenciais evocados pode
evidenciar menores valores na velocidade de conducio axonal ou mesmo
auséncia de potenciais de acfo, duragdio anormal do potencial de agdo e
ocorréncia de potenciais polifasicos (Bruyn, 1970).

A andlise eletroneuromiografica pode apresentar potenciais de fibrilacio,

reducdo de unidades motoras e potenciais polifasicos (Bruyn, 1970).

Comprometimento Motor em Portadores de Neuropatia

Mesmo quando hi apenas o envolvimento sensorial é possivel identificar

comprometimento na funcio motora. Esta condi¢do clinica revela o
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mmportante papel das informagdes aferentes no processamento do controle
motor. A importdncia das informagOes aferentes proprioceptivas foi
inicialmente investigada em estudos com macacos tendo um dos membros
superiores deaferentados por secgéo das vias dorsais da medula espinhal (Mott
et al., 1895). Nesta condicdo, foi observado que os macacos negligenciavam o
membro deaferentado. Com esta constatagiio, os autores conclufram que as
informagdes aferentes eram necessarias para gerar movimentos Vvigorosos.
Posteriormente, foi observado que macacos com deaferentacio, uni ou
bilateral, podem restabelecer a movimentagdo quando treinados com
condicionamento (Taub et al., 1963). Entretanto, os movimentos realizados
por animais deaferentados sdo descritos como inacurados ou sem coordenacdo
(Bossom, 1974).

A observagdo dos efeitos motores da deaferentacio em homens ¢ pouco
conhecida em razio da dificuldade de se estabelecer um quadro clinico de
comprometimento puramente sensorial. Entretanto, as neuropatias periféricas
podem determinar quadros relativamente seletivos de comprometimento
sensorial, podendo constituir um “modelo” adequado para investigagio do
papel das informacoes aferentes nos mecanismos de controle motor.

Clientes portadores de neuropatia de componente sensorial podem realizar

uma variedade de movimentos manuais sem a necessidade de treinamento e
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mesmo sem o acesso & informagéo visual. Movimentos individuais dos dedos,
tocando cada dedo da mio em oponéncia ao polegar, movimentos repetitivos e
alternados de flexdo e extensdo do punho, e movimentos delineando figuras
geometricas no espago com o dedo, por exemplo, podem ser executados por
esta populagdo (Rothwell et al., 1982). Entretanto, todos estes movimentos
apresentam uma tendéncia a deterioragdo com o aumento do niimero de
repeticdo, caso nenhum feedback visual seja permitido ao sujeito durante a
execugdo do ato motor.

Quando se aumenta a complexidade motora no caso de movimentos
multiarticulares, o desempenho destes individuos tende a deteriorar ainda mais
(Ghez et al, 1990). Este comprometimento foi manifestado tanto por
alteragbes de trajetoria como pelo padrio de dispersio no final do movimento
(Ghez et al., 1990).

Em sujeitos normais movimentos de apontar para varias direcdes podem
ser executados, desprovidos de informacdio visual, com relativa acuricia e
com padro estereotipado de trajetéria. Os movimentos apresentam trajetoria
retilinea € pouca dispersiio no ponto final. J4 os sujeitos com neuropatia
demonstram padrbes de movimentos altamente varidveis, tendendo a executar

trajetorias curvilineas e grande dispersdo do ponto final (Ghez et al., 1990).
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No entanto, o padréid de movimento tende a igualar-se ao normal quando
permitido ao sujeito olhar para a sua mio antes ou durante a tentativa
(feedback visual).

Também quando se analisam movimentos planares do membro superior,
similares ao de *cortar pdo com a faca”, individuos normais apresentam
movimentos caracterizados por apresentar trajeto linear e restrito ao plano
vertical (Sainburg et al, 1993). De modo equivalente os portadores de
neuropatia periférica ndo apresentam movimentos lineares e tampouco
restritos ao plano. Estudos similares com movimentos de reversdo no plano
horizontal, obtiveram o mesmo comportamento nesta populagdo (Sainburg et
al., 1995). A grande distor¢do nestes movimentos ocorreu na fase de reversio
(fase de mudanga no sentido do movimento de ida para volta). Para os autores,
esta distor¢do foi resultante da incapacidade de coordenar sincronicamente a
reversdo do movimento nas articulagbes do ombro e cotovelo. No entanto,
como explicar estas altera¢Ges motoras observada nesta populagio?

Como esta populacdo apresenta déficit de aferéncia proprioceptiva,
acredita-se que estas seriam necessarias para criar e atualizar um "modelo
interno” de dindmica dos movimentos que levam em consideragio as forgas
articulares focais e nfo-focais (Sainburg et al., 1995). Este modelo interno

seria entdo utilizado na elaboragdo dos comandos envolvidos no programa
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motor, que determinaria o padrio de execugdo de dada tarefa. Em seu estudo,
Sammburg conclui que os individuos com neuropatia apresentam estes erros
porque ndo conseguem incorporar ao modelo interno os efeitos gerados pelas
forcas de interagfio (Sainburg et al.,, 1995). Deste modo, tais individuos
estariam impossibilitados de criar ¢ atualizar o "modelo interno" das forcas de
intera¢do. Como resultado ocorreria um erro no planejamento e execucio dos
movimentos.

No estudo de Sainburg (Sainburg et al, 1995) nfo foi considerado
possiveis alteragGes no padrio dos torques musculares gerados durante a
execuglo do movimento. Existe a possibilidade de que estes erros resultem de
uma falha primaria na geragio dos torques musculares, nio estando
necessariamente relacionados ao planejamento das forcas de interacdo. A
execucdo adequada de um ato motor necessita de padrdes e magnitudes
adequadas de torques que atuam nas articulacdes envolvidas com o
movimento.

Este estudo parte da hipotese de que 0s erros observados nos atos motores
desta populagdo sdo resultado de uma deterioragio primdria no padrio dos
torques musculares gerados durante a execugdo do ato motor, ndo estando,

portanto, diretamente relacionados a mfluéncia do torque de interaco.
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Para tesitar nossa hipodtese solicitamos que os sujeitos executassem
movimentos de reversdo no plano vertical, com a instrucdo de ir “o mais
rapido possivel”. Trés distdncias articulares de movimento foram
determinadas para esta tarefa. Neste estudo observamos que os sujeitos
normais realizam movimentos com trajetorias lineares mais retilineas. Para
1sto, os sujeitos normais conseguem dissociar os movimentos articulares
estabelecidos em cada articulagdo envolvida na tarefa (ombro e cotovelo). Por
outro lado, os sujeitos portadores de neuropatia periférica obtiveram trajetdrias
menos retilinea. Esta caracteristica de movimentos foi imposta pela
incapacidade destes individuos em dissociar os movimentos gerados pelas
duas articulagdo, como resultado da geracio de torques musculares com

elevados indices de correlagio linear.
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ABSTRACT

This study was done with the aim of bringing clarification about the
strategies adopted by the Central Nervous System during the execution of
multijoint movements, as well as identify alterations of motor behavior in
subjects with peripheral neuropathy. Five néurologically normal adult subjects
and two subjects with peripheral neuropathy participated in this work. Sitting
in a chair the subjects made multijoints movements of reversal in the vertical
plan, with the participation of shoulder and elbow articulation. We have put
forward a hypothesis that the motor alteration observed in subjects with
peripheral neuropathy occur due to the primary deterioration of muscular
torque pattern. In order to test this possibility we analyzed the occurrence of
the principle of linear covariation established among the muscular torque. The
results demonstrated that in some movements the normal subjects abandon
the principle of linear covariation to guarantee straightness in the trajectory of
the fingertip. However, the subjects with peripheral neuropathy could not
keep this characteristics in the movements. The trajectories lost the
straightness, and the muscular torque generated by the articulation determined
high index of linear correlation. These data indicated that the normal subjects
privileged the characteristic of the trajectory linearity to the detriment of the

principle of limear covariation. This behavior is possibly lost in subjects with
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peripheral neuropathy because of the reduction of the proprioceptive

information to feed the motor programes again.

INTRODUCTION

The importance of the proprioceptive information for the elaboration of
the coordinated motor act has been known for over a century (Mott et al.,
1895). The lack or reduction of these afferences result in movement
degradation mainly in multijoint movements (Guez et al., 1990; Sainburg et
al., 1993; Samburg, 1995). Subjects with neuropathy when making reaching
movements (Guez et al., 1990) or reversal movements (Sainburg et al., 1993)
compromised the motor efficiency, characterized by high dispersal in relation
to the target place , elevation of variability of the trajectory and tendency to
establish frajectories which are more curved. When these movements are
executed making use of visual information there is evident improvement in the
movement characteristic (Guez et al., 1990).

Although the knowledge that the movement performance involves a
complex cooperation of many structures of the nervous system, researches are
still realized to better understand the function of the proprioceptive

information in the motor act. The most recent studies realized in patients with
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neuropathy emphasize the incapacity of these subjects to detect the interaction
torques and incorporate them to an intern model of motor programe (Guez et
al., 1990; Sainburg et al., 1995). These hypothesis supposes the existence of
motor programes, defined by many authors that identified basic patterns of
eletromiographic activity in one joint movements (Hallet et al., 1975).
However, the way the locomotor system has got to annul the effects of
mteraction is not well determined. A second hypothesis was elaborated; it
established that the external conditions are highly determinant for the motor
act execution (Angel et al., 1970). This external environment imposition
would be transmitted beyond the spinal reflexes circuits. Considering the first
hypothesis, the Central Nervous System would have to preview an infinity of
variables established in every motor act and consequently calculate the
necessary kinetic patterns. The motor integration of all this information would
overload the processment in the Central Nervous System. Nevertheless, the
second hypothesis which is based on the closed circuits mechanisms
(feedback), is objected by the latences necessary for the reflex pathways
action. Finally, a third purpose defended by Hogan, establishes that the
mtrinsic mechanism of the muscles, due of viscoelastic components, causes
compensation  forces (Hogan, 1980). This way of forces compensation

involved 1n the process do not demand any temporal delay.
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The great quantity of variables present in the multijoints movements
supposes that the motor system adopts strategies of freedom degrees
reduction, however. Researches proved the existence of the linear covariation
between the muscle torques generated in the involved joints (Gottlieb et al.,
1996). This theory presents a strategy adopted by the Central Nervous System
to reduce variability degree in movements uni (Gottlieb et al., 1996) and
multijoint (Almeida et al., 2000), determining some relation among the
torques generated m the articulations involved in the motor act. Other studies
demonstrated different strategies to reduce the freedom degrees in different
conditions of movements (Gottlieb et al., 1989).

The necessity to incorporate all established variables during a movement
info a motor programe, would not permit the Central Nervous System to
adopt strategies to reduce variables. Supposing that the Central Nervous
System do not have to consider all the variables to determine the motor action
patterns, we suggest the hypothesis where the interaction torques do not
represent a variable controlled by the Nervous System. We believe that the
alteration in the movements of the subjects with neuropathy is due to a
primary damage in muscle torques, driving to an impairment of the kinematic

characteristics.
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METHODS

Subjects

Five neurologically normal subjects, 3 male and 2 female (mean = 48.6
years old) and two subject with neuropathy, one male (55 years old) and one
female (39 years old), took part in this experiment after given formal consent
approved by the State University of Campinas. All subjects were right-handed
and were between 30 and 78 years old. The two patients with neuropathy
presented functional deficits in upper limbs of sensorial predominance,
affecting maly the vibratory sensibility and tendmous reflex. The tactil
sensibility was preserved in the subject LF.C (PNP1). In the subject C.P.L.
(PNP2) this sensibility was reduced m the fingertips. The upper limbs muscle
strength was not clinically affected in the subjects with neuropathy. The
diagnostic was confumed after clinical evaluation, axonal conduction and
eletroneuromiography exams accomplished in the Clinics Hospital of State
University of Campinas. The neuropathy of C.P.L. subject was secondary to

diabetes mellitus and LF.C. subject probably to hipotireoidism.
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Tasks

Each subject performed reversal planar vertical movements, involving
elbow and shoulder excursion with the wrist and hand immeobilized by a
thermoplastic splint. The movements were divided into three tasks that varied
in the shoulder displacement { 30°, 60° and 90°). The subjects moved their
dominant upper limb in direction to each one of the three displacement to
reaching position with the fingertip on the target and return to the micial
position. The inicial position was determined with the shoulder at 0° with an
imaginary line perpendicular to the ground and the elbow at 40° of this line
(external angle). The targets were placed in the space in order to induce
movements with progressive increase in shoulder joint angle (30° ,60° and
90°) and to keep the elbow joint angle at 40° (Figure 1). The inicial position
and the targets were determined individually for each subject, due to the

antropometric differences.

Insert here Figure 1

The subjects were instructed to perform the task the most quickly and
accurately as possible. For each target the subjects executed 12 attempts, of

which 10 were elected to be analysed. The two first attempts for each distance
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were preferably excluded. Before the start of the record, the subjects were
allowed to perform some attempts in each target, in order to make sure of the

executed movement.

Recording and processing of kinematic data

We fixed LEDs (light emition diode) as close as possible to the center of
the shoulder, ¢lbow, and on the dorsal face of the first interphalange joint. The
X and Y coordinates of these LEDs were recorded using Optotrak Motion
Analysis System at 200 frames per second. From these data, the orientations
of the two segments were calculated. The shoulder and elbow angles were
determined with respect to the X and Y axis in the vertical plane, and are
denominated respectively as ¢1 and ¢2 (Fig.1). The elbow angle was defined
as the difference between ¢2 and ¢1 minus 180°. From the angle we obtained
angular velocity and acceleration. Angle, velocity and acceleration were
smoothed using 20 ms moving window. The linear trajectory and velocity of
the fingertip were obtained from the X and Y coordinates of the first
interphalange joint. For the determination of the movement straightness index,
the linear distance between the initial position and the target position was
divided by the hinear trajectory performed during the movement between the

targets. The movement was divided into two phases, the reaching phase, when
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the subject moves to the target, and the return phase, when the subjects return
to the imicial position. The start of each phase of the movement was
established when the linear velocity reached 5% of the linear velocity peak
minus 50 ms and the end when the linear velocity reached 5% of the linear
velocity peak, adding 50 ms to it. The straightness index was established
individually to the reaching and the return phases, determining consequently,

two index in each attempt.

Using inverse dynamics to calculate muscle torque

Using the subject's Weight and the regression equation of Winter (1979)
we obtained the inertial parameters of the arm and forearm and the location of
the center of mass of these segments. In addition to the measured lengths of
the proximal and distal segments (L, and L, respectively), the following
nertial parameters were estimated: the masses of the segments (i, my); the
distances from the proximal end of the segment to its center of mass (c;, ¢,);
and the moments of inertia about the center of mass (I}, I,). At each moment
of time, and for each segment, given the current coordinates of one of the
markers fixed to the segment and the orientation of the segment, the known

distance of the marker from the center of mass was used to determine the
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coordinates of the center of mass. The center of mass coordinates are denoted
by (X1, y1) for the proximal segment, and (x;, y,) for the distal segment.

The equations of motion, derived from first Newton’s principle, relating
the torque at each joint to kinematic variables and inertial parameters, are as
follows. T1 and T2 represent, respectively, the muscle torque at the shoulder
and elbow joints (Almeida et al., 2000). Some authors refer to this as the

"generalized muscle moment (torque)” (Schneider et al., 1989).

T2= mz.Cg(yg.COS @2 — iz.SiIl Qz) + Iz.az;

T1 =T2 + my.ci(¥;.cos §; —X,.sin 8,) + myL,(¥2.cos &, — %,.sin ;) + 1,.9,.

In deriving these equations of motion, we have not assumed that the
shoulder remains fixed in space. Note that if this assumption was made, and
the center of mass coordinates were expressed in terms of joint angles by
appropriate trigonometric relations, the equations of motion would be
transformed into the more commonly employed form in which joint angles
rather than center of mass coordinates appear as the kinematic variables.

The interaction torques were also calculated by inverse dynamics,

following the equation proposed by Ziaul Hassan (Almeida et al., 2000).
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T2interaction = - { T2 - (L +my.c;?) (&, - &)} elbow interaction torque

Tlieraction = - { T1 — (@, +my.c;°) 8, }  shoulder interaction torque

RESULTS

The Figure 2 illustrates how one subject without any neurological disease
(A) and two subjects with peripheral neuropathy performed the tasks (B and
C). All three subjects were able to perform the tasks according to the
instructions. They moved the fingertips to and from the target, over three
distances. The displacement of the fingertip trajectory increased with the
target distance. However, the fingertip pathways of the normal subject were
straighter than the ones of the two subjects with peripheral neuropathy. Note
that the fingertip pathways of the two subjects with peripheral neuropathy
were concave.

The fingertip speeds of the subjects were characterized by two-bell
shape, with two peaks. The first peak occurred when the subjects moved to the
target, whereas the second peak was achieved when they moved from the
target to home position. The two peak speeds increased with target distance

for all three subjects.
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Insert here Figure 2

The targets were placed in such a way that they could induce a
progressive increase of the shoulder angular displacement, but keeping the
elbow joint at around 40" at the target and at home position. When the limb
was thrown to the target, the shoulder moved into flexion, reversed its
direction around the time the fingertip was at the target position (Figure 2) and
moved into extension to home position. The shoulder angular excursion was
increased by target distance for all three subjects.

There were also similarities among the three subjects in the way the
muscle torques were geﬁerated at the shoulder joints. Initially, the shoulder
was thrown into flexion due to a flexion impulse. After that, the shoulder
muscle torque reversed its direction into extension, creating an extension
mmpulse. This extension impulse was responsible to decelerate the shoulder
Joint at the target, reverse its direction, and throw the limb back to home
position. After the end of the second impulse, a third impulse was generated
into flexion direction, decelerating the shoulder joint at home position. These
three impulses increased with target distances. In general, the three impulses
could be identified in the time series of the shoulder muscle torque of all

subjects we studied.
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Insert here Figure 3

Despite the fact that the target induced 40 degrees of elbow angular
excursion at the initial and at the target position, each subject was free to
choose any combination of elbow and shoulder angular excursion to perform
the task. Nevertheless, compared with the normal subject, the subjects with
peripheral neuropathy used different combination of angular excursion at the
elbow joint to perform the tasks (Figure 4). The normal subject reversed the
direction of the elbow joint twice. First, when the limb was thrown to the
target, and second, when the limb moved from the target to home position. As
=g¢tHby  the-experintent-setup,at: thettarget the~angitar-amplitide ot the-8tbow
joint was similar at home and at target position (around 40). Also, the elbow
angular excursion of the normal subject increased with target distances.

On the other hand, the elbow joints of the two subjects with peripheral
neuropathy displayed several fluctuation in the movement direction, during
the time that the limb was moving to and from the target. In some attempts,
imitially the subjects with peripheral neuropathy even moved the elbow joint

into extension and not info flexion. Also these two subjects did not clear
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modulate the elbow angular excursion with the target distances, and compared
with the normal subject the elbow excursions were smaller.

As we observed for the elbow angular excursion the pattern of the elbow
muscle torque also varied across the three subjects. The normal subject
displayed five muscle impulses at the elbow joints. The two adding impulses,
observed at the elbow joint of this subject, occurred because the elbow joint
reversed its direction twice. The muscle impulses of the normal subject
increased with target distance. On the other hand, the five impulses could not
be identified in the elbow muscle torques of the two subjects with neuropathy.
Also, the impulses of the two subjects were not clear modulated with target

distances.

Insert here Figure 4

The peripheral neuropathy did not influence the ability of the subjects to
perform fast movements (Figure 6). On average, the male subject with
peripheral neuropathy moved faster than both the normal subject and the other
subject with peripheral neuropathy. Note that the first and the second peak
speed of the PNP1 subject was greater than the movement speed of the PNP2

subject and of the normal subject.
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Insert here Figure S and 6

The interaction torques

In general, the patterns of the interaction torque were similar comparing
all three subjects for both elbow and shoulder joints. Or else, all interaction
torques could be characterized by three impulses (Figure 5). The time profiles
of the shoulder interaction torques were a mirror image of the shoulder muscle
torque (compared Figure 3 with Figure 5) for all three subjects. However, the
pattern of the elbow muscle torques differed from the pattern of the elbow
interaction torques. At the time the elbow interaction torque first moved into
extension, the elbow muscle torque moved into flexion and then into
extension. At the time the elbow interaction torque first moved into flexion,
the elbow muscle torque moved for the second time into flexion and then into
extension. Finally, at the time the elbow mteraction torque reversed direction
for the third time, moving again into extension, the elbow muscle impulse
changed direction for the fifth time, moving into flexion.

The data presented for the normal subject are representative of the

movements of all five normal subjects we recorded.
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Linear Covariance

We plotted the elbow muscle torque against the shoulder muscle torque
and calculated the linear correlation between both torques for each attempt in
separate. Figure 7 depicts the averaged results of linear coefficient of
correlations |r| and the slopes, obtained for the group of normal subjects and
for each of the two subjects with peripheral neuropathy. The two subjects with
neuropathy were unable to un-couple the generation of both torques, as can be
observed by the higher linear coefficients of correlation |r|. The |r|s were
larger for both PNP1 and PNP2 subjects, when compared with the averaged of
the normal subjects. The values did not reveled difference between both
subjects with peripheral neuropathy for the |r|.

The two subjects with neuropathy developed proportionally more elbow
than shoulder muscle torque, as can be observed by the higher slope of this
linear correlation. The slopes were larger for both PNP1 and PNP2 subjects

than the averaged slope of the normal subjects.

Imsert here Figure 7
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A proportional larger elbow than shoulder torque would affect the
fingertip pathway, making it more curved. We calculated the index of
straightness of the fingertip trajectory and presented these data in Figure 8,
when the subjects moved to and from the target. The fingertip trajectories, to
and from the target, were straighter for the normal subjects than for the two
other subjects with neuropathy. As it can be observed by the standard error in
Figure 8, the two subjects with neuropathy had meore variability in their

fingertip pathway compared with normal subjects.

Insert here Figure 8

The shoulder muscle torque were higher linearly correlfated with shoulder
mteraction torque for both subjects with neuwropathy and for the normal
subjects. The coefficient of linear correlation were above ir| 0.9 for all
movements of all subjects studied. However, the |r|s between elbow muscle
torque and elbow interaction was below 0.2 for the normal subjects and

around 0.5 for both subjects with neuropathy (Figure 9).

Insert here Figure 9




DISCUSSION

The Principle of linear covariance cannot be generalized for all

unconstrained multi-joint movements

It has been showed that the muscle torques generated between two
adjacent joints obey a Principle of Linear Covariance, in which both torques
change proportionally in magnitude and reverse direction at similar times
(Gottlieb, 1996). This principle couid account for the way the Central Nervous
System cpordinates the generation and modulation of the muscle torques
generated during unconstrained pointing movements involving one (Gottlieb
et al., 1996) or two focal joints (Gottlieb et al., 1997). The Principle of Linear
Covariance could be one simply strategy used by the Central Nervous System
to reduce the number of variable it has to control (Bernstein, 1967).

Note on Figures 3 and 4 that in our study the control individuals
performed the reversing movements using one unustal combination of
movements at both elbow and shoulder joints. During the time the limb moved
to the target, the elbow joint reversed direction, but the shoulder always
moved into flexion. The elbow joint also reversed direction when the limb
moved from the target to the home position. The reversal of the movement in

one joint was also observed during the upper-arm pointing movements
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(Gottlieb et al., 1996). However, in this case the limb was forced to use one
curved trajectory due to one imposition of the obstacle (Gottlieb et al., 1996).
One can argue that, in our experiment, the targets were set in such way to
constrain the elbow joint to reverse its movement direction twice when
moving to and from the targets. However, the subjects were free to choose any
combination of the movements at the joints to perform the reversal
movements. Had the subjects chosen not to reverse the elbow joint, to and
from the target, the fingertip trajectory would be curved and not straight as
observed (Figure 2).

These data support the idea that the Central Nervous System may plan
the movements in terms of the extrinsic varables, for example th;: linear
trajectory of the fingertip (Morasso, 1981; Hollerbach et al., 1982 ) and try to
optimize the degree of straightness of this trajectory. Therefore, despite the
attractivencss of the Principle of Linear Covariance to explain the
coordination of muscle torques between two joints, it can be violated for the
unconstrained multi-joints tasks in which one joint reversed the direction

during the movements, and the other did not.
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Movement coordination depends on one intact proprioceptive system

Compared with controls, the movements of individuals with peripheral
neuropathy were more curved and with more dispersion at the final position.
These movement features were observed during pointing (Ghez et al., 1990)
and reversal movements (Sainburg et al., 1995). Sainburg (1995) attributed
these motor deficits to the inability of these individuals to react to the
interaction forques, causing a temporal lack of synchronization between the
shoulder and elbow movements. In other words, one inappropriate interaction
torque at the elbow joint, generated by the shoulder movements, would force
the elbow joint to anticipate its reversion. The inability to deal with interaction
torque was also attributed to poor coordination of the movements observed in
individuals with cerebellar dysfunction (Bastian et al., 1996).

Our data also confirmed a more curved linear trajectory of the
movements of the individuals with peripheral neuropathy (Figure 2).
However, we would like to offer one alternative explanation for this behavior
that is not based on the reaction to the interaction torque (Sainburg et al.,
1995). Note that the great difference between the control individuals and the
two mdividuals with peripheral neuropathy was found in the elbow muscle
torque (Figure 4) and not in the elbow interaction torque (Figure 5). The

elbow muscle torques of the control individuals were characterized by five
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impulses, whereas these patterns could not be observed for the peripheral
neuropathy individuals. On the other hand, even though the interaction torque
changed in magnitude, its triphasic shapes were preserved in all individuals
with and without peripheral neuropathy.

Also, the Peripheral Neuropathy did not affect the pattern of the shoulder
muscle torques, which had a triphasic pattern for all individuals. Similar
pattern was observed for reversion movements executed in the horizontal plan,
without the gravity influence (Almeida et al., 2000). Tt has been showed that
even in the cases of sensorial polineuropathy by endocrinal alterations, the
proximal limb segments are less affected, compared with the distal Hmb
segments (Bruyn et al, 1970). The fact that the Peripheral Neuropathy
affected the pattern of the elbow and not the shoulder muscle torque (Figures
3 and 4), favors the idea that this disease affects more the distal than the
proximal limb segments. So the inability to un-couple the muscle torques at
the two joints (Figures 3 and 4) could be associated with proprioception deficit
at the distal portion of the limb. Because they could not un-coupled the two
torques they performed the movements with more curved fingertip path
(Figure 2). However the two subjects with neuropathy aim did not lose the
capacity to perform fast movements, showing that the efferents fibres were not

functionally so compromised for them (Figure 2 and 6).
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Note that our subjects had access to the visual information about the limb
and the target position during the performance of the tasks. It 1s showed that
the visual information can compensate the lack of the intact proprioceptive
information due to peripheral neuropathy (Ghez et al., 1990). Despite the
visual information there was a clear difference in the elbow angular
displacement and muscle torque between the control and peripheral
neuropathy individuals. Moreover, our data are showing that the
proprioceptive information is involved in the ability of one individual to
reverse the direction of the movement in just one joint during the performance
of movements involving two joints (Figures 3 and 4).

How the Central Nervous System could use the prOpﬁ;ceptive
information to build one appropriate motor response? The afferent information
from muscles, joints and tendon projects to several level of the Central
Nervous System (Kandel et al.,, 1991). It is believed that this information
could be used to build one micrnal model of the active (muscle torque) (Bueno
et al.,, 1995) and reactive (interaction torque) ( Sainburg et al., 1995) forces
acting on the limb segments. Because we found more discrepancy in the shape
of the elbow muscle torque when compared with interaction torque between
the individuals with and without peripheral neuropathy (Figure 4 versus 5)

would be more appropriate fo suggest that the proprioceptive information are
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used to build one internal model of the muscle torque (Bueno et al., 1995;
Gottlieb et al.,, 1996b). On the other hand, even in the normal subjects, the
muscular torque generated in one joint may or not be comrelated with the
interaction torque of this joint, not necessarily manifesting a behavior in wich
the muscle torque needs to react to interaction torque (Figure 9). Therefore,
because of the mechanism in the muscle torque profiles, it is possible that the
Central Nervous System controls the muscle torques and not the interaction
torgue.

For now on let us also accept the concept that invariance in the motor
behavior could define if one variable is controlled or not by the Central
Nervous System. Based on this idea, one could argue that the Central Nervous
System does not take into account the linear covariance between the muscle
torques at the two joints to control movements. Indeed, the linear coefficient
of correlation [r| between both elbow and shoulder muscle torque was higher
for the individuals with peripheral neuropathy when compared with control
subjects (Figure 6). In order to be able to break the higher correlation between
the muscle torque at the two joints, the control individuals had to dissociate
the direction of eibow in relation to the shoulder movement. This dissociation
would be possible just with intact and precise proprioceptive information, able

to inform the Central Nervous System that it must reverse the muscie torque to
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change the movement direction in one joint, in such a way that the fingertip is
kept straight.

In this kind of reasoning we could think that the linear covariance
between the muscle torques at two jomnt is a default strategy that could be used
by the Central Nervous System to generate motor tasks that would not involve
conflict m movement direction between joints. When the Central Nervous
System is charged to use a more complex combination of the kinematic
movements between the linked joints it does not have other option except to
break the linear covariance between the muscle torques. In one sense, the
mtact Central Nervous System has the flexibility to generate any combination
of muscle torques at the linked joints in order to fulfil the ultimate goal of
movement control that is to keep the linear trajectory as straight as possible
(Morasso, 1981; Hollerbach et al., 1982).

Our data show that the individuals with peripheral neuropathy lose this
flexibility of generating different combination of muscle torques at linked
joints. The lack of afferent information limited the ability of the individuals to
modify its motor strategy by granting him just one default strategy. It has been
showed that infants were born with the default strategy (Zaal et al., 1999).
This is, at the age of 30 weeks, the infants are already able to use the principle

of linear covariance to coordinate the generation of the muscie torques at the



elbow and shoulder joints during reaching movements. This principle is
preserved even after the age of 52 weeks. However, with motor development
these authors (Zaal et al., 1999) showed that the fingertip path of the infants
becomes straighter.

Like in this study (Zaal et al., 1999) our data also showed that the degree
of straightness of the fingertip path is not related with the linear coefficient of
correlation [r| between muscle torques. Indeed, we show that it is possible to
have movements with low coefficient of correlation and increased degree of
straightness of the path (Figure 8). Finally, it is important to point out that to
break the linear covariance the Central Nervous System must control other

features of the muscle torques that could not be related to the temporal linear

structures of these torques.

As the next step we would like to explore when in the motor
development the Central Nervous System shifts from the default strategy,
represented by the linear covariance between two linked muscle torques, to a
more complex strategy represented by independent control of the muscle

torques at these joints.
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FIGURE CAPTIONS
FIGURE 1

Figure 1. Representation of the experimental fask in the plane of view of the
Optotrack. The subjects remained in their seats, sitting upright with their bodies touching
the back of the chairs. In this condition the subjects made reversal movements in the
vertical plan, starting from the initial position determined by the angles of ®1 =0° and @ =
40°. The reversion of the movement occurred when the target was achieved. The target
position was individually determined only by changing the ®1 angle to 30°, 60° and 90°
respectively . The targets were fixed on a glass board positioned to the side of the chair, as
to establish a frontal positioning to the subjects.

FIGURE 2

Figure 2. Illustration of one movement performed over three target distances (solid
line = 30, dotted line = 60 and broken line = 90° ), (A) by one neurologically normal
subject (NN) and (B and C} two subjects with peripheral neuropathy (PNP1) and (PNP2).
The data is depicted for linear trajectory (left panels) and the linear speed (right panels) of
the finger. All data were aligned with the time minus 200 ms in which the linear speed
achieved 5% of its first peak. The linear trajectory in relation to X and Y axis is given in
meters {m), and the linear speed is given in meters by seconds (m/s).

FIGURE 3

Figure 3. The performance of angle shoulder displacement (left panels) and muscle
shoulder torque (right panels) of movements over three target (A) by one normal subject
(NN) and (B and C) two subjects with peripheral neuropathy (PNP1) and (PNP2). The
displacement was given in degrees, and the torque in Nm. The data were proceeded in the
same way of Figure 2. The arrows showed the direction of movement, F for flexion and E
for extension.

FIGURE 4

Figure 4. Angle elbow displacement (left panels) and muscle elbow torque (right
panels) of three target movement by the same three subjects that can be seen Figure 3. The
displacement was given in degrees, and the torque in Nm.
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FIGURE 5

Figure 5. Shoulder interaction torques (left panels) and elbow interaction torques
(right panels) of the same three attempts of (A) normal subject and (B and C) subjects with
neuropathy. The torque is given in Nm and the arrows showed the direction of movement,
F for flexion and E for extension.

FIGURE 6

Figure 6. Quantification of the first (upper panel) and the second (lower panel)
fingertip linear speed peak for each movement distance. The normal subjects attempts
(n=50) were considered in as only one group and attempts of the subjects with neuropathies
were considered individually (n=10 for each subject). The speed peak was represented by
(m/s). The vertical lines show the standard errors of the mean for linear speed peak.

FIGURE 7

Figure 7. Index of hinear correlation x| (upper panel} and the slope (lower panel)
between muscles torques of shoulder and elbow. The normal subjects were analysed at NN
group and the subjects with neuropathies were represented individually at PNP1 and PNP2.
The data of shoulder torque was plotted at X axis and the elbow torque at Y axis. The
correlation was represented by the three targets distances. The vertical lines show the
standard errors of the linear correlation index.

FIGURE 8

Figure 8. Index of straightness of the linear trajectory between the groups considering
the three movements distance. The value showed by each neurologically normal subject
group represents the average of 50 attempts ; each subject with neuropathy represents the
average of 10 attempts. The trajectory was divided into two phases, the going to and the
return from the target phase quantified in the upper panel (A) and the return to the target
phase quantified in the Jower panel (B). The vertical lines show the standard emrors of the
straightness index.

FIGURE 9

Figure 9. Index of linear correlation between muscle torque and interaction torque
for each articulation. The upper panel represents the comelation between the shoulders
torque (A). The normal group was constituted as in Figure 8. In the lower panel the
correlation torques with the elbow articulation are given (B). The vertical lines show the
standard errors of the linear correlation index between muscle and interaction torques.
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1. CONSIDERACOES FINAIS

Neste estudo constatamos a tendéncia dos sujeitos normais em realizar
trajetorias retilineas em movimentos multiarticulares, ao passo que os
individuos portadores de neuropatia periférica apresentaram trajetortas com
caracteristica curvilinea. Estes dados confirmaram algumas observagoes
documentadas em estudos anteriores de que o Sistema Nervoso utiliza como
parimetro principal as informag@es extrinsecas (i.e., orientagdo espacial do
dedo indicador) para controlar os movimentos multiarticulares (Morasso,
1981; Hollerbach et al., 1982; Ghez et al., 1990).

Esses autores demonstraram que existe uma invariincia em relagio a
trajetéria e a velocidade linear em movimentos multiarticulares. A observagio
destas invaridncias demonstraria que estas varidveis seriam fortemente
controladas durante a execucgio dos movimentos. Comparando os dados
apresentados entre os dois grupos de sujeitos, verificamos que a velocidade
linear ndo é capaz de diferenciar os dois grupos. A velocidade linear do dedo
indicador nos dois grupos de sujeitos foi caracterizada por duas formas de
sino, determinando dois picos de velocidade, que aumentaram com a distancia
dos alvos. J4 a trajetoria linear apresentou caracteristicas diferenciadas entre

os dois grupos. Os sujeitos normais tenderam a executar trajetorias mais
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retilineas. Em contrapartida, os sujeitos portadores de neuropatia periférica
obtiveram trajetérias lineares com tendéncia curvilinea. Portanto, nossos
dados revelam que a principal varidvel a ser controlada pelo Sistema Nervoso
integro ¢ a trajetoria retilinea. Esta variave!l pode diferenciar o comportamento
motor obtido por grupos de sujeitos normais e de individuos com neuropatia
periférica.

Quando nos referimos ao controle dos movimentos, duas etapas devem
ser diferenciadas: o planejamento e a execugdo. O Sistema Nervoso Central
pode planejar os movimentos a partir das varidveis extrinsecas, privilegiando 2
caracteristica de retiljnear_idade da trajetoria do dedo indicador. Porém, quando
o Sistema Nervoso Central pde em ac@o a execucdo de uma tarefa, este precisa
transformar esse planejamento em comandos centrais que irdo recrutar as
unidades motoras, de modo a gerar determinados padrées de torques
musculares para mover os segmentos corporais envolvidos na tarefa. Em
algum nivel do Sistema Nervoso Central os pardmetros extrinsecos do
movimento (i.e., trajetéria e velocidade linear) devem ser traduzidos em
comandos centrais para determinar um adequado padrio de torques
musculares necessarios para mover cada segmento corporal envolvido na

tarefa motora. Portanto, os torques musculares expressam o resultado final de
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um comando determinado pelo Sistema Nervoso para a execugio do ato
motor.

Estudos prévios demonstraram que tanto em movimentos uni-articulares
(Gottlieb et al., 1996) como em movimentos multiarticulares (Gottlieb et al.,
1997) os torques musculares para as articulagdes interligadas em forma de
cadeia deveriam ser acoplados linearmente. Esta estratégia permitiria ao
Sistema Nervoso Central reduzir o numero de Variévéis controladas na
execucdo do movimento. No entanto, esta estratégia ndo fo1 adotada para a
execucdo da tarefa proposta neste estudo. Os nossos dados mostraram que
para alguns movimentos o principio da covariacdo linear entre os torques
musculares precisa ser abandonado, permitindo que o movimento mantenha
mais retilinea a trajetéria linear. Esta condigdo evidencia que o Sistema
Nervoso Central optou em manter a retilinearidade da trajetéria em detrimento
do acoplamento entre os torques musculares.

Para que o Sistema Nervoso Central seja capaz de realizar
adequadamente as tarefas motoras, ele precisa ser constantemente suprido de
informacdes proprioceptivas. A faita das informagdes proprioceptivas,
provocada por um quadro de neuropatia periférica, gera uma incapacidade
nesses individuos em dissociar os torques musculares gerados entre as duas

articulagdes. Como resultado, estes sujeitos tendem a movimentar as
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articulagdes do ombro e do cotovelo em uma mesma direcio. Finalmente, o
acoplamento entre os torques musculares em portadores de neuropatia
periférica é responsavel pela ocorréncia de trajetdrias lineares com
caracteristica curvilinea.

Antes e durante a execucdo destes movimentos os dois grupos tiveram
total acesso as informacdes visuais. Portanto, podemos considerar que para a
realizacdo desta tarefa as informacgOes visuais ndo foram capazes de
compensar a falta das informagdes proprioceptivas. Esta observagdo é vilida
no que se refere ao comportamento motor estabelecido durante a execugdo do
movimento, € ndo em relagdo ao objetivo da tarefa (atingir o alvo e retornar).

Entretanto, como o Sistema Nervoso Central utiliza as mformacdes
proprioceptivas na determinacio dos comandos centrais ainda ¢ uma questdo
aberta ao debate. Uma possivel explicagio é que essas informagdes
possibilitariam ao Sistema Nervoso Central criar um "modelo mterno"” das
forcas musculares envolvidas na execugdo de um ato motor (Buneo et al.,
1995). Desta forma, sabendo qual a forga muscular necessaria a execugdo de
um ato motor, o Sistema Nervoso Central poderia enviar um comando central
apropriado para ativar as unidades motoras necessarias a geragdo dessa forga.

Nossos dados sdo condizentes a necessidade de conversdo entre as

variaveis extrinsecas ¢ intrinsecas durante as etapas planejamento ¢ execucio



do ato motor. A falta das informagbes proprioceptivas (informando sobre as
varidveis intrinsecas) determinou uma incapacidade em gerar comandos
motores adequados & execugdo de movimentos com trajetorias lineares
retilineas (variavel extrinseca). Deste modo, os “modelos internos” poderiam
ser construidos em fungfo das caracteristicas extrinsecas e convertidos em
comandos que determinem os torques musculares necessarios a realizacdo dos
movimentos. A mecénica classica nos ensina que ¢ possivel a partir das
informacdes extrinsecas obter as intrinsecas ou vice-versa (Hollerbach et al.,
1982; Hollerbach et al., 1987; Hogan et al., 1987). No entanto, ndo se pode
afirmar que o Sistema_ Nervoso Cenfral utilize a mecénica inversa para
calcular os torques musculares. De algum modo as caracteristicas
privilegiadas durante o plancjamento da tarefa (trajetoria linear retilinea)
devem ser garantidas quando convertidas em comando centrais de
recrutamento muscular para gerar os torques musculares necessarios a
execucdo da tarefa motora.

Considerando que o Sistema Nevoso Central de fato tenha que converter
as varidveis extrinsecas e intrinsecas para a execucdo dos movimentos,
possivelmente viarias estruturas centrais (cortex sensorial, cdrtex pré-motor,
area motora suplementar, cértex motor primario, cerebelo € nucleos da base)

participem desta func&o.
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Ainda ¢é possivel que alguma destas estrufuras tenham maior participagido
nessas fungbes. Georgopoulos demonstrou em estudo com macacos que
grupos de neurdnios do cortex motor primario sdo ativados em relacdio a
direcio de movimento executado num plano horizontal ¢ ndo para afivar
especificamente um grupo muscular (Georgopoulos, 1982). Outro estudo
similar demonstrou que grupos de neurdnios da area 5 do cortex parietal
também sfo ativados especificamente em relacdo a diregdo de movimento
executado (Kalaska et al., 1990). Entretanto, estes neurdnios nio apresentaram
alteracio quando uma carga resistia ao movimento. Em contrapartida, os
neurdnios do cdrtex motor primario eram influenciados com a adigdo de carga.

Por outro lado, muitos neurdénios da drea 5 do cortex parietal também
responderam & movimentacio passiva de uma ou varias articulagdes (Sakata et
al., 1973). Enfim, a area 5 processa ao mesmo tempo mformacgdes extrinsecas
(dire¢io do movimento) e intrinsecas {deslocamento angular). Logo
poderiamos pensar que essas informacgdes sejam integradas nesta area para
estabelecer um comando que determine a direcio do movimento executado.
Pelo fato da drea cortical motora (drea 4) ser influenciada pela variacdo de
carga imposta ao movimento, esta area poderia ser responsavel em converter o
plancjamento motor determinado por variaveis exfrinsecas em comando

motores adequados que resultem nos torques musculares necessarios a acio
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motora. Deste modo a area 5 do cortex parietal juntamente com a arca 4
seriam possiveis candidatas a funcdo de converter varidveis extrinsecas em
intrinsecas (ou inversamente) e criar 0s “modelos internos” para a execugio
dos movimentos.

No entanto, oufras estruturas podem estar diretamente envolvidas nesta
fincio. Em sujeitos portadores de cerebelopatia podemos verificar alteragdes
motoras que comprometem a trajetéria linear, o padrio € a magnitude da
velocidade lmear e a coordenmacdo entre as articulagbes envolvidas em
movimentos multiarticulares (Brown et al., 1990; Bastian et al., 1996). Devido
ao fato do cerebelo receber uma extensa quantidade de informacdes aferentes
de proprioceptores, exteroceptores € do cortex motor, considera-se uma
estrutura de grande importincia para monitorar e planejar os movimentos
multiarticulares. Suas relacdes neuroanatomicas estabelecidas com a periferia
(proprioceptores e exteroceptores) e com o coOrtex motor permitiriam ao
cerebelo processar estas informacgdes integrando as varidveis extrinsecas com
as variavels infrinsecas, para entdo, estabelecer uma adequada execucdo da

tarefa motora.
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VIL. ANEXO Il

Valores Antropométricos dos sujeitos que participaram do estudo.

Sujeitos Massa Corpérea | Comprimento do| Comprimento
(Kg) Brage antebrago-mao
(m) (m)
NN 01 67 0.28 0.415
NN 02 61 0.35 0.43
NN 03 75 0.32 0.40
NN 04 &5 0.315 0.39
NN 05 48.3 0.27 0.345
PNP 01 68.5 0.29 0.38
PNP 02 70 0.31 0.45
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