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Resumo

Individuos portadores da Sindrome de Down melhoram o padrdo muscular e cinemdtico de
movimentos simples com o treinamento. Recentemente, demonstramos que individuos
neurologicamente normais aumentam os impulsos do torque muscular do ombro e do
torque de interagdo do cotovelo, com o treinamento de movimentos de reversao do braco.
Neste estudo, verificamos se, com o treinamento, individuos portadores da Sindrome de
Down usariam a mesma estratégia cinética para melhorar o desempenho de movimentos
com reversdo. Movimentos de reversdo do braco realizados em trés distincias lineares
diferentes foram reconstruidos utilizando um sistema 6ptico de andlise de movimento. Os
torques musculares e de interacdo foram calculados utilizando-se a dinamica inversa. A
atividade eletromiogréfica dos principais musculos foi registrada. Ao contrério do esperado,
individuos portadores da Sindrome de Down foram incapazes de aumentar a velocidade
linear do dedo indicador, mesmo apds 1.400 tentativas de préatica. O mesmo ocorreu com 0s
torques musculares e de interagdo das articulagcdes ombro e cotovelo. No entanto, em oito
sujeitos, um foi capaz de melhorar a velocidade dos movimentos de ida ao alvo e de volta a
posicdo inicial. Esse sujeito foi capaz de aumentar o torque muscular do cotovelo e de
interacdo do ombro com o treinamento. A melhora na velocidade dos movimentos desse
sujeito ndo foi acompanhada de um aumento do erro. A incapacidade de individuos
portadores da Sindrome de Down aumentarem as forcas reativas (torque de interagdo do
cotovelo) e musculares (torque muscular do ombro) com o treino, revela uma grande
dificuldade desses sujeitos em tirar proveito de uma solu¢cdo mecanica bastante eficiente. O
fato de um unico individuo ter apresentado uma melhora apds usar uma estratégia “sub-

6tima” do ponto de vista mecanico, demonstra que a Sindrome de Down pdde dificultar a
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elaboracdo de um modelo interno das for¢as que atuam na geracdo dos movimentos. Essa
limitacdo talvez explique a dificuldade de esses individuos realizarem movimentos

complexos e o aspecto desengoncado desses movimentos.
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Abstract

Individuals with Down syndrome improve the muscle activities and kinematics patterns of
the single-joint movements with practice. Currently, we have showed that neurologically
normal individuals increase the impulses of the shoulder muscle torque and elbow
interaction torque with practice of the horizontal-planar arm movements with reversal. In
this study, we verified if with practice, individuals with Down syndrome would be able to
use the same kinetic strategy to improve the performance of the movements with reversal.
Arm movements with reversal, performed on the three different target distances were
reconstructed using a motion analysis system. The muscle and interaction torques were
calculated using inverse dynamics. The EMG activities of the major muscles were
collected. On the contrary that was expected, individuals with Down syndrome were not
able to increase the linear speed of the fingertip after 1.400 trials of practice. The same was
observed for the muscle and interaction torques for both shoulder and elbow joints.
However, a one in eight subject was able to improve the velocity of both movements to and
from the target. This subject also increased the impulses of the elbow muscle torque and
shoulder interaction torque with practice. The improvement on the movement velocity was
not accompanied the increase in the error ratio. The incapability of the individuals with
Down syndrome to increase the reaction forces (interaction torque of the elbow) and
muscle forces (muscle torque of the shoulder) with practice reveals a difficulty these
subjects to get very efficient mechanical solution. The fact of the only one subject that
showed improvement in velocity had used a sub-optimal strategy of the mechanical point of
view, demonstrates that the Down syndrome can interfere on the elaboration of the internal

model of forces that act on the movement generation. This limitation perhaps can explain



the difficulty these individuals to perform complex movements and the clumsiness

impression theses movements.
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Introducao Geral

A tese estd organizada da seguinte forma: em primeiro lugar, apresentamos um
artigo de revisdo intitulado “Estratégias eletromiograficas e cinéticas para o controle dos
movimentos”. Nesse artigo, € feita uma revisdo de literatura sobre estratégias de controle
motor utilizadas por individuos neurologicamente normais (NN), para realizar movimentos
simples e complexos. Em segundo lugar, apresentamos um artigo de revisdo intitulado:
“Controle motor e aprendizagem de movimentos voluntirios em individuos portadores da
Sindrome de Down”. Nesse artigo, € feita uma revisdo de literatura sobre as estratégias de
controle motor utilizadas por individuos portadores da Sindrome de Down (SD) para
realizar movimentos simples e complexos. Os efeitos do treinamento motor nessa
populacdo também sdo abordados. Finalmente, neste artigo, discutimos as implica¢des
praticas desses estudos para a Fisioterapia. O primeiro e o segundo artigo de revisdo
representam a introducdo da tese, uma vez que eles fornecem a base para o entendimento
dos artigos apresentados na sessdo “Capitulos”, na qual apresentamos dois artigos em
Inglés, desenvolvidos com dados coletados durante o doutorado. O primeiro artigo
intitulado “Principles for Learning Horizontal-planar Arm Movements With Reversal” foi
escrito baseado nos resultados obtidos da anélise dos dados de individuos neurologicamente
normais. O segundo artigo intitulado “Principles for Learning Horizontal-planar Arm
Movements With Reversal in Down syndrome individuals” foi escrito baseado nos
resultados obtidos da andlise dos dados de individuos portadores da sindrome de Down.
Todos os quatro artigos (dois em portugués e dois em Inglés) sdo apresentados de acordo
com o modelo de formatacao das revistas as quais foram submetidos. Finalmente, na tltima

parte da tese, apresentamos uma conclusio geral.

11



Estratégias eletromiograficas e cinéticas para o controle dos movimentos
N. F. Marconi"? & G. L. Almeida"?

]Departamento de Fisiologia e Biofisica, Instituto de Biologia, Universidade
Estadual de Campinas, UNICAMP.

2Curso de Fisioterapia, Universidade de Ribeirdo Preto, UNAERP.

Universidade de Ribeirdo Preto
Curso de Fisioterapia

Avenida Constabile Romano, 2201.
Ribeirdo Preto-SP

CEP: 14096-900

Correspondéncia para: Nadia Fernanda Marconi
Rua: Jodo Gomes Rocha, 835 apto 152.
Ribeirdo Preto-SP

CEP: 14020-550

Fone/fax: 0XX16-603-7968

E-mail: nadia_m_2000@yahoo.com.br

Agradecimento: FAPESP (processo n. 00/10527-6).
Titulo para as paginas do artigo: Estratégias para controlar movimentos

Palavras-chave: reconstru¢do de movimentos, cinemadtica, cinética, EMG, controle motor.

12



Resumo

Apresentamos, neste artigo, uma revisao de literatura sobre as estratégias eletromiogréficas
e cinéticas usadas pelo sistema nervoso central para controlar movimentos voluntdrios.
Essas estratégias foram identificadas durante a execucdo de movimentos simples e
complexos, com e sem reversdo em direcdo. Essas estratégias sdo caracterizadas por um
conjunto de regras usadas para modular os padrdes de atividade muscular e a for¢a gerada
nas articulagcdes (torque muscular). Primeiramente, abordaremos as estratégias
eletromiogréficas usadas para controlar movimentos simples, envolvendo uma e duas
articulagdes. Discutiremos as estratégias cinéticas, em termos de geracdo e modulagdo do
torque muscular para realizar movimentos simples e complexos. Entdo, discutiremos a
sinergia linear entre atividade muscular e torque muscular e a correlagdo entre torque
muscular gerado em articulagdes ligadas em cadeia. Além disso, abordaremos o papel das
forcas de interacdo para o controle dos movimentos. O conhecimento de como o sistema
nervoso central controla os movimentos pode ajudar o fisioterapeuta no planejamento de

programas de tratamento apropriados.
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Existe a forma correta de realizar um movimento? Individuos neurologicamente
normais (NN) sdo capazes de apontar, com igual precisdo, para um alvo no espaco, estando
com cotovelo livre ou restrito por uma tala'. Essa capacidade de adaptacdo do sistema
nervoso deve-se as infinitas combinacdes de movimentos nas diversas articulagdes
envolvidas na execucdo de uma fun¢do motora. Bernstein® foi o primeiro a descrever essa
abundincia de combina¢des de movimentos, possibilitando intimeras formas de execugdo
de um mesmo ato motor. Se ndo existe uma unica solu¢do cinemadtica em termos das
articulagdes e amplitudes de movimentos envolvidas na execu¢cdo do ato motor, como o

sistema nervoso escolhe uma solu¢do em detrimento de outra?

Estratégia eletromiogrdfica

Virios modelos de controle motor tentam responder a essa pergunta, analisando os
padrdes eletromiograficos (EMG) durante a execugcdo de uma determinada tarefa. S3o os
chamados modelos de controle motor baseados na atividade EMG™*” .

Esses padrdes sdo estudados em movimentos simples (i.e., flexdo do cotovelo) e
complexos (i.e., movimentos de reversdo do membro superior, envolvendo as articulagdes
do ombro e cotovelo). A partir desses estudos, busca-se identificar regras (estratégias)
usadas pelo sistema nervoso central (SNC) para gerar os padrdes apropriados de atividade
EMG.

Quando realizamos uma tarefa de extensdo do cotovelo, a ativagcdo muscular é
caracterizada pela geracdo de um padrio trifdsico e reciproco de atividade (agonista-

antagonista-agonista)®’. A extensdo do braco & feita pela ativacdo do misculo agonista (i.e.,
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triceps), gerando uma forca que € transmitida na forma de torque para o cotovelo,
acelerando, assim, o membro em dire¢do ao alvo. Essa ativacdo € caracterizada por um
aumento abrupto de atividade EMG, o qual se inicia por volta de 30 milésimos de segundos
antes da aceleragao do membro e decai gradualmente até o final dessa aceleragc@o (por volta
da metade do movimento de extensdo). Cerca de algumas dezenas de milésimos de
segundos apds o inicio dessa atividade, € possivel identificar o inicio de um envelope de
atividade no misculo antagonista (i.e., biceps) que se prolonga até o término do
movimento. Esse envelope antagonista desacelera o membro no alvo. O tempo entre o
inicio do envelope agonista e o antagonista é chamado laténcia antagonista®*. No final da
fase de desaceleracdo, observa-se um segundo envelope de atividade agonista de menor
magnitude, o qual tem a funcdo de travar o membro no alvo, evitando oscilacdes
indesejaveis do membro na posi¢ao final® (figura 1).

Somos mais velozes para os movimentos com amplitude angular maior. Fazemos
isso porque somos mais eficientes na geracdo de for¢cas musculares em movimentos mais
amplos. Para tanto, aumentamos a quantidade do primeiro envelope agonista e
prolongamos o inicio da ativagdo do musculo antagonista (figura 2 a esquerda). Em outras
palavras, para distancias maiores, aceleramos o membro com mais intensidade em direcao
ao alvo, devido a um aumento da quantidade do primeiro envelope agonista, e adiamos o
inicio da aplicacdo do freio, representado pelo aumento da laténcia antagonista”.

Para conseguir a modulagdo da atividade agonista e antagonista, o SNC precisaria
apenas modular os comandos centrais (potenciais de acdo) projetados nos neurdnios
motores alfa ao nivel medular, via os tratos descendentes. Nesse caso, 0s neurOnios motores

alfa funcionariam como filtros de baixa freqiiéncia, determinando a quantidade de unidades
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motoras a ser recrutada no musculo e prolongando essa ativacdo até se obter a quantidade
de atividade muscular suficiente para acelerar o membro em dire¢io ao alvo’.

A modulacio dos padroes EMG, usando essas regras simples, também foi observada
em movimentos de apontar contra a a¢do da gravidade, envolvendo as articulacdes do
ombro e cotovelo’. A tnica excecio nos movimentos complexos de apontar foi a
invariancia entre o inicio da atividade do miusculo deltéide anterior e posterior (lat€ncia
antagonista) com o aumento da amplitude angular dos movimentos.

Essa estratégia de modulacdo da atividade EMG poderia explicar a execugdo de
movimentos mais complexos, como os de reversio? Gottlieb'® demonstrou que
movimentos de reversdo do cotovelo realizados em um manipulando também eram
executados usando-se um padrdo trifdsico de atividade muscular. Porém, para reverter o
movimento no alvo, o SNC desliga “abruptamente” o primeiro envelope de atividade
agonista aproximadamente no final da fase de aceleracio do membro em dire¢do ao alvo,
sendo possivel distinguir dois envelopes de atividade agonista claramente separados (figura
2 a direita). Resultados similares foram observados por outros autores'"'?.

As estratégias de modulacdo da atividade EMG também estdo presentes em
movimentos de reversdo, envolvendo as articulacdes do ombro e cotovelo, realizados no
plano horizontal>'*. Se, por um lado, durante a execugio de movimentos de apontar, a
atividade antagonista tem a funcdo de desacelerar o membro em dire¢do ao alvo, em
movimentos de reversdo, essa atividade tem trés fungdes distintas: desacelerar o membro
no alvo, reverter a dire¢do do movimento e acelerar o membro de volta a posi¢do inicial.
Dessa forma, o envelope antagonista age como agonista pouco antes da fase de aceleracio

de volta A posi¢do inicial. Segundo Gottlieb'’, o desligamento abrupto do primeiro
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envelope agonista permite uma a¢do mais eficiente da musculatura antagonista que precisa
frear o membro no alvo, para depois reverter a dire¢do do movimento e trazer o membro de
volta a posicao inicial.

Para movimentos de reversdao, a quantidade do primeiro envelope agonista e a
quantidade do envelope antagonista também aumentam com a distancia dos movimentos.
Como resultado, movemos mais rdpido para distdncias maiores, quando lancamos o
membro em dire¢do ao alvo ou quando o aceleramos de volta a posi¢ao inicial>",

Os estudos realizados por Marconi® e Almeida e colaboradores' também
demonstraram que, em movimentos de reversdo, as atividades dos musculos envolvidos
durante as fases de acelerac@o e desaceleracdo da posi¢do inicial para o alvo e de aceleracio
e desaceleracdo do alvo a posicdo inicial estdo linearmente relacionadas entre si. Em outras
palavras, bastaria ao SNC calcular a quantidade de atividade EMG durante a fase de
aceleracdo do membro em direcdo ao alvo e multiplicd-la por uma constante, para se obter a
quantidade de estimulo a ser enviado para o misculo durante as outras fases do movimento.

Essa estratégia reduziria enormemente a tarefa do SNC em termos de controle dos padrdes

EMGs.

Reflexo de estiramento

Virios autores tém argumentado que, quando ativamos uma musculatura que estd
sendo alongada, produzimos o Ciclo de alongamento-encurtamento (CAE)". Ao ser ativada
logo apdés uma fase de estiramento, a musculatura poderia gerar uma ativagao maior, que se
somaria a ativacdo reflexa, via a ativacdo do reflexo monossindptico (arco reflexo simples)

. ‘- . . 16,17,18
e a ativagdo voluntdria do musculo, gerando mais forga ™ ",

17



Como vimos, em movimentos de reversdo, o mesmo envelope do misculo que atua
inicialmente como antagonista, desacelerando o membro no alvo, precisa inverter a sua
fun¢do e atuar como agonista, revertendo a dire¢io do movimento e acelerando o membro
de volta a posicao inicial. Uma boa parte da atividade desse musculo ocorre durante a fase
de alongamento, enquanto o membro ainda estd sendo desacelerado no alvo. Portanto, essa
musculatura deveria sofrer o efeito do CAE.

Recentemente, Paulino e colaboradores' solicitaram aos sujeitos que realizassem
movimentos de reversdao do cotovelo no plano horizontal, com e sem intervalos entre a ida e
a volta. Esperava-se que o envelope de atividade antagonista gerasse uma for¢a bem maior
quando passasse a atuar como agonista, uma vez que essa atividade seria excéntrica. O
resultado seria a geracdo de movimentos mais velozes na volta do que na ida. No entanto,
esses autores mostraram que movemos com a mesma velocidade, seja indo ou voltando a
posicdo inicial ou esperando alguns milésimos de segundos no alvo antes de retornar
(figura 3). Os autores concluiram que ndo houve o efeito esperado do CAE nos movimentos
com reversdo. No entanto, uma inspe¢ao visual da quantidade EMG agonista e antagonista
revelou uma quantidade EMG antagonista bem menor do que a atividade agonista.
Portanto, devemos tratar com precaugcdo a idéia de que o SNC ndo usa o CAE nos

movimentos de reversao.

Estratégia de controle cinético
Cinética é o ramo da biomecanica que estuda as forcas e torques. Quando
contraimos um musculo, geramos forca que € transmitida na forma de torque para a

articulagdo ou articulagdes que o musculo cruza. A magnitude do torque varia com a
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distancia entre a linha de acdo da forca gerada pelo musculo e o centro da articulagdo.
Acredita-se que o padrdo e a quantidade de atividade EMG devem estar fisiologicamente
relacionados a geracdo dos torques, uma vez que a ativacdo elétrica do musculo produz a
formacao das pontes de actina-miosina, reduzindo o tamanho dos sarcomeros e gerando a
forca muscular®.

Em movimentos de apontar, os torques musculares apresentam um pulso bifasico. O
primeiro envelope de atividade agonista gera o primeiro impulso (quantidade de forca no
tempo) do torque muscular, acelerando o membro em dire¢do ao alvo. Aproximadamente
na metade do movimento, esse impulso reverte a sua dire¢do, gragas a ativacdo da
musculatura antagonista. Da mesma forma, o envelope de atividade antagonista gera o
segundo impulso do torque, desacelerando 0 membro no alvo (figura 4).

Para movimentos de reversao, o perfil do torque muscular torna-se mais complexo.
Como nos movimentos de apontar, o primeiro impulso € gerado pela atividade do primeiro
envelope de atividade agonista, o qual é responsével pela aceleragcdo do membro em dire¢io
ao alvo (figura 5). O final dessa etapa coincide com o término da primeira fase de
aceleracdo (da posicdo inicial ao alvo). A partir desse momento, 0 membro inicia a sua
desacelera¢do no alvo, e o torque muscular reverte sua direcdo pela primeira vez, sendo
possivel identificar um segundo impulso que € gerado pela atividade do musculo
antagonista. Como ja mencionado anteriormente, em movimentos de reversdo, o musculo
antagonista primeiro desacelera o membro no alvo, depois reverte a direcdo do movimento
e acelera o membro de volta a posi¢do inicial. Ndo € possivel identificar, no segundo
impulso, essas fungdes distintas, uma vez que ele € um evento tnico. O final do segundo

impulso coincide com o término da segunda fase de aceleracdo do membro (do alvo a
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posicao inicial). Finalmente, o torque muscular reverte a sua direcdo pela segunda vez,
sendo possivel identificar um terceiro impulso que € gerado pelo segundo envelope de
atividade do musculo que agiu inicialmente como agonista. Esse impulso tem a funcéo de
desacelerar o membro na posi¢do inicial.

Assim como a atividade EMG agonista, foi observado que o torque muscular
também é modulado com o aumento da distdncia angular para movimentos simples com
restrigées3, sem restric;f)es5 Ye para movimentos de reversdo envolvendo as articulagdes do

ombro e cotovelo!>!*?!

. A modula¢do dos torques musculares com a distincia movida
ocorre tanto nos impulsos de aceleragdo como nos impulsos de desaceleragcdo, independente
de o padrao do torque ser bifdsico ou trifasico.

Em suma, podemos concluir que, para realizar movimentos em distancias maiores, 0
SNC gera uma quantidade maior de atividade agonista e atrasa o inicio da atividade

antagonista, resultando em um impulso de aceleragdo maior e, por conseguinte,

movimentos mais rapidos.

Correlagdo entre atividade EMG e torques musculares

Mais recentemente, Marconi"> demonstrou que a alta correlacdo linear entre os
envelopes de atividade EMG agonista e antagonista também foi observada entre os
impulsos do torque muscular do ombro e do cotovelo, durante a execu¢do de movimentos
de reversdo do brago, no plano horizontal (figura 5). Por exemplo, o primeiro envelope de
atividade agonista demonstrou uma alta correlacdo linear com o primeiro impulso de
aceleracdo. O final da atividade EMG agonista do deltéide posterior (ombro) e do triceps

lateral (cotovelo) coincidiu, em termos temporais, com a primeira reversdao do torque
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muscular de ambas as articulacbes e com o primeiro pico da velocidade linear do dedo
indicador. O envelope de atividade EMG antagonista demonstrou uma alta correlacdo com
o segundo impulso do torque muscular. A atividade EMG antagonista do deltéide anterior
(ombro) e do biceps (cotovelo) coincide aproximadamente com o intervalo de tempo do
segundo impulso, que compreende a primeira fase de desaceleracdo no alvo, a reversdo do
movimento e a segunda fase de aceleragdo (em dire¢do a posi¢do inicial). O término do
segundo impulso coincide, em termos temporais, com o segundo pico da velocidade linear.
Finalmente, o segundo envelope EMG agonista também revelou uma correlac@o linear com
o terceiro impulso do torque muscular. O segundo envelope do deltéide posterior (ombro) e
do triceps (cotovelo) coincide com o tempo do terceiro impulso. Essa fase corresponde a
segunda fase de desacelera¢do na posicdo inicial. Esse comportamento foi observado em
todas as orientacOes espaciais estudadas. Em outras palavras, existe uma verdadeira
correlacdo linear entre a atividade EMG e a geracdo dos torques musculares para

movimentos complexos como os de reversao.

Correlagdo linear entre os torques em articulagoes interligadas

22,2324 13,21

Para movimentos planares sem e com reversdo 7, os torques gerados nas
articulacoes do ombro e cotovelo apresentam uma alta correlagdo linear entre si. A
correlacdo linear entre os torques musculares gerados em duas articulagdes ligadas em
cadeira foi denominada “Principio da co-variagcdo linear” 2 Esse acoplamento pode ser
observado por uma mudanca simultinea na direcio desses torques € no aumento e

diminuicdo proporcional de suas magnitudes no tempo (figura 5). Resultados similares

foram apresentados em estudos de movimentos de apontar em diferentes direcoes
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espaciais®. A co-variagdo linear entre os torques musculares de duas articulagdes parece
ser uma estratégia para reduzir o nimero de varidveis que o SNC precisaria controlar
durante a realizacdo de movimentos”.

Zaal e colaboradores® formularam a seguinte hipétese: Seria o principio da co-
variagdo linear uma estratégia aprendida? Para responder a essa questdo, realizaram um
estudo longitudinal com bebés, coletando dados antes de os bebés serem capazes de
alcancar um brinquedo com as maos e imediatamente apds os bebés terem realizado a
primeira tentativa satisfatéria dessa tarefa. Na fase pré-alcance, a trajetéria da mao era
imprecisa, os torques musculares apresentavam multiplos picos, € o deslocamento do
ombro em relagdo ao do cotovelo demonstrou uma pobre coordenagdo entre essas duas
articulagdes (figura 6 a esquerda). Quando os bebés tornaram-se capazes de alcancar um
objeto, houve melhora significativa das varidveis estudadas. A trajetéria da mao e os
deslocamentos articulares passaram a ser mais consistentes, e os torques musculares
demonstraram um padrdo bifdsico comumente observado em movimentos unidirecionais
(figura 6 a direita). No entanto, a tnica varidvel que ndo sofreu alteragdo foi a correlacio
linear entre os torques musculares que foi alta antes e depois dos bebés alcangarem o objeto
no espago (comparar ambas figuras D). Dessa forma, os autores concluiram que o principio
da co-variacdo linear € uma caracteristica intrinseca do sistema de controle motor e
independe do grau de habilidade numa determinada tarefa®.

Marconi'? testou a correlacdo linear entre os impulsos do torque muscular do ombro
e cotovelo durante a execu¢@o de movimentos de reversdao do brago no plano horizontal, em
diferentes orientagdes espaciais. Foi demonstrado, por meio de uma andlise de

componentes principais, que os trés impulsos do torque muscular do ombro estdo
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correlacionados com os trés impulsos do torque muscular do cotovelo em todas as
orientagdes espaciais investigadas. Além disso, houve uma alta correlagdo linear entre os
tempos do torque muscular (inicio, primeira e segunda reversdes e final) do ombro e
cotovelo, demonstrando que os torques musculares gerados em articulacdes ligadas em
cadeia mudam de direcdo simultaneamente no tempo, revelando, assim, uma coordenacao
entre as forgas geradas em duas articulagdes (figura 7).

Forgas reativas sao forcas dependentes de movimento, ou seja, 0 movimento numa
articulac@o focal gera forca na articulacdo ndo focal. Bernstein® preconizou que o sistema
de controle motor, ao invés de se opor a forcas reativas, incorpord-las-ia no repertorio
motor. Schneider e colaboradores®® treinaram individuos neurologicamente normais em
uma tarefa de reversdo no plano sagital, envolvendo as articulagdes do ombro e cotovelo.
Nessa tarefa, os individuos tinham que mover de uma posi¢do inicial até um alvo, com
retorno imediato a posi¢do inicial. Tanto no movimento de subida como no movimento de
descida, os sujeitos circundaram uma barreira. O torque total (torque muscular somado ao
torque de interacdo) de ambas articulagdes foi calculado em todas as fases do movimento
(subida, reversdo e descida). Esse estudo demonstrou que, em todas as fases do movimento,
para ambas articulagdes, houve um aumento do torque total e do torque de interacdo com o
treinamento. Dessa forma, concluiu-se que o torque de interacdo € uma varidvel controlada
pelo SNC e pode ser incorporado na solu¢do mecanica de um ato motor.

Sainburg & Kalakanis>’ demonstraram que, em individuos destros, o formato da
trajetéria da mao dominante € independente do torque de interacdo. Entretanto, o formato
da trajetéria da mao nao dominante € menos preciso em prever a atuagcdo de forgas reativas.

Os autores caracterizaram essa estratégia como uma “coordenacdo entre agoes musculares
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com dindmica entre os segmentos e indica uma previsdo exata dessas interagées”. Uma
explicacdo implicita é que a pratica maior da mao dominante, durante as atividades de vida
diéria, tornaria mais refinada a representacdo neural do sistema musculo-esquelético e da
dindmica entre os segmentos, gerando movimentos mais precisos e coordenados no
membro dominante. Dessa forma, a coordenag¢do entre intera¢cdes musculares e forcas
externas poderia ser desenvolvida no primeiro ano de vida®>**"°,

Estudos envolvendo treinamento de uma tarefa motora tém demonstrado que
individuos aprendem a aumentar os impulsos do torque muscular em tarefas simples31’32, e
os impulsos de ambos os torques, muscular e de interacdo, durante movimentos
complexos>® Baseado nesses estudos, seria o SNC capaz de controlar torques musculares e
de interagdo de forma independente?

Marconi & Almeida®' treinaram individuos NN em tarefas de reversio do braco,
envolvendo as articulagdes do ombro e cotovelo. O ombro moveu em adug¢@o horizontal, e
o cotovelo, em extensdo. Esses autores escolheram uma tarefa cujas caracteristicas cinéticas

4 . ~
33 ¢ requer ambos os torques, muscular e de interacdo,

sdo bem descritas na literatura’
agindo na mesma direcio no ombro e em direcdo oposta no cotovelo. Apds treinamento
extensivo, os individuos demonstraram uma capacidade para controlar torque muscular e
torque de interagdo de forma independente (figura 8). Com a prética, o brago foi acelerado
mais rapido em direcdo ao alvo, devido a um aumento no torque muscular do ombro (em
adugdo). A maior aceleragdo do ombro gerou um torque de interacdo maior na articulagdo
do cotovelo (em extensdo), diminuindo a necessidade de aumento do torque muscular do

cotovelo para acelerar essa articulagdo mais rdpido. Segundo, o brago foi desacelerado mais

rdpido no alvo devido a um aumento no torque muscular do ombro (em abducio) e,
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conseqiientemente, um maior torque de interacdo no cotovelo (em flex@o). Terceiro, o
braco foi novamente acelerado mais rdpido de volta a posi¢do inicial devido a um aumento
no torque muscular do ombro (em abdugdo) e no torque de interacdo do cotovelo (em
flexdo). Finalmente, o braco foi desacelerado mais rdpido na posicao inicial devido a um
aumento no torque muscular do ombro (em adugdo) e no torque de interacdo do cotovelo
(em extensdo). O comportamento observado na distincia treinada foi transferido para outras
distancias ndo treinadas.

Os autores concluiram que o SNC, ao invés de se opor a forgas reativas, incorpora-
as no repertério motor. Esses achados corroboram com a hipétese de Bernstein® e com o

estudo de Schneider e colaboradores®.
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Conclusao

A pratica da Fisioterapia necessita de um arcabouco tedrico baseado em
conhecimentos técnico-cientificos para guid-la. As teorias de controle motor sio
ferramentas poderosas nesse sentido. Neste artigo, discutimos as estratégias
eletromiogréficas e cinéticas usadas pelo SNC para a execu¢do de movimentos simples e
complexos. Esses conhecimentos poderdo ser usados para desvendar as adaptagdes e
modificagcdes que ocorrem nos mecanismos de controle motor devido a uma disfuncio
provocada por uma doenga.

O profissional ndo precisa ter ferramentas sofisticadas para reconstruir os
movimentos e registrar os padroes EMG em sua clinica ou instituicio onde trabalha.
Porém, a sua prética clinica precisa estar fundamentada em conhecimentos cientificos como
os descritos neste artigo de revisdo. Um bom exemplo de como esses conhecimentos podem
ser usados juntamente com a avaliacio clinica é oferecido por Almeida e colaboradores®,
no estudo do efeito do “baclofen”, na redugdo da espasticidade em pacientes com paralisia

cerebral.
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Abstract

Electromyography and kinetic strategies to control movements

Here we offer a revision of the electromyography and kinetic strategies used by central
nervous system to control voluntary movement. These strategies were identified during the
execution of simple and complex movements, with and without reversal. These strategies
are characterized as simple set of rules used to modulate the patterns of muscle activities
and the force generated in the joints (muscle torque). First, it is presented the
electromyography strategies used to control simple movements, involving one and two
joints. Second, it is reviewed the kinetic strategies, in terms of generation and modulation
of the muscle torque to perform simple and complex movements. Then, it is showed the
linear synergy between muscle activity and muscle torque, and the correlation between
muscle torques generated in linked joints. Moreover, it is focus on the role of the
interaction forces to control movements. The knowledge how the central nervous system

controls movements can help the Physical Therapist to plan the appropriate treatment.

Key words: movement reconstruction, kinematics, kinetics, EMG, motor control.
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Legendas

Figura 1: Padrao trifasico de ativacdo muscular de um movimento restrito de extensdo da
articulagdo do cotovelo. As atividades eletromiograficas dos musculos triceps braquial
(agonista) e do biceps braquial (antagonista) estdo em volts, e a escala de tempo, em
milésimos de segundos. A atividade EMG do biceps braquial € representada invertida. A
seta em A representa o inicio da atividade EMG do triceps, a seta em B, o inicio da
atividade EMG do biceps. O tempo de laténcia antagonista pode ser medido pela diferenca

entre A e B (barra horizontal). Dados do nosso laboratério.

Figura 2: Angulo, velocidade, aceleragio e atividade EMG agonista (biceps braquial) e
antagonista (triceps cabeca lateral) para movimentos de apontar (2 esquerda) e para
movimentos de reverter (a direita). Os tragados representam a média de 10 movimentos
realizados em quatro distancias angulares diferentes (20, 40, 60 e 100°, respectivamente,
linha pontilhada, tracejada, sélida fina e sélida grossa). O angulo é dado em graus, a
velocidade, em graus por segundo, a aceleracdo, em graus por segundo ao quadrado, e o
tempo, em segundos. A atividade EMG antagonista € apresentada invertida. (De Gottlieb,

1998, com permissao).

Figura 3: Pico da velocidade da primeira (M1) e segunda (M2) parte do movimento de
reversao como fungdo do atraso de tempo entre as duas fases do movimento (em segundos).
Dados médios de todos os sujeitos sao mostrados juntamente com o erro padrdo, nas trés
distancias movidas (20, 40 e 60°, respectivamente, triangulo, circulo e quadrado). Note a

falta de dependéncia entre VPEAK (pico da velocidade) e o atraso em ambos os painéis
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(De Paulino e colaboradores, 2005, com permissao).

Figura 4: Torque muscular do cotovelo e atividade EMG do biceps (agonista) e triceps
(antagonista) durante movimentos restritos de flexdo do cotovelo em trés distancias
angulares diferentes (25, 50 e 75°, respectivamente, linha sélida, linha tracejada e linha
pontilhada). Os movimentos foram realizados “o mais rapido possivel”. Torque muscular €
dado em Newton metro, atividade EMG em microvolts (mV) e o tempo em milésimos de

segundos (ms) (De Almeida e colaboradores, 1995, com permissao).

Figura 5: Velocidade linear do dedo indicador (acima), deslocamento articular, torque
muscular e atividades EMGs das articulagdes do ombro (esquerda) e cotovelo (direita). A
figura ilustra movimentos de reversdo, em trés distdncias angulares (108°- linha soélida,
126°- linha tracejada e 144°- linha pontilhada), na orientacdo espacial de 0°. A tarefa
induziu movimentos de abducdo da articulacio do ombro e de extensdo da articulagdo do
cotovelo.As linhas verticais nos torques musculares representam os trés impulsos
musculares. Entre a linha A e B (primeiro impulso); entre as linhas B e C (segundo
impulso) e entre as linhas C e D (terceiro impulso). As linhas B e C representam os dois
tempos em que o torque muscular reverte sua direcdo. As atividades EMGs ilustradas sio
dos musculos deltéide posterior (PD) e deltéide anterior (AD) para a articulacdo do ombro
e triceps lateral (TRIC) e biceps braquial (BIC) para a articulacdo do cotovelo (Marconi,

2000, com permissao).
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Figura 6: O bloco de figuras a esquerda (A a D) representa os movimentos realizados pelos
bebés na fase pré-alcance e o bloco de figuras a direita (A a D) representa os movimentos
na fase pods-alcance. Trajetéria da mao (A), torque dindmico do ombro e cotovelo como
funcdo do tempo (B), angulo do ombro como fun¢@o do angulo do cotovelo (C) e o torque
dindmico do ombro como funcdo do torque dindmico do cotovelo (D). A coordenada X
representa o deslocamento do corpo no sentido antero-posterior, a coordenada Y representa
o deslocamento médio-lateral, e a coordenada Z representa o deslocamento céfalo-caudal.
O inicio e o fim do movimento sdo representados, respectivamente, pelas letras S e E. A
origem do sistema de coordenadas em A € a metade da distancia entre os ombros. (De Zaal

e colaboradores, 1999, com permissao).

Figura 7: Primeiro (eixo X) e segundo (eixo Y) fatores obtidos de uma andlise fatorial
usando-se componentes principais como método de extracdo. Os dados apresentados sdo de
trés orientagdes espaciais diferentes (0, 90 e 180°). Circulo e diamante representam o tempo
no qual o torque do ombro e cotovelo revertem a direcdo pela primeira vez. Triangulo e
tridngulo invertido representam o tempo na qual ambos os torques revertem a direcio pela
segunda vez. Quadrado e cruz representam o tempo no qual ambos os torques revertem a
direcdo pela terceira vez. Note que esses tempos estdo altamente correlacionados em todas

as orientacdes investigadas (Marconi, 2000, com permissio).

33



Figura 8: A média dos impulsos de todos os sujeitos (n=08) obtidos do torque muscular do
ombro (a esquerda) e do torque de interacdo do cotovelo (a direita) para cada distincia
movida (40, 60 e 80%), antes (linha tracejada) e apds o treinamento (linha sdélida),
calculada para cada uma das quatro fases do movimento. Fases 1 a 4 representam,
respectivamente, fase de aceleragdo para o alvo, fase de desaceleracdo no alvo, fase de
aceleracdo para posicdo inicial e fase de desaceleracdo na posicdo inicial. Os dados sdo
apresentados em Newton metro por segundo. Valores positivos indicam adugdo horizontal
do ombro e flexdo do cotovelo. Valores negativos indicam abducao horizontal do ombro e
extensdo do cotovelo. *p<0.05 para o efeito do treinamento. (Marconi & Almeida, 2005,

com permissao).
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Resumo

Apresentamos, neste artigo, uma revisdo de literatura das estratégias de controle
motor utilizadas por individuos portadores da Sindrome de Down, para realizar
movimentos voluntdrios simples e complexos. Essas estratégias sdao comparadas e
discutidas com aquelas utilizadas por individuos neurologicamente normais. Abordaremos,
também, o efeito da pratica nas estratégias usadas por individuos portadores da Sindrome
de Down e seu impacto no desempenho motor. De um modo geral, a revisdo de literatura
revelou que individuos portadores da sindrome de Down foram capazes de melhorar o
desempenho motor em tarefas simples, atingindo um nivel de performance motora similar a
de individuos neurologicamente normais. Com a pritica de movimentos mais complexos,
individuos portadores da sindrome de Down foram capazes de reduzir o tempo na regido do
alvo; por outro lado, ndo conseguiram aumentar a velocidade dos movimentos. As
diferencas entre o desempenho motor de individuos neurologicamente normais e de
portadores da sindrome de Down s@o debatidas com base nas limitacdes que individuos
portadores da sindrome de Down t&€m em coordenar os torques musculares nas articulagdes
e incorporar os torques de interacdo na solucdo mecanica da tarefa. Finalmente, nds

defendemos uma intervencao fisioterap€utica sem a imposicao de padrdes de normalidade.

Keywords: Sindrome de Down, cinemadtica, cinética, eletromiografia, treinamento.

45



Abstract

Here we offer a revision of the motor control strategies used by individuals with Down
syndrome to control simple and complex voluntary movements with and without reversal in
direction. These strategies are compared and discussed with the ones used by
neurologically normal individuals. Also, we present the effect of practice on the strategies
used by the individuals with Down syndrome and their impact the movement performance.
Overall, this literature review revealed that these individuals improve their motor
performance of single-joints movements at the level observed in neurologically normal
individuals. However, for more complex movements with reversal, they are able with
practice to reduce the time in the vicinities of the target, but could not improve movement
speed. These handicaps are debated based on their limitation in coordinate the dynamic
muscle torques at the joints and incorporate the interaction torque at the mechanical
solution. Finally, we defend a physical therapy intervention without imposition of the

normal patterns.
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Quando solicitados a realizar movimentos simples, como, por exemplo, flexdo do
cotovelo, individuos portadores da sindrome de Down ativam simultaneamente a
musculatura agonista (i.e., biceps) e antagonista (i.e., triceps) num padrdo caracteristico de
co-ativacdo muscular'®'*>%*"219 (figura 1A). Esse padrio de co-ativacio aumenta a
firmeza articular do ponto de vista mecanico, fornecendo mais estabilidade a articulagﬁo%.
Esse aumento de estabilidade articular é muito importante, uma vez que a musculatura

(11,33)

desses individuos € referida como sendo hipotdnica , € as estruturas articulares (i.e.,

ligamentos e cdpsula articular), frouxas®®

. A hipotonia da musculatura que cruza uma
articulagdo e a frouxidao dos seus ligamentos e da cdpsula articular tornam-na mais
instavel. Assim, a co-ativa¢do da musculatura agonista e antagonista compensaria a falta de
estabilidade articular.

No entanto, essa co-ativacdo € bastante ineficiente do ponto de vista da producio
das forcas que irdo gerar os torques dindmicos que giram as articulacdes. Ao ativar a
musculatura agonista, a articulacdo € acelerada em direcdo ao alvo. Com a co-ativagdo da
musculatura antagonista, a mesma articulacdo € simultaneamente desacelerada. Assim, o
membro acaba movendo-se mais lentamente. Dessa forma, o mecanismo da co-ativagio
explicaria a lentiddo caracteristica dos movimentos de individuos portadores da sindrome
de Down(1-5:6:29:13.43.32)

Note que individuos neurologicamente normais realizam movimentos simples como
o de extensdo do cotovelo, usando um padrio reciproco e alternado de ativacdo da

. . 18.1 . . . .
musculatura agonlsta € antagomsta( 8 9). PI'lI’IlCII'O, o membro € acelerado v1g0rosamente

em dire¢do ao alvo, devido a ativagdo da musculatura agonista (i.e., triceps) e, apenas
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depois de um certo intervalo de tempo, a musculatura antagonista € ativada (i.e., biceps),
desacelerando o membro em direcdio ao alvo. No final do movimento, um segundo
envelope de atividade agonista estabiliza o membro na posi¢do inicial. Esse padrio
eletromiogréfico fasico e alternado € chamado de padrido trifdsico. O resultado € a
realizacdo de movimentos mais velozes e precisos (figura 1B).

Nota-se, também, que os envelopes de atividade muscular dos individuos portadores
da sindrome de Down ndo sdo fésicos, como observado em individuos neurologicamente
normais. Compare os padrdes de atividade eletromiografica da figura 1A com 1B. De fato,
observa-se mais flutuacdo na atividade eletromiografica de individuos portadores da
sindrome de Down. Essa mesma flutuagdo € também observada no deslocamento articular e
na velocidade dos movimentos desses individuos®”.

Individuos portadores da sindrome de Down, tampouco, sdo capazes de prolongar o
inicio da atividade eletromiogréafica antagonista para movimentos mais amplos, como

(12919 O resultado é uma crescente

fazem os individuos neurologicamente normais
deterioracdo do ganho da velocidade para movimentos mais amplos. Em outras palavras,
quanto mais amplo o movimento, maior € a diferenca na velocidade dos movimentos entre
individuos neurologicamente normais e individuos portadores da sindrome de Down®".
Por que individuos portadores da sindrome de Down usam a co-ativacdo ao invés do
padrdo reciproco para ativar a musculatura? Uma explicacdo seria os déficits estruturais no
mecanismo de controle motor. Por exemplo, foi demonstrado que esses individuos
apresentam patologia ou diminui¢do de volume do cerebelo e outras estruturas

7z

12,21 o o < A
(22D A outra explicagio é que esses individuos ndo tdm as mesmas

cerebrais

oportunidades, na familia, na escola e na sociedade, de praticar e desenvolver as estruturas

48



do sistema nervoso central, responsdveis pelo controle dos movimentos”. A favor dessa
visdo, existem indimeros trabalhos mostrando que, com a pratica, esses individuos

melhoram o desempenho motor'?>2623:2440)

Almeida et al.V

demonstraram que, com a pratica, individuos portadores da
sindrome de Down trocam o padrio de co-ativacio muscular pelo padrdo reciproco
observado em individuos neurologicamente normais. Depois de um treino intensivo,
individuos portadores da sindrome de Down foram capazes de dobrar a velocidade de
movimento, gastando menos tempo para realizar a tarefa. Além disso, aprenderam a
modular o pico da velocidade com a distancia movida. Houve, também, um aumento dos
picos de aceleracdo e desaceleracdo, e 0 movimento tornou-se mais simétrico, ou seja, o
tempo de aceleracdo foi similar ao tempo de desaceleracdo. A melhora nos parametros
cinemdticos ndo foi acompanhada de prejuizo na precisdo dos movimentos. Individuos
portadores da sindrome de Down moveram mais rdpido porque aprenderam a ativar o
miusculo agonista (biceps braquial) com mais intensidade, recrutando um niimero maior de
unidades motoras. Houve um aumento da atividade eletromiogréfica agonista, com o treino,
e uma modulagdo mais clara dessa atividade, com a distancia movida. Esses individuos
também aprenderam a postergar o inicio da atividade antagonista com a distancia, adiando
o inicio da aplicacdo do freio ao movimento. O comportamento observado, na distancia
treinada, foi transferido para outras distancias ndo treinadas (figura 2).

Individuos portadores da sindrome de Down realizam movimentos complexos como
o de reversdo, envolvendo as articulagdes do ombro e cotovelo, usando um padrdo atipico

de coordenagdo dos torques dindmicos nessas duas articulacdes”. Quando comparados

com individuos neurologicamente normais, esses individuos usaram, proporcionalmente,
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mais torque na articulacdo distal (cotovelo) do que na proximal (ombro). Os torques dos
individuos portadores da sindrome de Down, além de serem menores, possuem, também
mais flutuacGes e estdo menos acoplados em termos de magnitude e do tempo em que
mudam de dire¢cdo. Como resultado, os movimentos desses individuos sdo mais lentos do
que de individuos neurologicamente normais, e eles gastaram mais tempo na regido do
alvo™®,

O movimento em uma articulacdo focal (a que se deseja voluntariamente mover)
gera uma forca de reacdo (torque de interacdo) nas articulacdes nao focais (circunvizinhas,
que se pretende manter iméveis). Foi demonstrado que individuos portadores de neuropatia
periférica™ e de ataxia cerebelar'” tém grande dificuldade em controlar essas forcas de
reacdo, gerando movimentos de reversdo com trajetérias atipicas. J4 os individuos
portadores da sindrome de Down realizam os movimentos de reversdo, usando uma

29133 Agsim
. ¢

trajetéria similar a observada para individuos neurologicamente normais
como os torques musculares, os torques de interagdo desses individuos foram menores que
os do grupo controle, porém, com um padrdo similar. Diferente do que observado para
individuos neurologicamente normais, individuos portadores da sindrome de Down nio
foram capazes de incorporar os torques de interacdo na solu¢do mecanica da tarefa®?.
Individuos portadores da sindrome de Down apresentam varios outros problemas de
coordenacdo entre os torques musculares do ombro e cotovelo na execu¢do de movimentos
de reversdo, envolvendo duas articulagées(29’3). Marconi'” comparou o desempenho motor
de individuos neurologicamente normais (a esquerda) com o de individuos portadores da

sindrome de Down (a direita) durante a execucdo de movimentos de reversao (figura 3).

Nessa tarefa, o ombro moveu-se em abducio horizontal, e o cotovelo, em extensdo. Nas
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figuras 3A e 3B, € apresentada a velocidade linear do dedo indicador. Nota-se que
individuos portadores da sindrome de Down foram mais lentos tanto no movimento de ida
como no movimento de volta e gastaram mais tempo para reverter o movimento no alvo. O
tempo de reversdo maior para individuos portadores da sindrome de Down ja havia sido
descrito por Henderson et al.” e foi atribuido ao tempo de reacio maior nessa populacio
(em média, duas vezes maior do que em individuos neurologicamente normais) € a um
prolongamento do tempo de desaceleracdo no alvo"'”. Entretanto, o perfil da trajet6ria do
dedo indicador foi similar entre os grupos.

Esse fato demonstra que, provavelmente, a coordenacdo menor entre os torques do
ombro e cotovelo e a taxa de um torque proporcionalmente maior na articulagio distal do
que na articulagc@o proximal expliquem melhor o tempo maior que esses individuos gastam
no alvo e a lentidao dos movimentos.

Assim como foi observado em movimentos simples, individuos portadores da
sindrome de Down ativaram a musculatura, utilizando um padrdo de co-ativacdo da
musculatura agonista e antagonista para realizar movimentos de reversao (figuras 3F e 3H).
Ja os individuos neurologicamente normais realizaram esses movimentos, usando um

2913363717 © (g individuos

padrao de atividade muscular bastante sofisticado
neurologicamente normais geraram um envelope de atividade eletromiografica nos
musculos agonistas (deltoide posterior e triceps), acelerando o membro em dire¢do ao alvo.
Esse envelope de atividade foi desligado abruptamente ao término da aceleracdo do
membro em direcdo ao alvo 13363717 - com 1sso, o sistema nervoso central favorece a

acdo da musculatura antagonista ndo apenas para frear o membro no alvo como também

para reverter a direcdo do movimento e acelerar o membro de volta a posicdo inicial.
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Portanto, esse segundo envelope funciona como antagonista, durante a fase em que o
membro € desacelerado no alvo, para, logo em seguida, atuar como agonista, acelerando o
membro de volta a posicdo inicial. Finalmente, um segundo envelope de atividade no
musculo que atuou, inicialmente, como agonista, desacelera 0 membro na posi¢d@o inicial.

Marconi®”

mostrou que esses envelopes de atividade eletromiografica estdo linearmente
relacionados entre si e também relacionados com os respectivos impulsos dos torques
musculares.

A incapacidade de individuos portadores da sindrome de Down usarem esse
sofisticado padrao alternado de atividade muscular afeta ndo apenas os movimentos de ida
ao alvo como também os movimentos de volta a posi¢do inicial. Como vimos, em
movimentos de reversdo, a co-ativacdo, na fase da ida do membro em dire¢do ao alvo, cria
duas forcas que se antagonizam: a atividade agonista, que acelera o membro em direcdo ao
alvo, e a atividade antagonista, que simultaneamente o desacelera. Como resultado, o
envelope de atividade no musculo antagonista, que deveria também reverter sua fungdo e
atuar como agonista, trazendo o membro de volta a posicdo inicial, ndo consegue
potencializar a sua ac¢do devido a co-ativagdo. O resultado € a perda da sua eficiéncia
mecanica representada por um aumento do tempo do membro na regido do alvo. Quando
esses individuos finalmente conseguem reverter o membro no alvo, a capacidade do
envelope muscular de acelerar o membro de volta a posi¢do inicial também € prejudicada
pela acdo da co-ativagdo. O resultado € a geracdo de movimentos lentos tanto na ida como

. 29,1
na volta, com um grande tempo do membro na regido do alvo®'*?.
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Como demonstrado anteriormente, varios estudos relatam os beneficios do

treinamento motor em individuos portadores da sindrome de Down®*?0%2440 ¢ em

especial, em movimentos simples de flexdao'”. Embora os resultados descritos

anteriormente sejam animadores quanto a melhora do desempenho motor desses
individuos, em termos cinemadticos e de ativacdo muscular, existem algumas limitacdes que
precisam ser apontadas. Primeiro, a tarefa escolhida de flexdo do cotovelo € extremamente
simples e restrita por um manipulando. Movimentos restritos apenas a uma articulagdo nao
impdem ao sistema nervoso central um alto nivel de complexidade em termos de controle.
Isso reduz sobremaneira o nimero de varidveis a serem controladas®. Dessa forma,
devemos ser cautelosos quanto a expectativa de melhora com o treinamento em tarefas
mais complexas.

Além disso, muitas questdes com relacdo a capacidade de aprendizagem motora e
melhora de desempenho motor com o treinamento em individuos portadores da sindrome
de Down ainda precisam ser respondidas. Por exemplo, o efeito do treinamento observado
em tarefas mais simples seria alcancado em tarefas mais complexas, que envolvem o
controle de um nimero maior de varidveis? Seja na escola, clinica ou clube, todos sdo
unanimes em afirmar que os movimentos dos individuos portadores da sindrome de Down
sdo desengoncados.

Mais recentemente, Marconi & Almeida®® treinaram individuos portadores da
sindrome de Down em tarefas de reversdo do brago, no plano horizontal, envolvendo as
articulagdes do ombro e do cotovelo. Mesmo depois de um treinamento intensivo, 0s
individuos portadores da sindrome de Down ndo conseguiram aumentar a velocidade dos

movimentos tanto da ida como da volta. No entanto, eles foram capazes de reduzir o tempo
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de movimento na regido do alvo, realizando os movimentos com retorno imediato a posi¢do
inicial.

Com o treinamento, individuos portadores da sindrome de Down aprimoraram o
perfil do torque muscular, usando o padrao trifdsico comumente observado em individuos
neurologicamente normais durante movimentos de reversao”>***"'7 O primeiro impulso
acelerou o membro em dire¢@o ao alvo. O segundo impulso pode ser dividido em duas fases
distintas®!”. Inicialmente, ele desacelera o movimento no alvo, trabalhando como uma
forca de desaceleracdo. Entdo, esse segundo impulso reverte a dire¢io do movimento e
acelera o membro de volta a posicdo inicial.

Foi mostrado que, com a pratica, individuos neurologicamente normais melhoram a
velocidade de movimento e reduzem o tempo necessdrio para realizar movimentos de
reversio” .. Por outro lado, apds o treinamento, individuos portadores da sindrome de Down
diminuiram o tempo na regido do alvo, reduzindo o tempo para realizar a tarefa, bem como
a variabilidade. Entretanto, eles ndo melhoraram a velocidade de movimento. Como
explicar essas mudangas cinematicas de individuos portadores da sindrome de Down, a
partir do treinamento?

Os torques musculares do ombro e cotovelo sdao linearmente correlacionados
durante movimentos de reversao para individuos neurologicamente normais e portadores da
sindrome de Down®. Quando comparados com individuos neurologicamente normais,
individuos portadores da sindrome de Down usam, proporcionalmente, mais torque na
articulagdo distal (cotovelo) do que na articulagdo proximal (ombro). Os dados de

(32

Marconi~”, envolvendo treinamento de tarefas de reversdo do braco em individuos

neurologicamente normais e individuos portadores da sindrome de Down, confirmam esses
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achados.
No entanto, depois do treinamento, individuos portadores da sindrome de Down
foram capazes de melhorar o acoplamento entre os torques do ombro e cotovelo, mostrado

32 Por outro lado,

pelo aumento do coeficiente de linearidade entre ambos os torques’
individuos neurologicamente normais apresentaram uma alta correlagdo entre os torques,
antes e apos o treinamento.

Gottlieb et al."> denominaram o acoplamento linear entre torques musculares de
articulagdes ligadas em cadeia de “Principio da co-variagdo linear”. Esse principio esté
presente em uma variedade de tarefas motoras”>"">**!9_Q padrio temporal comum que o
sistema nervoso central envia, para ativar os musculos de duas articulacdes, levaria a
geracdo de um perfil de torque muscular similar em cada articulagdo. Além disso, esses
torques musculares sdo modulados em amplitude, de acordo com a demanda da tarefa. Em
outras palavras, os torques musculares do ombro e cotovelo vdao de extremo a zero,

cruzando quase que simultaneamente para uma variedade de tarefas motoras. Em situacdes

que requerem o uso de uma trajetéria ndo usual, ndo se aplica o principio da co-variacio

(15) 1.¢4D

linear ™. Por outro lado, Zaal et a mostraram que essa sinergia entre articulagdes
ligadas em cadeia estd presente em bebés, antes e depois de serem capazes de alcancar um
objeto no espaco. Dessa forma, esses autores concluiram que a sinergia linear € uma
caracteristica intrinseca do sistema nervoso central.

Entretanto, a pobre coordenac¢do entre ambos os torques, observada em adultos
portadores da sindrome de Down, antes do treinamento, e a capacidade de melhorar essa

coordenacdo com a prética revelam algumas caracteristicas de seu sistema de controle

motor. Primeiro, se a sinergia linear é uma caracteristica intrinseca do sistema nervoso
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central, isso deveria ser considerado somente para um sistema intacto, uma vez que
individuos portadores da sindrome de Down demonstraram uma pobre coordenagdo entre
ambos os torques antes do treinamento. Segundo, a melhora no acoplamento do torque do
ombro e do cotovelo, com o treinamento observado em individuos portadores da sindrome
de Down, pode revelar que a sinergia linear entre ambos os torques ¢ uma condi¢io
essencial para melhorar desempenho motor. Terceiro, o fato de individuos
neurologicamente normais e portadores da sindrome de Down gerarem, proporcionalmente,
mais torque na articulagdo proximal do que na distal com o treinamento, demonstra que a
taxa entre os torques € um fator importante para o processo de execu¢do dos movimentos.
Um bom candidato para a diminuicdo do tempo de movimento na regido do alvo,
com o treino observado nos movimentos dos individuos portadores da sindrome de Down,
€ o aumento da sinergia linear entre os torques do ombro e cotovelo. A melhora da
velocidade de movimento com a pratica em individuos neurologicamente normais foi
acompanhada por um aumento, proporcionalmente maior, no torque da articulagdo

proximal (ombro) do que na articulagdo distal (cotovelo).

Conclusdo

Com o treinamento, individuos portadores da sindrome de Down foram capazes de
mudar o padrdo de co-ativacdo para um padrdo de ativacdo alternado e reciproco, mais
eficiente para a geracdo das forgas. Como resultado, realizaram movimentos simples de

forma mais rdpida e precisa.
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No entanto, é preciso bastante cautela antes de generalizar a idéia de que todos os
problemas de individuos portadores da sindrome de Down se resumem em falta de
oportunidade de praticar os movimentos no dia-a-dia. Os estudos com movimentos de
reversdo tém demonstrado uma tendéncia de modificar a estratégia de coordenacdo dos
torques musculares devido a sindrome. Em especial, eles usaram uma estratégia que
poderia ser caracterizada como distal™. Isto &, proporcionalmente, eles usaram mais torque
na articulagdo distal do que na proximal. Esses torques também foram menos acoplados em
termos temporais e de magnitude(29). O padrio de atividade muscular desses movimentos
também foi caracterizado por co-ativacdo da musculatura agonista e antagonista, a qual esta
relacionada  ineficiéncia na geragdo dos torques musculares®”'?.

Com o treinamento, esses individuos modificaram o padrdo de ativagdo dos
musculos e de coordenagdo dos torques, reduzindo o tempo de movimento na regido do
alvo durante a execu¢do dos movimentos de reversdo. A melhora no padrio de atividade
eletromiogrifica ndo chega a ser tdo grande como a observada nos movimentos simples.
Porém, houve uma redug@o da co-ativac@o entre a musculatura agonista e a antagonista. O
resultado foi um aumento na taxa de torque do ombro em relacdo ao cotovelo e uma

melhora na coordenacio entre esses torques, com uma reducdo do tempo do movimento na

regido do alvo.

Implicagoes prdticas
Virios estudos tém demonstrado que, desde muito cedo, quando comegamos a
explorar o mundo ao nosso redor, manipulando objetos e, depois, movimentando-nos cada

vez com mais independéncia, vamos criando um modelo interno de como lidar com as
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forcas que atuam no nosso corpo. Por meio de tentativas de acertos e erros, vamos
aprimorando esse modelo interno e vamos aprendendo a lidar com situa¢des mais instaveis
ou inesperadas(ﬁ). Alguém poderia argumentar que individuos portadores da sindrome de
Down ndo tenham aprimorado esse modelo interno que gerencia as forcas internas
(musculares) e externas (gravidade e torques de interacdo), necessdrio a execu¢cdo de uma
tarefa motora. Como resultado, os seus movimentos seriam desengoncados.

A idéia da seqii€ncia universal e invariante de desenvolvimento''* tem um grande
impacto na intervengdo terapéutica. Aprender e praticar movimentos que obedecam a uma
seqiiéncia universal teria como objetivo tornar o movimento de nosso paciente/cliente mais
préximo do “normal”. Latash & Anson® tém criticado enfoques que tentam impor um
padrao de normalidade aos movimentos. Esses autores argumentam que a utiliza¢do de
estratégias de controle motor que parecam ser “sub-Otimas”, podem, na verdade, ser uma
adaptacdo a uma condicdo patoldgica, ou seja, seriam consideradas normais ou necessarias
para uma determinada populacdo. Individuos portadores da sindrome de Down podem
“preferir” a utilizagdo de estratégias motoras seguras em detrimento de estratégias
“normais”. No primeiro caso, nao haveria risco de falhar.

Quando individuos portadores da sindrome de Down foram treinados a mover-se

. . 1,29,30,32
mais rapidamente’ )

, eles foram livres para escolher a forma de ativar seus misculos,
e a solugdo cinemadtica para realizar a tarefa, ou seja, nenhum padrdo de normalidade foi
imposto. Somos favordveis ao enfoque de interven¢do em individuos portadores da
sindrome de Down, porém com algumas ressalvas. Algumas estratégias que parecem ser

ineficientes, podem ser adaptativas a sindrome. Por exemplo, a estratégia de co-ativacio

muscular pode ser uma estratégia adaptativa para aumentar a estabilidade articular.
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Portanto, qualquer tentativa terapéutica de mudar uma resposta que parece ser adaptativa,
pode ser muito prejudicial ao paciente. Nesse sentido, mais estudos sdo necessdrios para
quantificar o impacto da imposi¢do de um padrdao de normalidade numa resposta que pode
ser adaptada.

Criancas portadoras da sindrome de Down comecam a andar sem suporte, em
média, um ano mais tarde do que criangas neurologicamente normais®'~**. Mais
recentemente, Ulrich et al.®® desenvolveram um protocolo de treinamento de marcha para
bebés portadores da sindrome de Down. Os bebés comecaram o treinamento quando eles
estavam aptos a sentar sozinhos, por 30 segundos. O treino de marcha foi realizado em
esteiras rolantes adaptadas para os bebés durante oito minutos, cinco dias por semana. As
criangas que receberam treinamento, andaram, em média, na idade cronoldgica de 19.9
meses, enquanto as criangas portadoras da sindrome de Down que ndo receberam
treinamento, andaram, em média, na idade de 23.9 meses. Esse estudo € um exemplo
classico de como a fisioterapia pode auxiliar criancas portadoras da sindrome de Down,
sem a imposic¢ao de um padrdo de normalidade.

Carvalho® treinou, em gangorras, ajustes posturais em individuos
neurologicamente normais e individuos portadores da sindrome de Down. Mesmo apds o
treinamento, individuos portadores da sindrome de Down continuaram a usar o padrdo de
co-ativacdo generalizado da musculatura. No entanto, antes do treinamento, alguns
episddios de queda e perda de equilibrio foram registrados, e, apds o treinamento, nenhum
caso foi registrado. Este estudo também exemplifica como a fisioterapia pode contribuir
para o controle motor de individuos portadores da sindrome de Down sem a imposicdo de

um padrdo de normalidade.
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Individuos portadores da sindrome de Down precisam de mais pratica do que
individuos neurologicamente normais, por duas razdes: Primeiro, eles tém menos
oportunidade de praticar os movimentos no dia-a-dia, pois a expectativa social com relac¢io
aos individuos portadores de deficiéncia € muito baixa. Segundo, eles t€ém mais dificuldade
para aprender; logo, eles precisam de um tempo maior para praticar.

Basicamente, ha duas vertentes com relacdo a expectativa motora de individuos
portadores da sindrome de Down. A primeira atribui as diferencas qualitativas nos
movimentos de individuos portadores da sindrome de Down a mudancas estruturais e
funcionais desses individuos. A segunda acredita que o sistema de controle motor desses
individuos seja funcionalmente intacto, e o problema reside na falta de oportunidade de
praticar os movimentos no dia-a-dia.

No nosso entendimento, o equilibrio entre os dois mundos colocados acima € um
bom ponto de partida para ajudar individuos portadores da sindrome de Down. Nao ha
como negar que esses individuos, por mais treinamento e estimulo que recebam, ainda terdo
um desempenho motor abaixo da média. Isso comprova que, de fato, existe uma barreira
bioldgica. Por outro lado, ndo restam ddvidas de que individuos portadores de deficiéncia
sdo subestimados em suas capacidades fisicas, quando, na verdade, o que eles precisam &

de mais estimulo e suporte.
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Legenda das figuras

Figura 1A: Duas tentativas consecutivas de movimentos de flexdo do cotovelo, na distancia
de 36°, realizados por um individuo portador da sindrome de Down. O movimento
representado pela linha tracejada foi caracterizado por um envelope de atividade agonista,
realizado com relativamente alta velocidade e trajetdria suave. Durante a outra tentativa
(linha sdlida), as atividades -eletromiograficas de ambos, agonista e antagonista,
demonstraram multiplos envelopes de atividade, os quais resultaram em uma trajetéria
menos suave e um pico de velocidade menor. Tempo € dado em milésimos de segundos,
atividade eletromiogréafica em microvolts, angulos em graus e velocidade em graus por

segundo (Latash and Corcos 1991, com permissao).

Figura 1B: Padrio trifasico de ativacdo muscular de um movimento restrito de extensdo da
articulagdo do cotovelo. As atividades eletromiograficas dos musculos triceps braquial
(agonista) e do biceps braquial (antagonista) estdo em volts, e a escala de tempo, em
milésimos de segundos. A atividade eletromiogréfica do biceps braquial é representada
invertida. A seta em A representa o inicio da atividade eletromiografica do triceps, a seta
em B, o inicio da atividade eletromiogrifica do biceps. O tempo de laténcia antagonista

pode ser medido pela diferenca entre A e B (barra horizontal). Dados do nosso laboratério.
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Figura 2: Angulo, velocidade, aceleracio e atividade eletromiografica agonista (biceps
braquial) e antagonista (triceps cabeca lateral) para movimentos de flexdo do cotovelo
durante o pré-teste (a esquerda) e o pds-teste (a direita) para um tnico sujeito. O sujeito foi
instruido a realizar os movimentos “o mais rdpido possivel” em distdncias angulares
diferentes (18, 36, 54 e 72°, respectivamente, linha sélida, tracejada pequena, tracejada
grande e pontilhada). Tempo € dado em milésimos de segundos, atividade eletromiografica
em microvolts, angulos em graus, velocidade em graus por segundo e aceleracdo em graus
por segundos ao quadrado. A atividade eletromiogrifica do musculo antagonista estd

invertida (Almeida et al. 1994, com permissao).

Figura 3: Série temporal de um movimento de reversdo realizado por um individuo
neurologicamente normal (a esquerda) e por um individuo portador da sindrome de Down
(a direita). Velocidade linear do dedo indicador (figuras A e B), torque muscular do ombro
como fun¢do do torque muscular do cotovelo (figuras C e D) e atividade eletromiografica
do ombro (deltéide posterior-PD e deltdide anterior-AD) (figuras E e F) e cotovelo (triceps-
TRI e biceps-BIC) (figuras G e H). Os miusculos antagonistas estdo invertidos. Velocidade
linear é dada em milimetros por segundo, torques musculares em Newton metro, atividade

eletromiografica em Volts e tempo em segundos.

67



Figura 1A
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ABSTRACT: We tested the hypothesis that a set of rules of EMG-control and kinetic-
control models could explain the EMG and kinetic changes due to practice of
movements with reversal. The possibility that interaction and muscle torques could be
independently controlled was also tested. The principle of linearity was used to test the
degree of synergy among multi-joint muscle and interaction torques, their acceleration
and deceleration impulses and how training would affect these synergies. Method:
Kinematics of the upper arm movements with reversal, performed over three distances,
was reconstructed using motion analysis system. The muscle and interaction torques was
calculated using inverse-dynamics. EMG activities of the major arm muscles were also
recorded. Results and Discussion: With training individuals improved movement
kinematics, and increased accelerating and decelerating impulses of the shoulder muscle
torques and elbow interaction torques, showing that the central nervous system is able to
incorporate the interaction torques in the solution of the control problem and act
independently in the multi-joint torques. The high linear correlation, unaffected by
practice, among shoulder and elbow muscles and interaction torques, and the correlation
of two distinct groups of impulses revealed that the linear synergy among multi-joint
torques is probably an imprinted feature of the control system. The absence of a practice
effect on the EMG patterns of shoulder and elbow muscles was explained by double

function of the shoulder muscles and by the increased elbow interaction torque.

Key words: training, interaction torque, muscle torque, EMG.
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Introduction

Several models have been advanced to explain the control of human movements
based on the modulation of muscle activities (EMG-control model) (Gottlieb et al. 1989a,
Corcos et al. 1989, Gottlieb et al. 1996a), muscle torque (kinetic-control model) (Gottlieb et
al. 1989a, Corcos et al. 1989, Gottlieb et al. 1996a,b) and interaction torque (Hollerbach
and Flash, 1982, Hoy and Zernicke, 1985, Hoy et al. 1985, Schneider et al. 1989, Sainburg
et al. 1995, Bastian et al. 1996, Sainburg et al. 1999, Sainburg and Kalakanis 2000).

A simple set of rules was identified for single-joint, pointing and reversal
movements based on the EMG-control and kinetic-control models. As movement distance
increases, the central nervous system (CNS) generates larger amount of agonist activity and
prolongs the onset of antagonist activity, resulting in larger muscle torque and faster
movements (Gottlieb et al. 1989a, Corcos et al. 1989, Almeida et al. 1995). For planar
movements without (Gottlieb et al. 1996a,b, Gottlieb et al. 1997) and with reversal
(Almeida et al. 2000), the muscle torques at the shoulder and elbow joints are linearly
correlated, and go through extrema and zero crossing almost simultaneously.

Practice enhances movement performance by increasing velocity, reducing
movement time, and decreasing error and variability (Darling and Cooke 1987a, Gottlieb et
al. 1988, Corcos et al. 1993, Jaric et al. 1993, Jaric and Latash 1998, Gabriel 2002). With
practice, neurologically normal individuals adapt to perturbing forces (gravity and contact
force) (Jordan and Rumelhart 1992, Lackner and Dizio 1994, Shadmehr and Mussa-Ivaldi
1994, Imamizu et al. 1995, Gandolfo et al. 1996, Goodbody and Wolpert 1998, Sainburg et
al. 1999), increase the amount of activity in muscles as well as improve the modulation of
muscle activities (Vorro and Hobart 1981a,b, Darling and Cooke 1987b, Corcos et al. 1993,

Jaric et al. 1993, Gabriel and Boucher 1998), muscle torques (Schneider et al. 1989, Corcos
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et al. 1993, Jaric et al. 1993) and or interaction torques (Schneider et al. 1989). For single-
joint movements, these kinematic improvements in performance were attributed to
increased amount of the agonist muscle activities, anticipation of the antagonist onset and

increased acceleration muscle impulse (Corcos et al. 1993, Jaric et al. 1993).

Long ago, Bernstein (1967) predicted that the CNS, instead of opposing the reactive
forces (i.e. interaction torques) would rather use these forces to get the best mechanical
solution. Schneider and colleagues (1989) had individuals practicing sagittal-pointing
movements of the arm with reversal over one obstacle. With practice, subjects reduced
movement time, increased all the joint-torque components (except gravity), and the EMG
profiles changed significantly. The motor coordination was altered, so that individuals
employed reactive phenomena, in such a way that muscular torques could counterbalance

interaction torques.

More recently, Sainburg and Kalakanis (2000) showed that right-handed individuals
have independence of dominant hand path shape from interaction torque. However, the
nondomiant hand path shape was less accurate in the prediction of the interaction forces.
The authors characterized this strategy as one that demonstrates “skillful coordination of
muscle actions with intersegmental dynamics and indicates accurate predictions of those
interactions”. One putative explanation is that the increased practice of the dominant hand,
during daily activities would improve the accurate neural representations of the
musculoskeletal and task-specific dynamics. Indeed, accurate intersegmental coordination
of muscle interaction and environmental forces may develop over the first year of life

(Thelen et al. 1993, Thelen et al. 1996, Zernicke and Schneider, 1993, Zaal et al. 1999).
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Here we used the simple set of rules described by the EMG-control and kinetic-
control models cited above to test Bernstein’s hypothesis and Sainburg’s observation
that the CNS uses the interaction forces in coordination with muscle forces to get the

optimal mechanical solution for movement performance.

We predicted that practice would enhance the performance of movement with
reversal, demonstrated by kinetic and EMG changes. Our first hypothesis was that the
improvement in movement performance would occur due to increased amount of multi-
joint muscle and interaction torques (impulses), during both acceleration and
deceleration movement phases. This hypothesis was based on the observation that the
kinetic-control model shown increased muscle torques (Schneider et al. 1989, Corcos et
al. 1993, Jaric et al. 1993) and interaction torques (Schneider et al. 1989) with training.
The simultaneous improvement in both muscle and interaction torques with practice,
would favor the idea that the CNS cannot improve muscle and interaction torques
separately. On the other hand, based on Bernstein’s idea (Bernstein 1967) and
Sainburg’s observation (Sainburg and Kalakanis 2000), one could expect that the CNS
can improve muscle or interaction torques independently with practice, if the best
mechanical solution requires it. We test these concurrent kinetic hypotheses by training
neurologically normal individuals to perform planar movements with reversal, involving
shoulder and elbow joints. We choose a task whose kinetic characteristics are well
described in the literature (Hollerbach and Flash 1982, Almeida et al. 2000) and which
requires muscle and interaction torques acting in opposite directions at the shoulder, but

in the same direction at the elbow joint.
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Second, based on rules described by the EMG-control models (Gottlieb et al. 1989a,
Corcos et al. 1989, Gottlieb et al. 1996a) we predicted that with practice, the amount of the
agonist muscle activities would increase during the acceleration movement phases (Gottlieb
1998, RG Paulino, unpublished observations, GL. Almeida, unpublished observations) and
the onset of antagonist muscle activities would be anticipated, as reported for single-joint
movements (Jaric et al. 1993, Corcos et al. 1993). Also, the patterns of muscle activities
would be related with the muscle torques and not with the interaction torques, since the
former is physiologically related with muscle activities (Gottlieb et al. 1989b).

Third, based on the principle of linearity between multi-joint torques (Gottlieb et al.
1996a,b, Gottlieb et al. 1997, Almeida et al. 2000) and on the observation that this principle
is demonstrated early in life (Thelen et al. 1993, Thelen et al. 1996, Zernicke and Schneider
1993, Zaal et al. 1999), we hypothesized that the principle of linearity would be applicable
to movements with reversal, as reported by Almeida and colleagues (2000), but would not
be affected by practice. Also, we used the principle of linearity to test the degree of synergy
among multi-joint muscle and interaction torques, and how practice would affect this
linearity.

We also took the idea of the principle of linearity (Gottlieb et al. 1996a,b, Gottlieb et al.
1997, Almeida et al. 2000) to explore the possibility that movement with reversal should
not be viewed as a consequence of concatenated control signals for two unidirectional
movements (Gottlieb 1998). Our fourth hypotheses is that if the movements are planned as
one control signal, then the first acceleration impulse of multi-joint muscle and interaction
torques would be related to their respective three other impulses (the deceleration to the

target, and acceleration and deceleration from the target).
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Finally, we explore the possibility that all muscle and interaction impulses across
different joints are also linearly correlated. The motivation for this hypothesis comes from
Bernstein’s belief (1967) that the CNS needs to reduce the number of control variables
(degrees of freedom) to facilitate the control task. The high linear correlation among
impulses and between joints could uncover a very efficient strategy used by the CNS to

reduce the number of control variables during movement performance.

Based on Zaal’s study (1999) we also predicted that practice would not improve the
degree of linear coupling among multi-joint muscle and interaction impulses, suggesting
that the linear coupling among impulses could be an imprinted feature of the motor control

system.

The results showed that with practice, the CNS displays a successful coordination
between multi-joint movements, changing and improving the muscle and interaction
torques independently using a sophisticated mechanical solution. The results favor the idea
that the CNS develops one internal model of the intersegmental dynamics, taking advantage
of the interaction torques to build an accurate neural representation of musculoskeletal and
task-specific dynamics that improves with training. The results also revealed a high degree
of linear synergy of several kinetic characteristics of movement that are not affected by
practice, showing that this linearity is probably an imprinted feature of the control system

to facilitate movement control.
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Method
Subjects

Eight neurologically normal human subjects (four male and four female) took part
in this experiment after giving a formal informed consent approved by the “Universidade
de Ribeirdo Preto”, Brazil. All subjects were right-handed and between 15-30 years old

(average age 24.25, SD 2.49).

Tasks

Subjects performed horizontal-plane arm movements with direction reversal
involving elbow and shoulder excursions, with the wrist and the hand braced. Figure 1
illustrates the home starting position of the subject and the spatial orientation in which the
task was performed. Subjects were seated on a high adjustable chair, with the trunk
strapped to the chair’s back to restrain movement. At this position, the right arm could
move freely about 10 cm above the top of the table. During the movement, the subjects had
to hold their limb elevated above the table, without support. In the home position, the
shoulder was at 45° (the external angle between the upper arm with respect to the medio-
lateral axis of the trunk - 01 in figure 1), the elbow was at 90° (the external angle between
the upper arm and forearm - 02 in figure 1), and the fingers were kept extended. The home
position was normalized for each subject according to the length of the upper limb. The
perpendicular line to the subject’s frontal plane, crossing the middle line of his (her) body

was defined as 90° spatial orientation, where the movements were performed.
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Figure 01

Before (pretest) and after (posttest) sessions of practice

The subjects performed a series of 11 movements over each of the three target
distances, defined for each subject as 40%, 60%, and 80% of the total length of the forearm
and the hand. The targets were placed on the line of the defined spatial orientation. They
were then instructed to move to the target and return to the home position "as fast as
possible", on hearing the experimenter’s command to go. Neither reaction time nor
accuracy was stressed. In all the three target distances, the elbow joint moved in extension
and shoulder joint in horizontal adduction. Before data recording, the subjects had few
practice trials just to become familiar with the task and apparatus. The time interval
between each trial was ten seconds. After each series of trials, the subjects were instructed
to rest for two minutes. The pretest and posttest trials were separated by the practice

sessions. The first trial of each series was eliminated from analysis.
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Sessions of practice

Each subject had seven sessions of practice. During each session, the subject
performed 200 trials, divided into ten series, in the intermediate distance (60%). The
subjects were instructed to rest for ten seconds between each trial and two minutes between
each series. In the end of the training, each subject had performed 1400 practice trials. The
instruction was the same for the pretest and posttest trials. All sessions (pretest, sessions of

practice, and posttest) were made on alternate days to avoid an overuse syndrome.

Recording and processing of the kinematic data

We fixed LEDs (light emission diodes) as close to the center of the shoulder as
possible as well as on the elbow and wrist joints, and on the index fingertip. The X and Y
coordinates of these LEDs were recorded using a Motion Analysis System (Optotrak 3020),
at 100 frames per second. By convention, we defined the counterclockwise direction as
positive. Angular velocity and acceleration were obtained as the derivatives of the angular
excursions. Angle, velocity and acceleration were smoothed with a 10 ms moving average
window. The linear speed of the fingertip was obtained from the X and Y coordinates of the

index fingertip.

Using inverse dynamics to calculate muscle and interaction torques

The parameters (mass, moment of inertia, and center of mass) for the upper arm and
forearm plus hand were estimated using the coefficients reported by Zatisiorski (Leva
1996) based on measured values of the subject’s weight and segment lengths. 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
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from the center of mass was used to determine the coordinates of the center of mass.
Shoulder linear translation was considered when deriving the equations of motion. The
equations used to calculate the elbow and shoulder muscle and interaction torques are

presented in Almeida et al. (2000).

Recording and processing of EMG data

We recorded the EMG activity of the anterior deltoid, posterior deltoid, biceps, and
triceps muscles using EMG amplifiers with surface electrodes (DELSYS-model DE2.2L.)
on the belies of the muscles, with a total gain of 2000 and within a band pass of 20-450 Hz.
An interelectrode distance of 2cm was kept constant. All EMG data were digitized at 1000
frames per second using Optotrak software and a synchronization unit. The EMG data was
rectified and smoothed using a 20 ms moving average window. Skin hypoallergenic ink
was used to mark the electrode position and guarantee that it would be taped in the same

place during the pretest and the posttest.

Quantification

For each trial the time series of the fingertip speed, the muscle torque for one
joint with its respective muscle activities was plotted using Matlab software (Mathworks
Inc.), and evaluated by the experimenter. We used an algorithm that identified five
landmarks of the linear fingertip speed: The first defined the time when the linear fingertip
speed reached 5% of the peak (see arrow 1 in figure 2A), the second its first peak (arrow 2),
the third its return time (arrow 3), the fourth its second peak (arrow 4), and the fifth when

the second peak returned to 5% of the peak value (arrow 5).
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All movements were divided into four phases: Phase 1 encompassed a time period
50 ms before landmark 1 to landmark 2, and defined the acceleration of the limb to the
target. Phase 2 was defined as the interval from landmark 2 to 3, and characterized the
deceleration of the limb to the target. Phase 3 was from landmark 3 to 4 and defined the
acceleration of the limb from the target. Phase 4 was from landmark 4 to 50 ms after
landmark 5, and defined the deceleration phase of the limb from the target, back to the
home position. Each of the four torques (muscle and interaction torques for both shoulder
and elbow joints) and the EMG activities of the four muscles were integrated during the
four movement phases. These EMG integrals were normalized by their respective values
obtained from maximal voluntary contraction (MVC) trials.

The values of movement speed at the landmark 2 and 4 defined, respectively, the
first and the second peak speeds. Movement time was defined as the interval between
landmark 1 and 5. The symmetry ratio was defined as the time interval to the target (from
landmark 1 to 3) divided by the time interval from the target (from landmark 3 to 5).
Movement errors were calculated for each trial as the difference between the X (medio-
lateral) and Y (antero-posterior) coordinates of the performed movement at the reversal
time (see landmark 3 in figure 2A) and the X, and Y coordinates of the target (see D1, D2
and D3 in figure 1).

The antagonist latency was defined as the difference between the centroid of the
antagonist burst and the onset of the agonist burst. See Gottlieb and colleagues (1989a) for
identification of the agonist onset and Gottlieb (1996) for identification of the antagonist

centroid.
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Statistical analysis

Training (pretest versus posttest), target distances (40, 60 and 80%) characterized
the two major independent variables while the kinematic values (mean peak speed and its
standard error, X and Y error of the fingertip at the target, and symmetry), kinetic values
(the four impulses of each of the four torques) and the integrated EMG values (four integral
values for each of the four recorded muscles) comprised the dependent variables. A
repeated measures ANOVA was utilized to find significant differences between groups.
The integral of the torques from the four muscles were tested separately for each of the four
movement phases using a two-way ANOVA. The two-peak speed was tested in the same
model using a 3-way ANOVA. Alfa (o) was set at 0.05.

The linear synergy among torques was tested using factorial analysis with the model
composed of the time series during movement time, for the four torques (muscle and
interaction torques for the shoulder and elbow joints), for each subject, for the pretest and
posttest. From this model the correlation matrix was calculated, the main factors that
accounted for the total variance (orthogonal direct) of the model were extracted, and the
contribution (weight) of each of the four variables to explain the overall variance. A two-
way ANOVA was used to test the effect of training and target distance on the weight of the
torques to the factor 1.

Finally, the linear synergy among the 16 impulses (four impulses for each of the
four torques) was also explored using factorial analysis, with the model composed of the
averaged values of each subject for each impulse, on the trained target distance. A two-way
ANOVA was used to test the effect of the type of factor (factor 1 versus factor 2) and

training on the weight of each impulse.
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For the ANOVA we used the “Statistc” software in Windows platform and for the
factorial analyses, “Statview” software in Mac platform. In all statistical analyses presented
here the number of subjects was constant (n=8), thus standard deviation is equal to standard

error multiply by V8.
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Results

The figure 02 depicts fingertip linear speed, muscle and interaction torques, and
EMG activities, for shoulder (left) and elbow (right) joints, for one trial of a representative
subject, performed at the trained distance, before (pretest) and after (posttest) practice. The
speed increased with practice, to and from the target, with reduction in movement time
(figure 2A). Also, the shoulder muscle torque (figure 2B) and elbow interaction torque
(figure 2F) increased more with training, as compared with elbow muscle torque (figure
2E) and shoulder interaction torque (figure 2C). Training did not affect the EMG patterns
of the shoulder (figure 2D) and elbow muscles (figure 2G), except a reduction of the

antagonist latency between anterior deltoid and posterior deltoid.
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Effect of training on movement kinematics

The repeated ANOVA revealed that with training the subjects moved faster, to and
from the target, as measured by an increase in both peak speeds (figure 03) (F.7=18.77,
p=0.00). The first peak speed was faster than the second (F(7=67.15, p=0.00) and both
increased with target distance (F(2,14=129.36, p=0.00). None of the interactions between the
three factors (training, peaks and distances) were significant, except the interaction between

peaks and distances (F(2,14=39.05, p=0.00).

~0-pretest
~“*posttest

1

Peak Speeds (mu's)
P

h

P1 P2 o P1 P2 " P1 P2 '
40 % 60 % 80 % Figure 03

—

As shown by the two-way ANOVA, the error on the X coordinate (medio-lateral)
decreased with training (F,7=5.96, p=0.04), but was not affected by target distances
(F2,14=1.69, p=0.22). On the other hand, the error on the Y coordinate (antero-posterior)
did not decrease with training (F(7=1.01, p=0.35), but increased with target distances
(F2,14=13.17, p=0.00). The interaction between training and target distances was not

significant for either X or Y errors (F2,14>1.26, p>0.11).
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The ANOVA also revealed that the variability of both peak speeds, measured by the
standard deviation (figure 03), decreased with training (F;7=11.98, p=0.01) and this
variability was larger for the second than for the first peak speed (F(;7=19.56, p=0.00). In
addition, this variability was not affected by distance (F214=1.02, p=0.39). The
interactions between training, distance and peaks were not significant (F2,14=0.14, p=0.87).

The symmetry movement ratios for the pretest were 0.73 (SE 0.03), 0.69 (SE 0.03),
and 0.72 (SE 0.04), respectively for the first, second and third target distances, and for the
posttest these values were 0.83 (SE 0.04), 0.79 (SE 0.03), and 0.78 (SE 0.03). With training
the movements become more symmetrical (F7=10.55, p=0.01) due to a larger reduction
of time to return to home position, as compared to the movement to the target. The ratio of
symmetry also decreased with target distance (F14=4.40, p=0.03), and the interaction

between training and target distance was not significant (F,14y=2.04, p=0.17).

Effect of training on muscle torque

The impulses of the shoulder muscle torque increased with target distances
(F2.14> 32.05, p<0.05) and training (F(;7>4.35, p<0.05) for each of the four movement
phases that were analyzed separately (figure 04). In all four movement phases, the
interactions between training and distances were not significant for the four impulses
(F2.14>0.12, p>0.05).

The elbow muscle impulses increased with target distances for movement phases 1
and 4 (F2,14>17.61, p<0.05), but decreased with target distance for movement phases 2 and
3 (F2,14>8.95, p<0.05) (figure 04). On the other hand, practice did not affect these four
impulses (F7>0.00, p>0.05). The interaction between training and distances were not

significant (F2,14>0.01, p>0.05) for all four movement phases.
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Effect of training on interaction torque

As shown by the ANOVA results, the impulses of the shoulder interaction torque
increased with target distances for each of the four movement phases (F(; 7)>34.10, p<0.05),
but not with training (F;7,>0.00, p>0.05) (figure 05). The only exception was the
deceleration impulse to the target, during phase 2 which increased with training (F(; 7=9.10,
p=0.01). The interaction between training and distances was not significant for all four
shoulder interaction impulses (F(2,14)>0.36, p>0.05).

All four impulses of the elbow interaction torque increased with target distances
(F2.14>16.44, p<0.05) and training (F;7>5.27, p<0.05) (figure 05), and the interactions
between training and target distances were not significant for this variable (F214>1.04,

p>0.05).
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Effect of training on muscle activities

Figure 06 depicts the amount of muscle activities of the anterior deltoid (left) and
posterior deltoid (right) for each of the four movement phases. The ANOVA test did not
reveal any effect of training for the amount of muscle activities of the anterior deltoid
(F1.7>0.09, p>0.77) and posterior deltoid (F;7>0.01, p>0.05), but these activities
increased with target distances during the four movement phases (F14>4.20, p<0.05).
None of the interactions between training and target distances were significant for the
amount of activities of the anterior deltoid (F(14>0.18, p>0.05) and posterior deltoid
(F2.14>0.64, p>0.54). Similar results were obtained for the triceps and biceps muscles (not
shown in the figure). The ANOVA also revealed that the amount of EMG activities of the
triceps and biceps, during each of the four movement phases were not affected by training
(F1,7»>0.03, p>0.05), but increased with target distance (F(14>5.11, p<0.05). The
interaction between training and target distances was not significant for triceps (F(2,14/=0.03,

p>0.97) nor for biceps (F(2,14=0.07, p>0.93) in any movement phase.
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The antagonist latencies are presented on figure 07. Note that the antagonist
latencies for the shoulder muscles increased with the target distance (F2,14=50.53, p=0.00)
and decreased with practice (F(1,7=19.88, p=0.00). The antagonist latencies for the elbow
muscles also increased with target distance (F(214=44.26, p=0.00), but not with practice
(Fu7=1.28, p=0.29). The interaction between training and target distances was not
significant for either shoulder (F(2,14=0.84, p=0.45) or elbow muscle latencies (F,14=0.85,

p=0.45).
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Linear synergy among the time series of muscle and interaction torques.

One factor analysis was done with data of the time series for all the four torques
(muscle and interaction torques of shoulder and elbow joints) for each subject, for the
trained distance. The total variance of the model was explained by two factors. The
contributions to the total variance of factor 1 were 87% and 88%, respectively, for the
pretest and posttest, and of factor 2, were 13% and 12%.

The weight contributions of each of the four torques to the total variance of factor 1,
averaged across subjects are shown in figure 8. The weight of all the torques was positive,
except for the shoulder muscle torque that was negative. The two-way ANOVA
demonstrates that practice did not affect these weights (F(;7=0.01, p=0.90), but the weight
contribution of shoulder muscle torque (close to 1) was larger than the contribution of the
other three torques (F321)=4.17, p=0.02). The interaction between the two dependent
variables (training and type of torque) was not significant (F 14=1.35, p>0.05). Similar

results were obtained for the other two non-trained target distances.
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Linear synergy among muscle and interaction impulses

The factorial analysis performed with the 16 impulses for each subject just for the
trained distance showed that factors 1 and 2 explained 100% of the total variance of the
model. The proportionate variance contributions of factor 1 were 78% and 81%,
respectively for the pretest and posttest, and these values were 22% and 19% for factor 2.
Figure 09 depicts the weight contribution of the each of the 16 impulses to the total
variance of factor 1 and 2, for the shoulder (left panel) and elbow (right panel) muscle and
interaction torques. Note that the variance of factor 1 is explained mainly by the weight of
the eight impulses of shoulder joint (four obtained from muscle and four from interaction
torques) and the four interaction impulses of the elbow, revealing that all these 12 impulses
have a high linear correlation. On the other hand, the variance of factor 2 is explained
mainly by the four elbow muscle impulses, showing that these four impulses are highly
correlated, but not coupled with the other 12 impulses. The ANOVA did not reveal any
practice effect (F(;,15=0.02, p=0.88) on the weight of each impulse to explain the total
variance of both factors. The weight of factor 1 was larger than the weight of factor 2
(F1,15=6.79, p=0.02), and the interaction between training and factors was not significant

(F(1’15)=0.21, p=065)
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Discussion

Training enhanced the performance of movement with reversal demonstrated by
increased peak velocity, and decreased movement time (figure 02). With practice,
movement became more symmetrical due to a larger time reduction during the return phase
of the movement, as compared with time spent to move to the target. The effects of practice
were transferred to other non-trained target distances, and obtained without any increase in
movement variability and error. The improvement of movement kinematics with practice
has been reported by several authors (Darling and Cooke 1987a, Gottlieb et al. 1988,
Corcos et al. 1993, Jaric et al. 1993, Jaric and Latash 1998, Gabriel 2002), and here these

observations were expanded for unconstrained planar movements with reversal.

The effect of training on muscle and interaction torques
The effect of practice on the muscle and interaction torques can be explained by the
kinetic-control strategy. With practice, the upper arm is accelerated faster towards the
target, due to increased shoulder muscle torque (especially adduction torque). The
increased acceleration of the shoulder movement generates a large interaction torque at
the elbow towards extension, decreasing the need for increased elbow extension torque
to accelerate this joint faster into extension. Secondly, the upper arm is decelerated faster
towards the target, due to increased shoulder abduction torque and consequently a higher
interaction torque towards elbow flexion. Thirdly, the upper arm is again accelerated
faster, back towards the home position, due to increased shoulder abduction torque and
elbow interaction torque towards flexion. Finally, the upper arm is again decelerated
faster into the home position, due to increased shoulder muscle torque (adduction) and

elbow interaction torque (extension).
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These results favor the idea that learning is local (Gandolfo et al. 1996), since the
observed effect of practice on the shoulder muscle torque and elbow interaction torque was
transferred to non-practiced distances. So, this observation supports the idea that the
transfer of learning depends on changes at the level of joints (Shadmehr and Mussa-Ivaldi
1994, Malfait et al. 2002).

The data also supports the idea that muscle torque (Gottlieb et al. 1989a, Corcos et
al. 1989, Gottlieb et al. 1996a,b) and interaction torque (Hollerbach and Flash 1982, Hoy
and Zernicke 1985, Hoy et al. 1985, Schneider et al. 1989, Sainburg et al. 1995, Bastian et
al. 1996, Sainburg et al. 1999, Sainburg and Kalakanis 2000) are important variables to be
considered by the CNS during the control of multi-joint movements. However, neither of
these two variables should be considered as the controlled one separately. These results
support our hypothesis, that CNS can independently improve muscle or interaction torque if
the best mechanical solution requires it.

Our results confirm Bernstein’s idea that the CNS takes advantage of the passive-
interactive properties of the moving system and not “wasting superfluous forces in
extinguishing the reactive phenomena” (Bernstein 1967), by incorporating the interaction
torques into the mechanical solution. Also these results confirm the finding of Schneider
and colleagues (1989) showing that practice influence both the muscle torques and
interaction torques. However, the high level of coordination and the fine tuning of the
torques acting about the multisegmental joints are far beyond our initial hypothesis,
showing that the CNS must have accurate neural representations of the muscle and

interaction torques (Sainburg et al. 1999) that are improved by practice.
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How the EMG patterns change with practice and can be related to the observed kinetic

changes?

Practice did not affect the agonist muscle activity of the shoulder muscle during the two
acceleration phases of the movement (figure 06), which contradicts what was expected
from the EMG-control model. Also, the antagonist latency between the activation of the
anterior and posterior deltoid decreased with practice, and antagonist muscle activity was

unaffected by practice (figure 07).

How can the increased shoulder muscle torque impulses during the acceleration
movement phases, without corresponding changes in the amount of the agonist shoulder
muscle activity be explained? Some authors reported decreasing (Payton and Kelley 1972,
Engelhorn 1988), others increasing (Vorro and Hobart 1981a,b, Darling and Cooke 1987b,
Corcos et al. 1993, Jaric et al. 1993) or even no changes of the agonist muscle activity
(Payton et al. 1976, Ludwig 1982) with training. The same inconsistency can be found
when the effect of training on the antagonist muscle activity is considered, with some
authors reporting increasing (Vorro and Hobart 1981a,b, Darling and Cooke 1987b, Gabriel
and Boucher 1998), and others, no changes in this variable (Corcos et al. 1993, Jaric et al.

1993).

The shoulder muscles in our experiment had a double function, providing postural
stability by keeping the limb elevated against gravity, and moving the upper arm, to and
from the target. So, there is a possibility that the lack of change in the amount of the agonist
muscle activity with training, during movement acceleration phases, could be explained by

a reduction in the need for large amounts of agonist activity to keep the arm elevated
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against gravity. Also, there is a possibility that the EMG activities of other agonist muscles

that were not recorded may have increased with practice.

The decreased antagonist latency between the anterior and posterior deltoid occurring
with practice, improves the stability of this joint, whose requirement increases with larger

speeds observed with training.

With practice, the elbow moved faster, to and from the target, mainly due to the
increased elbow interaction torque and therefore, the need for additional elbow muscle

torque to move the limb faster with practice, is reduced.

Taken together, these findings cannot rule out the idea that the simple rules described by
the EMG-control model (Gottlieb et al. 1989a, Corcos et al. 1989, Gottlieb et al. 1996a) can
also be applied to describe the modulation of the EMG patterns during movement with
reversal. However, further studies are needed to test the hypothesis that the simple set of
rules identified by the EMG-control model (Gottlieb et al. 1989a, Corcos et al. 1989,
Gottlieb et al. 1996a) can explain the effect of training on the modulation of the muscle
activity patterns for movements with reversal. Especially, the task should not require a
double function of the muscle (i.e. postural and agonist) and be able to change the muscle

and interaction torques.

The effect of practice on the principle of linearity for interaction and muscle torques

The rules of the linearity principle used to describe pointing (Gottlieb 1996a,b, Gottlieb
et al. 1997) and movements with reversal (Almeida et al. 2000) were also observed here.
We advance the idea of the principle of linearity by showing that, not only the muscle

torques, but also the interaction torques of the elbow and shoulder joints are linearly
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correlated. We also showed that the linearity between muscle and interaction torques at the

two joints is not affected by training (figure 08).

These results revealed that the principle of linear synergy is a fundamental property of
the human neuromotor system, as previously reported (Gottlieb et al. 1996a,b, Gottlieb et
al. 1997, Almeida et al. 2000). If practice consists of solving problems in an optimal way,
and the observed effect of practice does not affect the degree of linearity among the multi-
joint muscle and interaction torques, one is lead to think that this linearity is an imprinted
feature of the CNS to constrain movement performance by reducing the degrees of freedom
in the learning process (Bernstein 1967). This result also favors the observation that the
principle of linearity is present early in life and is not affected by the degree of skillfulness

(Thelen et al. 1993, Thelen et al. 1996, Zernicke and Schneider 1993, Zaal et al. 1999).

The effect of practice on the linear coupling among acceleration and deceleration impulses

The first acceleration impulse correlated linearly with the three other impulses for
all torques studied (figure 09). This shows that the CNS needs only to multiply the first
impulse by a constant, to obtain the three other impulses of the torque. This linear
correlation among the four impulses reduces the number and complexity of variables to be
controlled by the CNS, tremendously (Bernstein 1967).

The linearity among the four impulses of each torque also favors the idea that
complex movements consist of superposition of simpler components (Adamovich and
Feldman 1984, Morasso and Mussa Ivaldi 1982, Viviani and Flash 1995). In this case,
impulses of muscle and interaction torques would be good candidates for the simpler

components. This linearity also supports the idea that movement with reversal cannot be
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viewed as a consequence of concatenated control signals for two unidirectional movements
(Gottlieb 1998).

Finally, we also showed that the four impulses of the shoulder muscle and
interaction torques and the four impulses of the elbow interaction torque are also linearly
correlated among themselves, but not with the four impulses of the elbow muscle torque
(figure 09). The fact that the impulses of the elbow muscle torque were not linearly related
with the other 16 impulses also shows that the CNS can control the amount of forces acting
in different joints, independently. The fact that these patterns of linearity of the impulses
were not affected by practice, also favor the idea that the observed linear synergy among
several features of the muscle and interaction torques is an imprinted characteristic of the

control system.
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Figure legends

Figure 01

[llustrations of the task setup showing the home position of the right arm relative to the
spatial orientation of 90° where the three target distances (40%, 60% and 80%) were set.
The X and Y axes were defined in the table’s horizontal plane, parallel and perpendicular to
the frontal plane of the subject, respectively. 0; and 0, are respectively the angle of shoulder

and elbow joints.

Figure 02

Time series showing the fingertip linear speed (A), muscle torque (B), interaction torque
(C), and EMG activities (D) for shoulder (left panel) and muscle torque (E), interaction
torque (F), and EMG activities (G) for elbow (right panel). These data are for a single trial
performed by a representative subject, before (broken line) and after (solid line) training.
Linear speed is given in meters per second, muscle and interaction torques in Newton-
meter, EMG activities of the anterior deltoid (AD), posterior deltoid (PD), triceps (TRI),
and biceps (BIC) are unit less, and time is in seconds. The plots for the antagonist muscles

(posterior deltoid and biceps) are inverted.

Figure 03
The magnitude of the first (P1) and second (P2) peak linear speeds of the fingertip,
presented for each target distance, before (broken line) and after (solid line) training. The

data are averaged across trials and subjects. The vertical bars represent the standard error.
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Figure 04

The average impulses across all subjects obtained from the muscle torques of the shoulder
joint (left panel) and elbow joint (right panel) for each target distance (40, 60, and 80%),
before (dashed line) and after (solid line) training, calculated for each of the four movement
phases. Phase 1 (acceleration to the target); Phase 2 (deceleration to the target); Phase 3
(acceleration from the target); and Phase 4 (deceleration from the target). The data are
presented in Newton meter per second. Positive values indicate adduction of shoulder joint

and flexion of the elbow joint. * p<0.05 for the effect of training.

Figure 05

The same legends as in figure 04, except that the data are for the interaction torques.

Figure 06

The same legend as in figure 04, except that the data are for the average muscle activities in
all subjects obtained from the anterior deltoid (left panel) and posterior deltoid (right panel)
for each target distance (40, 60, and 80%), before (dashed line) and after (solid line)

training, calculated for each of the four-movement phases. The data are unit less.

Figure 07

Antagonist latency between the onset of posterior and anterior deltoid (above) and between
the triceps and biceps (below) for each of the three target distances (40%, 60% and 80%)
for the pretest (open circle) and posttest (closed circle). The antagonist latencies are
presented in milliseconds. Vertical bars represent the standard error. * p<0.05 for the effect
of training.
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Figure 08

The figure 08 depicts the contribution of each of the four weighted torques (SMT-shoulder
muscle torque, EMT-elbow muscle torque, SIT- shoulder interaction torque, EIT-elbow
interaction torque) to the total variance, explained by Factor 1 obtained from the factorial

analysis.

Figure 09

The figure 09 depicts the contribution (weight values) of each of the 16 impulses to the
total variance of Factor 1 (upper panels) and 2 (lower panels), obtained from factorial
analysis. The data are presented for shoulder (left panels) and elbow (right panels), before
(open circle) and after (open triangle) training for the trained distance. The data are for the
four impulses of the shoulder muscle torque (SMT), shoulder interaction torque (SIT),

elbow  muscle torque (EMT), and elbow interaction torque  (EIT).
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ABSTRACT: It been showed that individuals with practice of single-joint movements
individuals Down syndrome changed muscle activities from coactivation to a reciprocal
and triphasic patterns improving movement kinematics. For movements with reversal they
using more distal (elbow) than proximal (shoulder) dynamic muscle torques. Method:
Kinematics of the upper arm movements with reversal, performed over three distances, was
reconstructed using motion analysis system. The muscle and interaction torques was
calculated using inverse-dynamics. EMG activities of the major arm muscles were also
recorded. Results: Before training, individuals with Down syndrome co-activated the
agonist and antagonist muscles, had problems in coordinating the proximal and distal
dynamic muscle torques, using more distal than proximal force to generated movement
with reversal. Also, they spend long time at the vicinity of the target. After training, they
did not improve the amount of muscle activities, even though they use better alternated the
agonist and antagonist bursts. They also improved the coordination between both shoulder
and elbow dynamic torques and improving the ratio of the shoulder to elbow dynamic
torques. However, they failed to improve the amount of the dynamic muscle torques and
interaction torques at both joints. With practice these individuals reduced movement time,
reversing the limb very quickly at the target, but did not improve movement speed.
Conclusion. Individuals with Down syndrome can gain from practicing movement with
reversal, mainly in the way that they learn to make quick movement reversal at the target.
However, even after intensive practice they fail to use some mechanical strategies that may

lead to enhance in movement speed.

Key words: training, Down syndrome, kinematics, kinetics, electromyography.
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Introduction

Before training, individuals with Down syndrome activated muscles using a typical
coactivation pattern for a variety of movements, from single and multi joint (Latash and
Corcos 1991, Almeida et al. 1994, Aruin et al. 1996, Latash and Anson 1996, Almeida et
al. 2000) to postural adjustment (Aruin and Almeida, 1997). However, after intensive
training of single-joint movements they changed this pattern of coactivation to one
reciprocal triphasic bursts of muscle activities, observed in movements performed by
neurologically normal individuals (Almeida et al. 1994). Moreover, the improvement in this
triphasic burst of muscle activities followed the simple set of rules described for the
modulation of the muscle activities during practice of single-joint movements of normal
individuals (Jaric et al. 1993, Corcos et al. 1993). This is, with practice of elbow flexion
movements, individuals with Down syndrome increased the amount of the agonist burst
activities (i.e, biceps) accelerating the limb faster to the target. They also learned to prolong
the beginning of the antagonist burst (i.e., triceps), starting to decelerate the limb later into
the target, for longer distances. As a result, with practice, young adult with Down syndrome
increased movement speed, decrease movement time, and its variability. Also, these
kinematics improvements were transferred to non-trained distances (Almeida et al. 1994).

The remarkable improvement in movement kinematics with training favor of the
idea that all apparent differences between normal and individuals with Down syndrome in
the performance of a variety of tasks are due to one sub-optimal performance of an
otherwise intact motor control system (Latash 1992). Thus, if appropriate practice was
provides these individuals could improve their movement performance (Kerr and Blais

1987, Kerr and Blais 1988, Kanode and Payne 1989, Youn and Youn 1991). Nevertheless,
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it is still to be proved if these individuals could improve movement performance during the
practice of more complex movements.

When performing movement with reversal, involving both shoulder and elbow
joints the individuals with Down syndrome used movement path similar to that of normal
(Almeida et al. 2000) suggesting that their abnormality is not akin to the abnormality
observed in patients with proprioceptive deficits (Sainburg et al. 1995). They differ from
normal individuals, mainly in that they produce less muscle force, and thus their
movements are slower. However, compared with normal individuals, they used
proportionally more distal (elbow) than proximal (shoulder) dynamic muscle torques, and
these muscle torque profiles show greater fluctuations and were less linearly coordinated.
Nevertheless, the increased time at the vicinity of a reversal point observed for individuals
with Down syndrome is more than what may be expected on the basis of their lower speed,
and was not related to changes in the peak interaction torque. Based in these studies, we
hypothesized that training would enhance the performance of movements with reversal of
individuals with Down syndrome. In special, we expected that with training they would
change the pattern of coactivation to a typical reciprocal pattern of muscle activities
observed in individuals neurologically normal performing movement with reversal
(Schmidt et al. 1988, Sherwood et al. 1988, Gottlieb 1998, Almeida et al. 2000, GL
Almeida, unpublished observations). Mainly, we expect to observe an abruptly decreasing
of the first agonist bursts, after the end of the acceleration of the limb into the target. Thus,
the action of the antagonist bursts to stop the limb at the target, reversal movement
direction, and accelerate the limb back into the initial position would be enhanced. We also
expected that the amount of agonist burst during the acceleration phase of the movements

to and from the target would increase with training.
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We also hypothesized that these changes in the patterns of muscle activities would
be accompanied by the improvement in the coordination between both shoulder and elbow
dynamic muscle torques. Also, we expected that with training, individuals with Down
syndrome would use proportionally more proximal (shoulder) than distal (elbow) dynamic
muscle torque. Finally, we expected that with practice the individuals with Down syndrome
would increase the amount of impulses due to the dynamics and interactions torques. As
result, we would expect that individuals would increase movement speed and reduce the

time required to perform the movement, in special the time at the vicinity of the target.
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Method
Subjects

Eight human individuals with Down syndrome (four male and four female) took
part in this experiment after giving a formal informed consent approved by the
“Universidade de Ribeirdo Preto”, Brazil. All subjects were right-handed and between 15-
30 years old (average age 22.71, SD 5.41). Here we also used the data of eight healthy
individuals performing the same experiment that was presented someplace else (GL
Almeida, unpublished observations) and re-analyze these data to compare the effect of the

coordination between shoulder and elbow dynamic muscle torques between both groups.

Tasks

Subjects performed horizontal-plane arm movements with direction reversal
involving elbow and shoulder excursions, with the wrist and the hand braced. Figure 1
illustrates the home starting position of the subject and the spatial orientation in which the
task was performed. Subjects were seated on a high adjustable chair, with the trunk
strapped to the chair’s back to restrain movement. At this position, the right arm could
move freely about 10 cm above the top of the table. During the movement, the subjects had
to hold their limb elevated above the table, without support. In the home position, the
shoulder was at 45° (the external angle between the upper arm with respect to the medio-
lateral axis of the trunk - 61 in figure 1), the elbow was at 90° (the external angle between
the upper arm and forearm - 02 in figure 1), and the fingers were kept extended. The home

position was normalized for each subject according to the length of the upper limb. The
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perpendicular line to the subject’s frontal plane, crossing the middle line of his (her) body

was defined as 90° spatial orientation, where the movements were performed.

Figure 01

Before (pretest) and after (posttest) sessions of practice

The subjects performed a series of 11 movements over each of the three target
distances, defined for each subject as 40%, 60%, and 80% of the total length of the forearm
and the hand. The targets were placed on the line of the defined spatial orientation. They
were then instructed to move to the target and return to the home position "as fast as
possible", on hearing the experimenter’s command to go. Neither reaction time nor
accuracy was stressed. In all the three target distances, the elbow joint moved in extension
and shoulder joint in horizontal adduction. Before data recording, the subjects had few
practice trials just to become familiar with the task and apparatus. The time interval
between each trial was ten seconds. After each series of trials, the subjects were instructed
to rest for two minutes. The pretest and posttest trials were separated by the practice

sessions. The first trial of each series was eliminated from analysis.
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Sessions of practice

Each subject had seven sessions of practice. During each session, the subject
performed 200 trials, divided into ten series, in the intermediate distance (60%). The
subjects were instructed to rest for ten seconds between each trial and two minutes between
each series. In the end of the training, each subject had performed 1400 practice trials. The
instruction was the same for the pretest and posttest trials. All sessions (pretest, sessions of

practice, and posttest) were made on alternate days to avoid an overuse syndrome.

Recording and processing of the kinematics data

We fixed LEDs (light emission diodes) as close to the center of the shoulder as
possible as well as on the elbow and wrist joints, and on the index fingertip. The X and Y
coordinates of these LEDs were recorded using a Motion Analysis System (Optotrak 3020),
at 100 frames per second. By convention, we defined the counterclockwise direction as
positive. Angular velocity and acceleration were obtained as the derivatives of the angular
excursions. Angle, velocity and acceleration were smoothed with a 10 ms moving average
window. The linear speed of the fingertip was obtained from the X and Y coordinates of the

index fingertip.

Using inverse dynamics to calculate muscle and interaction torques

The parameters (mass, moment of inertia, and center of mass) for the upper arm and
forearm plus hand were estimated using the coefficients reported by Zatisiorski (Leva
1996) based on measured values of the subject’s weight and segment lengths. 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
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from the center of mass was used to determine the coordinates of the center of mass.
Shoulder linear translation was considered when deriving the equations of motion. The
equations used to calculate the elbow and shoulder muscle and interaction torques are

presented in Almeida et al. (2000).

Recording and processing of EMG data

We recorded the EMG activity of the anterior deltoid, posterior deltoid, biceps, and
triceps muscles using EMG amplifiers with surface electrodes (DELSYS-model DE2.2L.)
on the belies (between a motor point and a tendon insertion) of the muscles, with a total
gain of 2000 and within a band pass of 20-450 Hz. An interelectrode distance of 2cm was
kept constant. All EMG data were digitized at 12 bit and collected at 1000 frames per
second using Optotrak software and a synchronization unit. The EMG data was rectified
and smoothed using a 20 ms moving average window. Skin hypoallergenic ink was used to
mark the electrode position and guarantee that it would be taped in the same place during

the pretest and the posttest.

Quantification

For each trial the time series of the fingertip speed, the muscle torque for one joint
with its respective muscle activities was plotted using Matlab software (Mathworks Inc.),
and evaluated by the experimenter. We used an algorithm that identified five landmarks of
the linear fingertip speed: The first defined the time when the linear fingertip speed reached
5% of the peak (see arrow 1 in figure 2A), the second its first peak (arrow 2), the third its
return time (arrow 3), the fourth its second peak (arrow 4), and the fifth when the second

peak returned to 5% of the peak value (arrow 5).
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All movements were divided into four phases: Phase 1 encompassed a time period
50 ms before landmark 1 to landmark 2, and defined the acceleration of the limb to the
target. Phase 2 was defined as the interval from landmark 2 to 3, and characterized the
deceleration of the limb to the target. Phase 3 was from landmark 3 to 4 and defined the
acceleration of the limb from the target. Phase 4 was from landmark 4 to 50 ms after
landmark 5, and defined the deceleration phase of the limb from the target, back to the
home position. Each of the four torques (muscle and interaction torques for both shoulder
and elbow joints) and the EMG activities of the four muscles were integrated during the
four movement phases.

These EMG integrals were normalized by their respective values obtained from
maximal voluntary contraction (MVC) trials. The experimenter did the function test for
each muscle and the subject was asked to contract your muscle “as strongly as possible” for
two seconds. Three trials for each muscle were collected and the intervals between the trials
were one minute. The mean of the MVC trials in the time interval from 500 until 1000
milliseconds were calculated and the trial with highest value was selected for future EMG
normalization.

The values of movement speed at the landmark 2 and 4 defined, respectively, the
first and the second peak speeds. Movement time was defined as the interval between
landmark 1 and 5. The symmetry ratio was defined as the time interval to the target (from
landmark 1 to 3) divided by the time interval from the target (from landmark 3 to 5).
Movement errors were calculated for each trial as the difference between the X (medio-
lateral) and Y (antero-posterior) coordinates of the performed movement at the reversal
time (see landmark 3 in figure 2A) and the X, and Y coordinates of the target (see D1, D2

and D3 in figure 1).
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The antagonist latency was defined as the time difference between the centroid of
the antagonist burst and the onset of the agonist burst. In other words, we calculated the
antagonist latency between the centroid of the posterior deltoid and the onset of the anterior
deltoid for the shoulder and the centroid of the biceps and the onset of the triceps for the
elbow joint. See Gottlieb and colleagues (1989) for identification of the agonist onset and
Gottlieb (1996b) for identification of the antagonist centroid.

For each subject and for each trial we calculated the linear regression between the
time series of the shoulder and elbow dynamic muscle torque during the movement time.

From this linear correlation we obtained the linear coefficient |r| and slope.

Statistical analysis

Training (pretest versus posttest), target distances (40, 60 and 80%) characterized
the two major independent variables while the kinematics values (mean peak speed and its
standard error, and movement time at the target), kinetics values (the four impulses of each
of the four torques) and the integrated EMG values (four integral values for each of the four
recorded muscles) comprised the dependent variables. A repeated measures ANOVA was
utilized to find significant differences between groups. The integral of the torques from the
four muscles were tested separately for each of the four movement phases using a two-way
ANOVA. The two-peak speed was tested in the same model using a 3-way ANOVA.

The effect of training on the kinematics and kinetics variables and for the coefficient
of linear correlations and the slopes of these correlations for the individual with Down
syndrome that improved movement speed was tested using the non-parametric Wilcoxon

test. For all tests Alfa (o) was set at 0.05.

126



For the ANOVA we used the “Statistc” software in Windows platform. In all
statistical analyses presented here the number of subjects was constant (n=8), thus standard

deviation is equal to standard error multiply by V8.
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Results
Effect of training on movement Kinematics

Even after intensive training individuals with Down syndrome failed to improve the
movement speed to and from the target as required by the instruction (figure 2). The
ANOVA results did not revealed effect of training for the first (F(; 7)=0.03, p=0.86) and the
second (F(;7=0.00, p=0.99) peak speed, respectively for the movement to and from the
target. However, movement speed increased with distance to (F(,14=53.15, p=0.00) and
from the target (F2,14=15.28, p=0.00), and the interaction between training and target
distance was not significant for the first (F(214=0.93, p=0.42) and the second peak
(F2.14=1.84, p=0.19). The lack of effect of training was very robust finding as can be also
observed in the interval of confidence between pre and posttest. Note that the mean
difference before and after training for the first and the second peak speed is close to zero

and fall between the upper and lower limits for the confidence interval.
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Figure 2

Despite the lack of change in movement speed with training, the individuals with
Down syndrome showed decreased variability in peak velocity for the movement to and
from the target, as revealed by ANOVA the standard deviation of first (F(; 6=0.63, p=0.46)
and the second (F(16=0.55, p=0.49) peak speeds. Indeed, only one out of eight subjects
trained was able to improve the movement speed to and from the target.

During the pretest, the subjects spent on average 75 milliseconds on target, but after
training all subjects moved to and from the target without spending time at the vicinity of
the target (figure 3). The ANOVA confirmed the reduction in movement time at the target

due to training (F(;5=5.01, p=0.07), and that this time increased with target distance
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(F(1,5=0.86, p=0.45). The interaction between training and time at the vicinity of the target

was not significant (F2,10=0.63, p=0.55).
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Qualitative differences in kinetics and EMG strategy due to training

Figure 4 depicts the time series data for linear speed of the fingertip, shoulder and
elbow muscle and interaction torques and the EMG activities of the four recorded muscles,
before (broken lines) and after (solid line) training, for one representative subject with
Down syndrome that spend a lot time at the vicinity of the target. Note that with training

the subject learned to reverse the movement abruptly.
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Overall, the EMG activities of the four muscles recorded are qualitatively different
before and after training. Note that before training the muscle activities was typical of
coactivation with several fluctuations in the bursts. It cannot be identified a clear second
agonist burst for the posterior deltoid and biceps, during the acceleration phase of the
movement back into the initial position. However, after training, the same EMG busts that
decelerated shoulder into horizontal adduction (posterior deltoid) and elbow into extension
(biceps), also reverted limb direction throwing the limb back into the initial position,
accelerating shoulder into horizontal abduction and elbow into flexion.

The pattern of all muscle and interaction torques was qualitatively different before
and after training. Before training the shoulder and elbow muscle and interaction torque
were characterized by two distinctive movement phase, each with two impulses. The first
shoulder and elbow impulses of the dynamic muscle torques accelerated shoulder into
horizontal adduction and elbow into extension, throwing the limb into the target. Their
respective second impulses decelerated the limb at the target, and stay close to zero for
sometime. Then the limb was accelerated back to the initial position, by third muscle
impulses that moved the shoulder into horizontal abduction and elbow into flexion. Finally,
the limb was decelerated back into the initial position by fourth muscle impulses at both
joints. Shoulder interaction torque acted in opposite direction of the shoulder muscle
torque, but elbow interaction torque acted at the same direction of the elbow muscle torque.
Note that the speed of the fingertip never returned to zero, and the limb was at the vicinity
of the target for long time.

After training, the two bi-phase impulses of the dynamic muscle torque were
substituted by triphasic impulses. This occurred because the second and the third impulses

observed in the pretest were substituted by single impulses, with two distinctive functions.
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First, they decelerate shoulder into horizontal adduction and elbow into extension during
the landing of limb into the target. Then, these impulses reverted limb movement direction
back into the home position, moving shoulder into horizontal abduction and elbow into
flexion. The three shoulder muscle and interaction impulses are at the opposite directions,

and the three elbow muscle and interaction impulses are at the same directions.

Quantitative differences in kinetics and EMG strategy due to training

Muscle and interaction torques of shoulder and elbow joints and the EMG activities
of the four recorded muscles were integrated during the four movement phases,
acceleration and deceleration phases, to and from the target. The ANOVA did not show
training effect for each of the four movement phases for the muscle dynamic
(F1,7=0.15, p>0.05) and interaction torque (F(;7=0.01, p>0.05), and for the EMG activities
of the four record muscles (F7=0.01, p>0.05). However, all these kinetics (muscle and
interaction torque) and EMG variables increased with target distances (F(; 7=1.27, p>0.05),
and none of the interactions between target distance and training were significant
(F1,7=0.13, p>0.05). Also, the antagonist latency (see centroid in the method) of the
shoulder (F;6=0.03, p=0.88) and elbow (F;6=0.21, p=66) did not change with practice.

The results of these kinetics and EMG variables are not showed in figures.

The effect of the linear synergy between shoulder and elbow muscle torque

The shoulder and elbow muscle torques of the control subject during the
performance of the movements with reversal were linearly correlated, before and after
training. Note that the linear coefficient |r| between both dynamic muscle torques, during

the pretest and the posttest were respectively, 0.96 and 0.96 for the neurologically normal

133



individuals. The slopes of these linear correlations were 4.69 and -6.09, respectively for the
pretest and the posttest (figure SA). On the other hand, the individual with Down syndrome
showed poor linear correlation between shoulder and elbow muscle dynamic torques before
practice (|r[=0.49), but it improved with practice (|r|=0.67|) (figure 5B).

The ANOVA test showed that larger linear coefficient |r| for the control group than
for Down syndrome group (F( 4=4.73, p=0.04), and it increased with training
(F1,14=0.94, p=0.35), but the interaction between the two variables was not significant
(F1,14=1.41, p=0.25). Note that the larger improvement in the linear correlation between
both torques occurred for the Down syndrome group.

The ANOVA also showed that the slope of the linear correlation increased with
training (F(14=12.18, p=0.00), showing that with practice, the subjects increased
proportionally more the amount of shoulder muscle torque as compared with the amount of
elbow muscle torque. Nevertheless, compared with the Down syndrome group, the control
group used proportionally more shoulder muscle torque than elbow muscle torque
(F1.14=10.45, p=0.00). The interaction between training and group was not significant

(F(1,14)=0.23, p=064)
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Strategy used by the only subject that improved movement kinematics.

Figure 6 depicts the kinematics and kinetics changes for the Down syndrome
subject that improved movement performance with practice. Note that with practice this
individual increased movement speed to and from the target, reduced movement time and
increased muscle torques and interaction torques at both shoulder and elbow joints.

As revealed by the Wilcoxon test with practice, this subject increased both shoulder
and elbow muscle torques (Z>0.67 p<0.05) and shoulder interaction torques (Z>0.73

p<0.05) during the acceleration phase of the movements to and from the target (figure 6).

135



2.5,

=
¥}
0
h

Pretest

3.
g
= 2
V]
-F]
=5
@
g
14
5
0=
SHOULDER

-1.25

Muscle Torque (Nm,
<

-2.54

N
i % HORIZONTAL
o\l i\ . ADUCTION

HORIZONTAL
ABDUCTION

7

HORIZONTAL
__ADUCTION

Interaction Torque (Nm)

N \/ HORIZONTAL

S .-

ABDUCTION

0.3

0 0.5

1 15 2
Time (sec)

—Posttest
2
ELBOW
14
FLEXION
1 EXTENSION
221
3.
1.5
FLEXION
0 .
15/ EXTENSION
31
0.2 -
0.1
0 0.5 1 1.5 2
Time (sec)  Figure 6

In figure 5 it is also showed the linear coefficient |r| and slope for this subject (close

circle). Note that the coefficient of linearity for this individual is rather high, compared with

the other Down syndrome individuals, and close to the level observed for the control group.
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Discussion
The control of movement before training

Overall, before training Down syndrome individuals performed the reversal
movements with slow speed and high variability within and between subjects, and spend
more time in the vicinity of the target (Latash and Corcos 1991, Anson 1992, Almeida et al.
1994, Aruin and Almeida 1997, Aruin et al. 1996, Almeida et al. 2000). These kinematics
characteristics of the movements were reported for this population for several single-joint
(Latash and Corcos 1991, Anson 1992, Almeida et al. 1994, Aruin et al. 1996) and multi-
joint movements (Almeida et al. 2000).

Our data also confirmed previous findings showing that these individuals perform
horizontal planar movements with reversal, using proportionally less elbow muscle torque,
as compared with shoulder muscle torque (Almeida et al. 2000). However, in the data
presented here the individuals with Down syndrome used dynamic muscle torques and
interaction torques at both joints that is typical of pointing movement without reversal
(Gottlieb et al. 1989, Corcos et al. 1989, Gottlieb et al. 1996a,b). These torques were
characterized by two distinctive biphasic impulses, each one composed by acceleration and
deceleration phases, and intercalated by a clear period in which the limb was at the vicinity
of the target (figure 4). Thus, the individual with Down syndrome first accelerated and
decelerated the limb at the target, stay at the vicinity of the target, and then accelerated and
decelerate the limb back into the initial position. In the task, the shoulder interaction
torques opposed its dynamic muscle torque, whereas at the elbow, both the interaction and

dynamic muscle torque acted in phase.
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Individuals with Down syndrome move on average 53% of the speed observed for
normal individuals performing identical movement with reversal before training (NF
Marconi, unpublished observations). Our data supported the observation that individuals
with Down syndrome move slowly because they generate smaller muscle torques (Almeida
et al. 2000). Also, they generate small amount of muscle torque because they were unable
to modulate the muscle activities. Instead of using a reciprocal and triphasic pattern
reported for movement with reversal of normal individuals and modulate the amount of
muscle activities according to the force required, they used pattern of coactivation (figure
4). This pattern of coactivation seems to be present in varieties of movements analyzed in
this population (Latash and Corcos 1991, Almeida et al. 2000, Aruin and Almeida 1997,
Aruin et al. 1996, Latash and Anson 1996). Here we advance the idea of coactivation by
showing that these individuals cannot modulate the amount of EMG activities with the
changes of the function of the muscles (i.e., agonist versus antagonist). For example, they
failed to drop abruptly the first agonist burst during the deceleration phase of the
movement, thus make it difficult for the antagonist burst to develop its double function (see

below).

The effect of training on muscle activities

Our hypothesis that with training individuals with Down syndrome would change
the pattern of coactivation to a typical reciprocal pattern of muscle activities observed in
individuals neurologically normal performing movement with reversal (Schmidt et al. 1988,
Sherwood et al. 1988, Gottlieb 1998, Almeida et al. 2000, GL Almeida, unpublished
observations) are partially correct. Neurologically normal individuals performed movement

with reversal by abruptly turning off the first agonist burst around the end of the
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acceleration phase of the limb to the target. This facilitates the action of first antagonist
burst to decelerate the limb at the target, and then its prolonged activities accelerated the
limb back into the initial position (Gottlieb 1998). At the end of the movement a second
burst of the first agonist helps to lock the limb at the target.

The amount of muscle activities measured during the acceleration and deceleration
movement phases to and from the target of the Down syndrome individuals did not change
with training. This observation is in agreement with the lack of kinematics and kinetics
changes of the movements with training. Nevertheless, neurologically normal individuals
also did not improve the muscle activities during these movement phases (NF Marconi,
unpublished observations). In these reversal movements, the shoulder muscles work not
just in the acceleration and deceleration of the limb to and from the target, but also kept the
upper arm elevated against the action of gravity. So, it is impossible to partial out these two
functions of the shoulder muscles. At the elbow, the interaction torques and the dynamic
muscle torques accelerated the elbow into the target. Because the interaction torque
increased with practice for the neurologically individuals there was no need for increased
activities of the muscles (triceps and biceps). In the data presented here, the individuals
with Down syndrome improve neither dynamic muscle torques nor the interaction torques
at both joints. So, the lack of change in the amount of muscle activities with training is in
accordance with the unchangeable magnitude of the movement kinetics observed after

training.
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The effect of training on movement kinematics and kinetics

With training the individuals with Down syndrome learned to use the dynamic
impulses of the muscle torque (figure 4) typical of the triphasic impulses observed to
horizontal reversal movements for the normal individuals without training in this task
(Gottlieb 1998, Sainburg et al. 1995, Schmidt et al. 1988, Sherwood et al. 1988, Almeida et
al. 2000). The first muscle impulse accelerates the limb toward the target location. The
second impulse can be divided in two distinctive phases (GL Almeida, unpublished
observations). Initially, it decelerates the movement toward the target location. Then, this
second impulse works reverting movement direction and accelerating the limb back toward
the initial position. Finally, the third impulse decelerates the limb at the initial position.

It has been showed that with practice, normal individual improved movement speed
and reduced the movement time for movements with reversal (NF Marconi, unpublished
observations). On the other hand, with training the individuals with Down decreased the
time at the vicinity of the target (figure 3) reducing the time to perform the task and the
movement variability, even though they did not improve movement speed. How to explain
these changes in the movement kinematics of the Down syndrome individuals with
training?

For the reversal movement presented here, the dynamic muscle torque and the
interaction torque of the shoulder acted in the opposite directions, whereas these torques
acted in the same direction at the elbow (figure 4). With practice neurologically normal
individuals learned to increase shoulder dynamic muscle torques and to improve elbow
interaction torque (NF Marconi, unpublished observations). On the other hand, the
individuals with Down syndrome failed to improve either the dynamic muscle torques or

the interaction torques in both joints. These results do not support our hypothesis that

140



practice would increase the amount of impulses due to the dynamics and interactions
torques. However, the lack of change in these torques with practice is a close agreement
with the lack of improvement in movement speed.

Shoulder and elbow dynamic muscle torque are linearly correlated for movements
with reversal for both normal and individuals with Down syndrome (Almeida et al. 2000).
Also, when compared with normal, individuals with Down syndrome use proportionally
more dynamic muscle torque at the distal than at the proximal joint to perform the
movements with reversal (Almeida et al. 2000). The pretest data presented here replicate
these findings (figure 5).

After training, the individuals with Down syndrome were able to better coordinate
both shoulder and elbow dynamic muscle torques, as showed by the increased coefficient of
linearity between both torques with training (figure 5). Thus this finding support the second
hypothesis that training would improve the coordination between both shoulder and elbow
dynamic muscle torques. On the other hand, the normal individuals presented high
coordination between shoulder and elbow dynamic muscle torque, before and after training.

The slope of the linear synergy between both dynamic torques increased with
training, and was higher for the normal individuals, as compared with individuals with
Down syndrome (figure 5B). In other words, compared with normal, individuals with
Down syndrome use proportionally more proximal (elbow) than distal (shoulder) dynamic
muscle torque, even though they improve the rate of shoulder to elbow dynamic muscle
torque with training. This is in accordance with our hypothesis that individuals with Down
syndrome would use proportionally more proximal (shoulder) than distal (elbow) dynamic
muscle with practice. Gottlieb and colleagues (1996a) termed the linear coupling between

the dynamic torques as "linear synergy", and showed it is present for the performance of a
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variety of different movements (Bock 1994, Hong et al. 1994, Buneo 1995, Gottlieb et al.
1997, Zaal et al. 1999, NF Marconi, unpublished observations). The common temporal
patterns that the CNS sends to activate the muscles of the two joints would lead to muscle
torque profiles of similar shapes at each joint. These muscle torques are then scaled in
amplitude to the demands of the task. In other words, the elbow and shoulder muscle
torques are related by a scaling constant. They pass through extremes and zero crossings
almost simultaneously for a variety of different movements as has also been shown by
Topka et al. (1998). This linear synergy between muscle torques can be found in sagittal
planar movements during pointing (Gottlieb et al. 1996a), reaching movements in different
directions (Gottlieb et al. 1997) and in the data reported by Bock (1994) and Buneo et al.
(1995). The data reported here advance our knowledge about the motor control of
neurologically normal individuals by showing that this linearity is not affected by practice,
but with practice they learned to use proportionally more proximal than distal dynamic
muscle torque.

When forced to use an unusual hand-path, the linear synergy does not apply
(Gottlieb et al 1996a), and therefore this would not an obligatory feature of the mechanics
of the movement. On the other hand, Zaal et al. (1999) showed that this coupling between
the dynamic muscle torques is present even in babies, before and after they were able to
perform functional grasp. Because of that, the authors concluded that the linear synergy
between dynamic muscle torques would be one “imprinted characteristic of the control
system”, present earlier on in life. However, the poor coordination between both dynamic
muscle torques observed in young adults with Down syndrome, before training, and their
capability to improvement of this coordination with practice (figure 5) may revealed some

characteristic of the motor control system. First, if the linear synergy is one intrinsic
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characteristic of the motor control mechanism, this should be consider just for intact CNS,
since the individuals with Down syndrome had poor coordination between both torques
before practice. Second, the improvement of the coupling between both dynamic torques
with training, observed for the Down syndrome individuals may reveal that the appropriate
linear synergy between dynamic muscle torques is one essential condition to enhance motor
performance. Third, the fact that normal individuals did not improve the linear synergy
between both dynamic torques with training, but gain movement speed after practice,
showed that this linear synergy alone does not guarantee the improvement in movement
performance. So we also confirm the observation of Gottlieb and colleagues (1996a) that
the ratio of the muscle torques does not depend on movement speed.

The must putative candidate for the decreased movement time at the vicinity of the
target and decreased movement variability observed for Down syndrome individuals is the
increase in the ratio of shoulder to elbow muscle torque (figure 5). The improvement in
movement speed with practice of the normal individuals was accompanied by
proportionally more increasing in shoulder dynamic muscle torque than in elbow torque.
The decrement in movement time at the vicinity of the target with training for individuals
with Down syndrome was also accompanied by proportionally more torque at the proximal

than at the distal joint.
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Unusual strategy used by one Down syndrome individual

The dynamic muscle torque and interaction torque acted at the same direction for
the distal joint and at the opposite direction at the proximal joint. It has been showed that
normal individuals increased movement speed with training by increasing shoulder
dynamic muscle torque and elbow interaction torque (NF Marconi, unpublished
observations). By moving the shoulder fast the normal individuals generated more
interaction torque at the distal joint. This interaction torque acted accelerating the forearm
into the target direction. In other words, the CNS of the normal individuals takes advantage
of the reactive force (interaction torque) incorporating it to the mechanical solution of the
problem.

As pointed out before, the Down syndrome individuals did not improve movement
speed and any the muscle or interaction torque with training, except by one individual that
was able to improve movement speed (figure 6). This individual increases the amount of
muscle torque and interaction torque at both joints, during the acceleration and deceleration
of the movement, when the limb moved to and from the target (figure 6). Contrary to all
other individuals with Down syndrome, this individuals had both torques well coordinated
and did not stop at the vicinity of the target, before and practice. More, contrary to what
was reported for all other normal (NF Marconi, unpublished observations) and Down
syndrome (Almeida et al. 2000), this individual used proportionally more distal than
proximal dynamic torques after practice. Anson (1992) showed that individual with Down
syndrome may use a distal to proximal sequence of muscle activation. Taking together
these finding revealed that the Down syndrome used an unusual strategy to control
movement that even functional, it does not appear to be the best mechanical solution. By

using a distal strategy, represented by proportionally more increase of the elbow than the
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shoulder dynamic torque with practice, this individual with Down syndrome failed to take
advantage of the reactive force that a faster shoulder could generated at the elbow,
extending it into the target. This may explain why this speed of this individual after training
was 53% of the one observed for the normal group cited in NF Marconi (unpublished

observations).

Neurobiological basis of motor difficulties in Down syndrome

Our data confirm the idea that linear synergy is a fundamental feature of the control
of movement (Zaal et al. 1999), but contrary pointed out by (Chiarenza and Stagi 2000) this
synergy can be degraded in the presence Down syndrome. What is the putative
neurobiological basic of the observed motor deficit in the Down syndrome individuals? For
example, pyramidal cell abnormalities have been identified in the motor cortex of a child
with Down syndrome (Marin-Padilla 1976), and the weight of the cerebellum has been
reported be reduced (Crome et al. 1966). In addition, there is evidence of axonal
degeneration from the study of peripheral and CNS conduction parameters (Mackenzie et
al. 1983). Individuals with DS may also have differences in bone density and cartilage
hypoplasia and possibly alterations in the biomechanical properties of ligaments, although
the evidence for differences in the biomechanical properties of ligaments has been ques-
tioned (Cremers and Beijer 1993, Stein et al. 1991). These differences might influence the
ability to generate joint torque, especially since individuals with DS do generate reduced
levels of force when generating isokinetics contractions (Cioni et al. 1994). It is also
possible that differences in movement speed and time spent in the region of the target are

indirect consequences of mental retardation and not due to the above-mentioned reasons.
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Future studies are required that use a control group matched for differences in intelligence
to determine whether the differences that we have documented are due to altered central

processing or due to alterations in the sensorimotor system.

Conclusion

The results that we have presented show that individuals with Down syndrome have
problems in coordinating the proximal and distal dynamic muscle torque and use more
distal than proximal force to generated movement with reversal, even after intensive
training. They also failed to incorporate the reactive force (interaction torque) into the
mechanical solution of the movement. However, they reduced the time at the vicinity of the
target with training, by improving the coordination between both shoulder and elbow

dynamic torques and improving the ratio of the shoulder to elbow dynamic torque.
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Figure legends

Figure 1: Illustrations of the task setup showing the home position of the right arm relative
to the spatial orientation of 90° where the three target distances (40%, 60% and 80%) were
set. The X and Y axes were defined in the table’s horizontal plane, parallel and
perpendicular to the frontal plane of the subject, respectively. 6; and 6, are respectively the

angle of shoulder and elbow joints.

Figure 2: Average and interval of confidence for the first peak (left) and second (rigth) of
the linear speed plotted against the target distances (D1, D2, and D3) for the pretest (open
circle) and posttest (open triangle) data. On the interval of confidence graphics the group
difference, lower limits, and upper limits are represented, respectively, by open circle,

inverted closed triangle, and closed triangle. The linear speed is given is meter per second.

Figure 3: Movement time on the target is plotted for each target distance, before (open

circle) and after (closed circle) training. The vertical lines represent the standard error.

Movement time on the target is given in seconds.
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Figure 4: Time series showing the fingertip linear speed, muscle torque, interaction torque,
and EMG activities for shoulder (left panel) and muscle torque, interaction torque, and
EMG activities for elbow (right panel). These data are for a single trial performed by a
representative subject, before (broken line) and after (solid line) training. Linear speed is
given in meters per second, muscle and interaction torques in Newton-meter, EMG
activities of the anterior deltoid (AD), posterior deltoid (PD), triceps (TRI), and biceps
(BIC) are unit less, and time is in seconds. The plots for the antagonist muscles (posterior
deltoid and biceps) are inverted. The numbers represent the landmarks used to define the

movement phases.

Figure 5: Linear coefficient |r| between both dynamic muscle torques (A) and the slope of
this linear coefficient (B) before and after training for the neurologically normal individuals
(open circle), Down syndrome individuals (close circle), and for the Down syndrome

subject (S1) that improved motor performance with practice (closed triangle).

Figure 6: Time series showing the fingertip linear speed, muscle torque, interaction torque,
and EMG activities for shoulder (left panel) and muscle torque, interaction torque, and
EMG activities for elbow (right panel). These data are for a single trial performed by a
representative subject, before (broken line) and after (solid line) training. Linear speed is
given in meters per second, muscle and interaction torques in Newton-meter, EMG
activities of the anterior deltoid (AD), posterior deltoid (PD), triceps (TRI), and biceps
(BIC) are unit less, and time is in seconds. The plots for the antagonist muscles (posterior

deltoid and biceps) are inverted.
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Conclusao Geral

Este estudo teve o objetivo de testar a generalizacdo de algumas hipéteses
relacionadas ao efeito do treinamento de uma tarefa motora, em movimentos de reversao do
brago, envolvendo as articulagdes do ombro e cotovelo, no plano horizontal, em individuos
neurologicamente normais e em portadores da sindrome de Down. Ambos os grupos foram
capazes de realizar a tarefa com €xito, antes do treinamento, € melhoraram seu desempenho
motor com a pratica. Essa melhora foi refletida em um aumento de ambos os picos da
velocidade linear do dedo indicador, para os individuos neurologicamente normais, € na
reducdo do tempo de reversdo, para os individuos portadores da sindrome de Down. Antes
do treinamento, individuos portadores da sindrome de Down gastaram muito tempo na
regido do alvo, e, apds o treinamento, aprenderam a retornar imediatamente a posicao
inicial. No entanto, mesmo ap6s 1.400 tentativas de prética, os individuos portadores da
sindrome de Down foram 50% mais lentos do que individuos neurologicamente normais, e
ndo foram capazes de aumentar os picos da velocidade linear. Apenas um, entre oito
sujeitos, foi capaz de aumentar ambos os picos da velocidade linear com o treinamento.

Para mover o ombro mais rdpido, da posicao inicial até o alvo, e, do alvo, de volta a
posicdo inicial, individuos neurologicamente normais aumentaram os impulsos do torque
muscular do ombro. O aumento nos impulsos do torque muscular do ombro levou a um
aumento nos impulsos do torque de interacdo do cotovelo, contribuindo para mover essa
articulagdo mais rapido também. A incorporacdo dessas forcas reativas otimizou a tarefa
motora em termos de velocidade, e esses resultados demonstram que ambos os torques
podem ser controlados de forma independente, pelo sistema nervoso central. Por outro lado,
individuos portadores da sindrome de Down ndo foram capazes de aumentar os impulsos

do torque muscular e de interagdo com a pratica. Entretanto, o padrdo desses torques foi
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qualitativamente diferente antes e depois do treinamento, ou seja, esses individuos foram
capazes de demonstrar um padrdo trifdsico comumente observado em movimentos de
reversao.

Individuos neurologicamente normais demonstraram, também, uma alta correlagio
linear entre os impulsos dos torques musculares e de interacdo de ambas as articulagdes, a
qual n3o foi modificada com o treinamento. Dessa forma, a correlacdo entre torques
gerados em articulagdes ligadas em cadeia é considerada uma caracteristica intrinseca do
sistema nervoso central, fundamental para a execu¢do de movimentos coordenados. Sem
treinamento, individuos portadores da sindrome de Down demonstraram uma pobre
coordenacdo entre ambos os torques. Porém, apds o treinamento, esses individuos foram
capazes de melhorar o acoplamento entre os torques do ombro e do cotovelo. Desse
resultado, podemos concluir que, se a sinergia linear € uma caracteristica intrinseca do
sistema nervoso central, isso deveria ser considerado somente para um sistema intacto, uma
vez que, antes do treinamento, individuos portadores da sindrome de Down demonstraram
uma pobre coordenagdo entre ambos os torques. Segundo, a melhora no acoplamento do
torque do ombro e do cotovelo com o treinamento, observada em individuos portadores da
sindrome de Down, pode revelar que a sinergia linear entre ambos os torques ¢ uma
condi¢do essencial para melhorar desempenho motor. Um bom candidato para a redugdo do
tempo gasto no alvo, pelos individuos portadores da sindrome de Down, € a melhora na
sinergia linear entre os torques. Com o treinamento, ambos os grupos geraram,
proporcionalmente, mais torque na articulagdo proximal do que na articulacio distal. Essa
caracteristica pode revelar que a taxa entre os torques € um fator importante para o processo

de execu¢do dos movimentos.

157



Ao contrdrio do esperado, individuos neurologicamente normais ndo modificaram
os padroes de ativacdo muscular com o treinamento. Para a articulacio do ombro, a
explicacdo pode residir no fato de que, na tarefa escolhida, a musculatura do ombro
desempenhou duas tarefas distintas: mover o ombro em adugdo e abdugdo horizontal e
sustentar o brago elevado contra a a¢do da gravidade. Dessa forma, a falta de aumento da
atividade EMG do deltéide anterior e deltdide posterior pode ser explicada pela otimizagao
dessa atividade para o desempenho das duas funcdes. Alguém poderia argumentar sobre a
participacdo de outros musculos. Entretanto, ndo houve aumento da atividade do peitoral
maior (dados ndo apresentados) com o treinamento. Com relacio a musculatura do
cotovelo, a falta de aumento da atividade EMG, com o treinamento, € justificada pelo
aumento dos impulsos do torque de interagdo, que, como vimos anteriormente, ¢ uma forca
passiva proveniente da interacdo dindmica entre os segmentos. Em sendo uma forga
passiva, ndo requer ativagdo muscular. O efeito do treinamento nos padrdes de atividade
muscular tem gerado resultados conflitantes na literatura. Dessa forma, faz-se necesséria a
realizacdo de mais estudos, particularmente em tarefas nas quais a musculatura nio tenha
uma funcdo postural concomitante.

Finalmente, como observado em outros estudos, sem treinamento, individuos
portadores da sindrome de Down demonstram um padrdo de co-ativagdo muscular. Porém,
ap0s o treinamento, e a partir de uma inspe¢do visual, observamos uma melhora no padrio
de atividade muscular, representado por uma discreta diminui¢do da co-ativagdo. Essa
melhora ndo chegou a ser tdo notdvel como a observada em movimentos simples de flexdo

do cotovelo.
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