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Resumo

Neste trabalho, investigamos o efeito do feedback intrinseco nos padrBes cinernaticos,
cinéticos ¢ eletromiograficos em movimentos de reversio do brago. Estes movimentos foram
realizados em trés distdncias angulares (108°, 126° e 144°) e em trés orlentacBes espaciais
(180°, 50° e 0%) por individuos neurologicamente normais e portadores da sindrome de Down.
As distdneias angulares foram definidas com base na quantidade de deslocamento do cotovelo.
Durante a realizagdo das tarefas, os individuos nfo tiveram a informacfo visual do brago. Para
identificar a2 quaniidade correta de deslocamento do cotovelo, os individuos tiveram que
comparar as informacfes provenientes de um gonidmetro fixo nesta articulagfo, com um
conjunto de luzes, as guais acendiam com o aumento do deslocamento do cotovelo em
extensfo.

Individuos neurologicamente normais apresentaram um acoplamento entre varidveis
intrinsecas (i.e. atividade eletromiografica, torques musculares) e extrinsecas {(velocidade
linear do dedo indicador). Do ponto de vista do controle motor, este acoplamento simplificaria
0 numero de variaveis que o Sistema Nervoso teria que controlar durante a execucdo dos
movimentos. Este acoplamento entre varidveis intrinsecas e extrinsecas foi denominado comeo
“Building Block Strategy”. Além disso, individuos newrologicamente normais, modularam as
atividades eletromiograficas ¢ os torques musculares com ¢ aumento da distdncia do

movimento de acordo com as regras previstas pela “Speed Insensitive Hyphotesis” (Gottlieb,
et al, 1989). Esta modulagcdio da atividade eletromiografica e das f{;rqas musculares foi
independente da orientaco espacial.

Individuos portadores da sindrome de Down também foram capazes de realizar a tarefa

proposta; no entanto, eles apresentaram diferencas sutis na forma em gue controlaram os




movimentos. Primeiro, o acoplamento entre varidveis intrinsecas e extrinsecas foi menor para
esta populag8o. Segundo, eles foram incapazes de modular as atividades eletromiograficas e os
torques musculares com o aumento da distAncia, como observado para os individuos
neurclogicamente normais. Terceiro, estes individuos apresentaram um padriio muscular de
co-ativagio da musculatura agonista-antagonista. Dessa forma, podemos concluir que, 2
“Building Block S.traiegy” néo € uma estratégia universal, a qual poderia ser aplicada a todas
populagdes. |

Com relag@o a precisio dos movimentos, ambos os grupos cometeram quantidades de
erros similares ac realizarem movimentos de reversio utilizando apenas o feedback intrinseco.
Hste achado poderia sugerir que o Sistema Nervoso nfo utiliza es?:é tipo de informag8o para

conirolar os movimentos.




Abstract

In this study, we investigated the effect of the intrinsic feedback in the kKinematic,
kinetic and, eletromyographic (EMG) patterns in reversal movements of the arm. This
movements were performed in three angular distances (108°, 126° and 144} and in three
spatial orientations (180°, 90° and 0°), by normal (NN} and Down Syndrome (DS) individuals.
The angular distances were defined based in the quantity of the elbow excursion. During the
performance of the tasks, the subjects did not have the visual information of the arm. To
identify the correct quantity of the elbow excursion, the subjects had to associate the
information provided from the goniometer placed on their joint with a visual information from
ligths, which turned on with the increase of the elbow excursion.

Normal individuals showed a coupling between intrinsic (i. . muscle activity, muscle
torque) and extrinsic (linear velocity of the fingertip) variables. From the motor control point
of view, this coupling reduces the number of the variables that the Central Nervous System
{(CNS) had to control during the execution of movements. This coupling between intrinsic and
extrinsic variables was denominated .here “Building Block Strategy”. However, normal
individuals modulated the EMG activities and the muscle torques with an increase in the
angular distance, according to the “Speed Insensitive Hyphotesis™ {Gottlieb ez al, 1989).

Down syndrome individuals also were able to perfom the proposed task, however, they
showed subtle differences in the manner they controled the movements. First, the coupling
between intrinsic and extrinsic variables was less significant for this population. Secoﬁé, they
were unable to modulate the EMG activities and the muscle torques with an increase in the
angular distance as observed for the NN individuals. Third, this individuals showed co-

activation patterns of the agonist and antagonist muscles. In this way, we can conclude that the




conclude that the “Building Block Strategy™ can not be considered an universal strategy to be
applied to all populations.

Regarding the accuracy of the movements, both groups obtained similar quantities of
error when performing reversal movements using just the intrinsic feedback. This found

suggests that the CNS does not use this type of information to control the movements.




1. Introduciio

Primeiramente iremos apresentar uma breve revisfo da literatura sobre teoriazs de
controle motor. Especificamente iremos descrever as regras descritas pela "Dual Strategy
Hypothesis” (Corcos ef al, 1989; Gottlieb e 4/, 1989a) utilizadas pelo Sistema Nervoso (SN}
para o controle dos movimentos. A seguir iremos descrever a coniribuic@io das varidveis
intrinsecas (4ngulo, velocidade, aceleracfio, torque muscular) e extrinsecas (deslocamento
linear, velocidade linear) no controle motor.

Segundo Gottlieb ef al, {1989%a), estratégias sfo descriias como um conjunto de regras
que podem ser utilizadas para explicar uma série de tarefas motoras em termos de padrdes de
ativac8io muscular. Quando realizamos uma tarefa motora simples, como por exemplo, flexdo
da articulag@io do cotovelo, a ativagho muscular € caracterizada pela geragdo de um padféo
reciproco de atividade (agonista-antagonista-agonista), o qual recebeu o nome de padrdo
trifdsico (Hallett ef 2/,1975; Hannaford, 1985).

Na tarefa citada acima, quando uma pessoa precisa mover 0 brago de um ponto A a um
ponto B, o misculo agonista é ativado primeiramente para gerar uma forga que a langar 0
membro em direco ao alvo. Neste momento, € possivel identificar um primeiro "burst” de
atividade muscular agonista, Cerca de algumas dezenas de milisegundos apés o inicio desta
atividade, é possivel identificar um "burst" de atividade antagonista, o qual ird frear o
movimento no alvo. O tempo entre o inicio da atividade muscular agonista e o inicio da
atividade muscular antagonista ¢ chamado de laténcia antagonista. Finalmente, € possivel
identificar um segundo “burst” de atividade agonista, o qual ajudaré a "travar” o membro no

alvo.
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Sendo assim, estratégias t€m sido usadas para descrever como o Sistema Nervoso
Central (SNC) modularia este padrio de ativacdo muscular para gerar movimentos uni-
articulares restritos em diferentes distAncias, velocidades e cargas ("Dual Strategy
Hyphotesis”) (Corcos ef al, 1989; Gottlieb er al, 198%a). Estas estratégias assumem que ©
comando central {potencial de acdo), enviado a0s newrdnios motores alfa na medula, poderiam
ser modulados como um filtro de baixa frequéncia. Isto &, os neurdnios motores alfa além de
transmitir os impulsos nervosos efetores, também modulariam estes impulsos.

De acordo com a "Speed Insensitive Strategy” (Gottlieb er al, 198%a), padries de
ativagio muscular agonista de movimentos realizados "o mais rapido possivel" sfo
caracterizados pela geragfio de um "burst” de intensidade constante para diferentes amplhitudes
angulares. J4 a duracdio deste "burst" agonista aumentaria com a distdncia movida. Com
relacio a musculatura antagonista, o inicio de sua atividade ocomreria mais tarde para
movimentos realizados em distincias maiores.

Por outro lado, para movimentos realizados em diferentes velocidades, a estratégia
utilizada pelo SN para modular a atividade eletromiografica (EMG) agonista e antagonista
mudaria. A intensidade de ativagz’io- da musculatura agonista seria maior para movimentos
mais rapidos. Por cutro lado, a durag@o do primeiro "burst” de atividade agonista permaneceria
constante. Com relaglio 4 atividade antagonista, esta ocorreria mais cedo para movimentos
com velocidades maiores. Esta estratégia de controle para movimentos realizados sob a
demanda de diferentes urgéncias de velocidade angular foi denominada "Speed Sensitive
Hyphotesis" {Corcos et al, 1989).

Esses achados nos mostram que, dependendo da instrugio dada ao sujeito para a

realizagdo de uma tarefa motora, o SNC pode utilizar estratégias diferentes para controlar
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padres de ativagdo muscular. Estes padrfes parecem ser modulados de forma a garantir
eficiéncia a0 sistema de controle motor. Por exemplo, a modulagfio da laténeia antagonista
para movimentos realizados em diferentes amplitudes articulares prolonga a aplicaciio do
freio, favorecendo a geracfo de movimentos mais velozes para distdncias maiores.

As estratégias descritas acima foram utilizadas para explicar a geracio de padrBes
musculares de moﬁmenms uni-articulares de flexdo do cotovelo restritos em um manipulando.
Almeida et al, (1995) compararam tarefas uni-articulares de flexfo do cotovelo realizados em
um manipulando no planc horizontal, com tarefas uni-articulares de flexfo do cotovelo ¢
ombro, realizadas sem restricBes. Estas farefas foram executadas em diferentes distincias
angulares. Os resultados deste estudo demonstraram que para ambas as tarefas os padrfes de
ativagdo muscular foram similares aos descritos pela "Speed Insensitive Hyphotesis” (Gottlieb
et al, 1989a). A tinica execfio foi para a laténcia antagonista do musculo deltéide posterior na
tarefa ndo-restrita de flexfo .do ombro. Nesta condigfio, n&o houve a modulagfio da laténcia
antagonista com o aumento da distdncia do movimento. Em outras palavras, as regras
estabelecidas pela "Speed Insensitive Hyphotesis” {(Gottlieb er of, 198%9a) nfio poderiam ser
usadas para explicar a modulacfio da atividade EMG de movimentos nio-restritos realizados
contra a agfio da gravidade.

Em estudos mais recentes, Gottlieb (1998) comparou movimentos uni-articulares de
apontar com movimentos uni-articulares de reversio do cotovelo realizados em um
manipulando. O objetivo principal deste estudo foi verificar se as regras descritas previamente
s&o especificas para movimentos uni-articulares de apontar ou se elas poderiam ser aplicadas a
OULTOS tipos de movimentos uni-articulares, como por exemplo, mover em direcio a um alvo

com retorno imediato a posicio inicial. O raciocinio por tras deste estudo € que movimentos
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uni-articulares de reversfic apresentariam padies cinemdticos (&ngulo, velocidade,
acelerago) e eletromiogréfices idénticos aos movimentos uni-articulares de apontar, pelo
menos, 1o que diz respeito 20 movimento de ida em diregio a0 alvo.

O padréo trifdsico de ativacio muscular também foi observado para movimenios uni-
articulares de reversfo. A novidade € que, neste caso, o primeiro "burst” de atividade agonista
foi abmpﬁameme"*desiz?gade”s sendo possivel distinguir dois "bursts” de atividade agonista
claramente separados. Resultados similares foram observados por Schridt e af (1988) e
Sherwood er al (1988). Segundo Gottlieb (1998) este fendmeno permite que o torgue flexor
diminua mais rapidamente, j4 que o sujeito ters que retornar o membro & posigdo inicial & para
isso ele precisard gerar um torque em direcfo oposta (torque extensor). As regras estabelecidas
pela "Speed Insensitive Hyphotesis” (Gottlieb er al 198%a) também foram capazes de
descrever os padrdes de ativagdo muscular de movimentos uni-articulares de reversio.

Resultados similares iém sido demonstrados por Almeida ef al (2000), em movimentos
multi-articulares de reversfio, ndo restritos, envolvendo as articulacdes do ombro e cotovelo
em diferentes orientagdes espaciais. O achado adicional foi que 2 orientagio espacial
influencia a quantidade de for¢a gerada pelos misculos em relagfc ao total de atividade EMG.

Este conjunto de regras ¢ baseado na idéia de que atividade eletromiografica (EMG) ¢
forga muscular sdio varidveis fisiologicamente relacionadas; isto &, ambas so geradas por um
pulso de excitaco (potencial de agfo) (Gottlieb ef al, 1989b) e que padroes EMGs refletem 2
convergéncia, nos neurdnios motores e interneurdnios na. medula, de comandos centrais e
peritéricos.

A favor desta idéia existem vérios estudos (Almeida et ai, 1995; Gottlieb et /,1996)

demonstrando a existéncia de uma forte correlacio entre atividade EMG ¢ forcas musculares
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geradas nas articulagSes (torque muscular). Como vimos anteriormente, movimentos uni-
articulares sdo caracterizados por um padrgo trifisico de atividade muscular & em parte, & esta
atividade que ira gerar as forgas nas articulagBes. Assim como a atividade muscular, os torques
musculares gerados em movimentos uni-articulares, também apresentam um padrio,
caracterizado por um puiéo bifdsico, com dois tempos de reversio. Dessa forma, o primeiro
"burst" agonista, geraria o primeiro impuiso do torgue muscular, Jangando o membro em
direcBio aoc alvo. Aproximadamente na metade do movimento, este impulso reverteria a
direcfo, gracas 2 ativagfo da musculatura antagonista. Da mesma forma, o "burst” de atividade
antagonista, geraria o segundo impulso.

Todos os estudos citados anteriormente revelam comportamentos observados ac nivel
articular (informa¢fo intrinseca). No entanto, nfio podemos deixar de mencionar os estudos
que acreditam que o sistemna nervoso controla os movimentos a partir de varidveis extrinsecas
e nfo intrinsecas. (Abend er ‘al, 1982; Bernstein, 1967; Kaminski & Gentile, 1989; Morasso,
1981). Varios estudos tém demonstrado que o SNC utilizaria as informagBes extrinsecas {por
exemplo, velocidade linear do dedc}} ¢ ndo as informacdes intrinsecas (por exemplo, dngulo
articular) para controlar os movimentos.

Morasso (1981) estudou movimentos de alcangar envolvendo as articulagdes do ombro
e cotovelo em diferentes orientagBes espaciais e alvos, sem que os sujeitos tivessem a
informag@o visual do seu braco. Neste experimento, foi observado que, apesar das diferentes
combina¢Ses de angulo articular (informac@io intrinseca), a velocidade linear da mio
(informac8o extrinseca), apresentou sempre o mesmo perfil, ou seja, um tnico pico. Baseado
nas invaridncias da velocidade liﬁear, Morasso (1981) propds a "Hipotese do Controle

Espacial”, onde os comandos centrais para 0s movimentos sfo no sentido de especificar a
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tréjetéria da m#o e ndo os movimentos das articulagdes. Este controle implicaria na existéncia
de um mecanismo para transformar comandos motores espaciais em padrBes de dngulos
articulares. Conclusdes sirnilares foram feitas em outro estudo {Abend ef al, 1982).

Como vimos no modelo da "Dual Strategy Hypothesis" (Corcos ef al, 1989; Gottlieb e
al, 198%a) para o controle dos movimentos, as regras sio definidas a partir de parimetros
intrinsecos (i.e. pédrées de ativida&e EMG). No entanto, invaridncias observadas tanto para
parémetros intrinsecos como extrinsecos, nfo respondem a guestfo se o SNC planeja os
movimentos em termos de padrBes de ativaciio muscular ou do deslocamento linear do
‘membro no espago. A verdade € que qualquer modelo de controle motor utilizado, seia
intrinseco ou extrinseco, exigiria uma transformacio interna do SE\fC {Sainburg ef al, 1995).
Por exemplo, vamos assumir gue ¢ SNC plansja os movimentos em termos de deslocamento
linear do membro no espago. Neste caso, ele teria que em algum nivel determinar os padrdes
de atividade EMG, computar'os torques e gerar o deslocamento angular nas articulacdes.

Baseado em estudos recentes, demonstramos que o SNC utiliza tanto as informacdes
intrinsecas como as extrinsecas no controle dos movimentos (Almeida er al, 2000).
Solicitamos aos individuos neurclogicamente normais (NN) que realizassem movimentos de
reversdo em varias regibes do espaco. Durante a execucio destes movimentos, os individuos
tiveram informagOes apenas sobre o deslocamento angular do cotovelo (feedback intrinseco).
Demonstramos a existéncia de um acoplamento entre os "bursts” de atividade EMG ¢ os
impulsos gerados nas articulagbes do ombro e cotovelo. Este acoplamento entre atividade

EMG e torque muscular poderia ser definido como uma preferéncia do SNC pelo controle

ntrinseco dos movimentos.

15




No entanto, neste mesmo estudo também demonstramos existir um acoplamento entre
estas atividades musculares ¢ estes impulsos com a velocidade do deslocamento do membro
no espago. Este acoplamento fol denominado "Building Block Strategy”. A idéia basica desta
estratégia € que existiria uma co-variag#io linear entre os parfmetros intrinsecos (atividades e
impulsos musculares) e extrinsecos {velocidade do dedo indicador). Do pento de vista do
plansjamento do movimento, este estudo demonstrou que o SNC deve utilizar as inférmagées
extrinsecas para controlar os movimentos. Suportes 2 esta idéia foram obtidos com a anélise
da acuracidade na execucdo dos movimentos. A invaridneia na trajetéria e na velocidade do
dedo indicador também dé suporte & idéia de que o SNC plansja os movimentos a partir de
varidveis extrinsecas.

Do ponte de vista da execugfio a "Building Block Strategy” simplificaria a tarefa do
SN em controlar movimentos ao nivel articular, ao nivel da coordenacBo entre as articulagdes
e ao nivel da transformacio intrinseca para extrinseca. A correlac@o linear entre estas varidveis
¢ compativel com a sugestfo de que em algum nivel superior, as propriedades cinematicas dos
movimentos poderiam ser plangjadas em termos experimentais, tais como aguelas fornecidas
por observagdo visual das trajetdrias.

Neste estudo utilizamos a "Building Block Strategy” para estudar os movimentos de
reversiio em individuos portadores da SD. De um modo geral, os movimentos destes
individuos s#o mais lentos (Almeida er @/, 1994; Latash & Corcos, 1991) e desengoncados

(Frith & Frith, 1974) quando comparados com os dos individuos NN. Uma revisdo de
literatura dos mecanismos de controle motor utilizados pelos individuos 8D € apresentada na

se¢Bo IV.I (Almeida ef af, 1999). De um modo geral, observamos um padrio de co-ativag@o
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genéraiizada da musculatura agonista e antagonista nos individuos portadores da SD
(Almeida, 1993; Almeida ef al, 1991; Almeida er al, 1994; Latash ef al, 1993).

Estes individuos também demonstraram serem incapazes de modular 2 atividade
muscular agonista e antagonista em termos dos "bursts” descritos anteriormente. Também
observamos uma diminuigdo no acoplamento entre atividade EMG e os torgues gerados nas
articulagies do ombro e cotovelo. A atividade EMG ¢ as forcas musculares tambeém foram
pobremente correlacionadas com a velocidade do dedo indicador. Estes dados demonstram
que a origem da falta de coordenac3ic motora nestes individuos pode estar relacionada &
inabilidade em modular 2 atividade EMG de forma a gerar os torques musculares necessarios &
execucfio de movimentos com determinadas velocidades lineares.

O resultado deste estudo, inciuindo uma discusso sobre a *Building Block Strategy” é
apresentado na secdo 1I, no artigo: “Building Block Strategy during reversal movements
performed with intrinsic information about elbow excursion”. Nesta secfio, apresentamos
também outro artigo a ser submetido e cyjo titulo €: “Control of reversal movements in normal
individuals and with Down syndrome: The effect of intrinsic feedback™.

Na secfio III, apresentamos uma discussdo geral da tese envolvendo os dois artigos
apresentados na secdo II. Finalmente na se¢fio IV, apresentamos os trabalhos ja publicados

os resumos submetidos em congressos cientificos.
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IL. Trabalhos 2 serem submetidos 2 publicacio

Os dados parciais obtidos durante o desenvolvimento desta tese foram organizados em

dois trabalhos a serem submetidos & publicagio.
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Summary

Neurologically normal individuals performed reversal movements over three target distances
and three spatial orientations. The target distances were based on the amount of elbow
excursion. During the performance of these movements the individuals did not have visual
information about the moving limb. However, they could identify the amount of elbow
excursion compaﬁﬁg the information from a goniometer, fixed at this joint, with a set of lights
showed in the direction of the movement. All individuals were able to perfofm the reversal
movements, but failed io use the intrinsic information to move the elbow joint at the required
angular excursion, These results favor the idea that the Central Nervous System (CNS) did not
use intrinsic information to plan movements.

At the execution level, the two agonists and the antagonist EMG bursts of muscle activities
and the muscle impulses increased with target distance independently of the changing in
spatial orientations. Also, there was a linear-covariance between intrinsic (muscle activities
and muscle impulses) and extrinsic (linear speed of the ﬁﬁgertip) variables. This linear
coupling between the intrinsic and extrinsic variables was termed "Building Block Strategy”.

This strategy facilitates the task of the CNS to control movements.

Supplementary Key Words: reversal movements, muscle activity, muscle torque, spatial

orientation.
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Introduetion

The performance of a single-joint elbow flexion moverent involves a generation of a

reciprocal pattern of muscle activity (EMG) characterized by sequential bursts of agonist-
antagonist-agonist activities. This reciprocal pattern of muscle activities was called triphasic
pattern of muscle‘ activity (Hallett, Shahani, & Young, 1975; Hannafbré & Stark, 19835).
Gottrlieb, Corcos, & Agarwal {19893); Corcos, Gottlieb, & Agarwal, (1989) described how the
NS could modulate the intensity and/or duration of the first burst of agonist EMG activity
‘and the time between the onset of the agonist and antagonist EMG burst of activities
(antagonist latency) to géneraze constrained single-joint movements over different distances,
speeds and loads. The intensity of the first agonist EMG burst (for ballistic movements
performed under the instruction to "move as fast as possible") was kept constant and its
duration increased with angﬁlm distance. The antagonist Jatency for these movements was
delayed for longer distances.

This simple-set of rules has also observed for unconstrained single-joint movements
(Almeida, Hong, Corcos, & Gottlieb, 1995), and could also describe the burst of muscle
activities for constrained reversal movements involving elbow single-joint. Gottlieb (1998),
showed that the intensity for the first EMG burst observed for of these reversal movements
was not modulated With'anguiar distance. This first EMG burst increased with target distance
and ends abruptly in a silent period, and the antagonist latency increased with target distance.

The coordination between the generation of both elbow and shoulder muscle torque
coﬁld be described by the principle of linear co-variance between them. This principle states

that both elbow and shoulder muscle torques are coupled on time and in magnitude during the
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performance of unconstrained pointing {Gottlieb, Song, Hong, Almeida, & Corcos, 1996). It
can also explain the coordination between both elbow and shoulder muscle torques for
movements performed over different spatial orientation and for reversal movements {Almeida,
Hasan, & Corcos, 1959).

Long ago Bernstein (1935) advanced the idea that the CNS should have higher level of
preje;::tions of s;;aée and not of muscle force or muscle activities. Since then, Morasso (1981)
proposed the so-called "spatial control hypothesis”. This hypothesis was based on observed
invariance of the fingertip trace and linear velocity (extrinsic information) for planar pointing
movements of the upper limb o targets at different spatial locations. For the same movements
the author failed to observe invariance for the angular excursion an& angular velocity (intrinsic
information) of elbow and shoulder joints. The basic temporal pattern of the hand trace and its
linear velocity were preserved across several handwriting movements with differents
amplitudes. Supports faveriﬁg the idea that the CNS uses extrinsic information to control
movement can be found in several others studies (Lashley, 1951; Russell, 1976). The idea of
"spatial control hypothesis” implies the existence of a mechanism for transforming spatial
motor commands into coordinated joint angular patterns (Pellionisz & Llinas, 1980;
Pellionisz, 1980).

The straight hand paths are not necessary the primary concern in the control of arm
movements. Indeed, Kaminski & Gentile (1989) showed some degree of curvature of hand
path that could be partially attributed to difference in time of movement onset of the elbow
and shoulder joint. Also optimization procedures including minimization of energy, of the
jerk, stiffness and the onset between movements across different joints can generate smooth

angular velocity at the joint level (intrinsic level).
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This debate is more than theoretical and has a huge impact in clinical application and
in sport activities. Those that work with human movement face the dilemma about what kind
of information (intrinsic versus extrinsic) should provide to the performer. Also, several of the
experiment reported in the literature used computer guided tasks that involve the visual
transformation based on the intrinsic information. In this experiment first is showed the effect
of intrinsic feedback on movement accuracy and on the pattern of zﬁuscie activation and
muscle torque for planar reversal movement. Second it is also showed a Iiﬁéar coupling
between the intrinsic (muscle torque and muscle activities) and extrinsic (speed of the

fingertip) variables. Third, we calied this coupling as the "Building Block Strategy”. Finally, it

is discussed how this strategy could be used to control reversal movements.

Methods
Subjects
Eight neurologically normal subjects (NN), 4 male and 4 female took part in this

experiment after given formal consent approved by the State University of Campinas. All

subjects were right-hand and were between 15 and 30 vears old.

Tasks

Each subject performed reversal planar movements, involving elbow and shoulder
excursion with the wrist and hand immobilized by a thermoplastic splint. The movements we
divided into three tasks that varied with the spatial orientations (180°, 90° e 0°). The line in the
saggital plane, crossing the middle line of the subject's body, in the antero-posterior direction,

defined the spatial orientation of the 90° task. The line defining the spatial orientation for the
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0° (right} and for the 180° tasks (left) was orthogonal to the line of the 90° task (figure 1). The
initial position was set at the intersection between the lines of 90° task with the line of the 0°
task. At the initial position, the fingertip was kept over the line of the 90° task, with the elbow
joint at 90° of extension (full flexion being equal to 0°).

Insert here figure

The subjects were seated in an adjustable chair, with their trunks strapped in the
straight back of the chair. A cable fixed at the ceiling of the experiment room sustained the
proximal part of forearm. At this position their right iimb could move fresly around 10 ¢m
above the top of a closed table (1.5x1x] meter).

For each task the subject performed three series of movenﬁems defined according to
one of the three elbow angular excursions. We used the following steps to define the angular
target distance of the elbow joint. First, a homemade goniometer was fixed on the elbow joint.
This goniometer was _connecfeci to a set of ten small lights, fixed on series in a metal bar (15 X
2 em). For each 9° of elbow excursion in extension one light was turned on. This set of lights
was put on the task spatial orientation, one meter away from the initial position, in the
subject’s field of vision. Second, keeping the wrist immobilized, the experimenter passively
moved the subject's upper limb from the initial position to the direction of the spatial
orientation line of the task. The upper imb was positioned in such a way that the fingertip laid
on the line of the task with the elbow joint extended at one of the three target distances (108°,
126° and 144°, in figure 1). The elbow angular target distance was checked with simple
acrylic gonimometer. Forth, at the target position, the homemade goniometer was adjusted to
turn on the appropriate number of lights. The number of lights turned on were two, four, and

six, respectively for the 108°, 126° and 144° elbow target distance (figure 1).
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During the performance of the tasks the subjects used a glass without lenses that avoid
any view of thelr moving limb (finger, hand, forearm and upper arm). The only information
the subjects had was the number of lights turned on and the direction of the movement. So, to
perform the task well the subjects first had to match the required elbow excursion at the
required s;aatiai orientation of the task with the cerregpez;dem number of lights. Thus, for each
task the subject had té perform a series of five movements to a target ﬂﬁaﬁ would require 108°,
126°, and 144° of elbow extension at the final position. The trunk line was kept orthogonal to
the line of the 90° task during all experiments {figure 1).

Before data recording each subject had 5 trials of practice for each experimental
condition (task and amount of elbow excursion}. The subjects were instructed to move "as fast
as possible” to and from the target, without stressing reaction time. They were also required to
iry to perform the movements "as accurately as possible". Five movement trials were recorded

for each experimental condition during two seconds each one.

Recording and processing of EMG data

We recorded the EMG activity of the biceps long head, lateral head of triceps, anterior
deltoid and posterior deltoid muscles using a DelSYS (model DE2.21L) EMG amplifiers with
surface electrodes, with the total gain of 2000 and band pass of 20-450 Hz. All EMG data
were digitilized at 1000 frames/second using Optotrak software and synchronization unit.
These EMG data were rectified and filtered using 20 ms moving size window. The processed

EMG data were used for the quantification purpose.




Recording and processing of kinematic data

We fixed LEDs (light emotion diode) as closely as possible to center of the shoulder,
elbow and wrist joints, and on the fingertip. The X and Y coordinates of these LEDs were
recording using Optotrak Motion Analysis System 3020 at 100 frames per second. From these
data, the orientations of the two segments were calculated. The upper and forearm orientations
with respect to the medial lateral axis (X axis in figure 1) in the horizontal plane are denoted
respectively by o1 and 92. The elbow angle was defined as 180° minus the differencé between
o2 and 1. From angle we obtained angular velocity and acceleration. Angle, velocity and
acceleration were smoothed using 10 ms moving size window. The linear velocity of the

f'mgértip was obtained from the X and Y coordinates of the fingertip.

Using inverse dynamics to calculate muscle torgue

Using the subject's wéight and the regression equation of Winter (1979) we obtained
the inertial parameters of the upper arm and forearm and the locaition of the center of mass of
these segments. In addition to the mg:asured lengths of the proximal and distal segments (1.1
and L2 respectively), the following inertial parameters were estimated: the masses of the
segments (m1, m2); the distances from the proximal end of the segment to its center of mass
{c1, ¢2); and the moments of inertia about the center of mass (11, I2). At each moment of time,
and for each segment, given the current cocrdinates of one of the markers fixed to the segment
and the orientation of the segment, the known distance of the marker from the center of mass
was used to determine the coordinates of the center of mass. The center of mass coordinates

are denoted by (x1, y1) for the proximal segment, and (x2, y2) for the distal segment.




The equations of motion, derived from first principles, relating the torque at each joint
to kinematic variables and inertial parameters, are as follows. T1 and T2 represent,
respectively, the muscle torque at the shoulder and elbow joints. Some authors refer to this as
the "generalized muscle torque (moment)” (Schneider, Zernicke, Schmidt, & Hart, 1989).

Insert here the equation

In deriving these equations of motion, we have not assumed that the shoz_ﬂ;der rernains
fixed in space. Note that if this assumption were made, and the center of mass coordinates
were expressed in terms of joint angles by appropriate trigonometric relations, the equations of
motion would be transformed into the more commonly employed form in which joint angles

rather than center of mass coordinates appear as the kinematic variables.

Quantification

For the purpose of anaiysis all movements were divided into three phases based on the
muscle torque profile. The first phase was identified as the interval between the onset and the
first time the muscle torque reversed éirection. The second phase was identified as the interval
between the end of the first phase until the time the muscle torque reversal direction for the
second time. The third phase identified was the time interval between the end of the second
phase and the time the muscle torque reversal direction for the third time. The four broken
vertical lines at the shoulder muscle torque (see figure 3) illustrate the three landmarks that

encompass the three movement phases. These three phases were defined for both elbow and

shoulder muscle torque.
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EMG agonist and antagonist burst

We plotted on a monitor screen the fingertip velocity, muscle torque and the
corresponding EMG activity for the agonist and antagonist muscle for each analyzed joint.
Using a computer cursor we visually identified the onset of the agonist and antagonist EMG
bursts for each joint. The onset was taken as the first sustained rise above the baseline. We
integrated the agmﬁst EMG activity from its onset until the first 30 ms. This actiyity was used
to identify the intensity in which the ;nuscle was activated. We also integrated the agonist
EMG activity during two others intervals of time encompassing two agonist bursts of muscle
activities. The first agonist burst was defined as the integrated muscle activity, from its onset
until the first time that the muscle torque reversed direction. The -secend agonist burst was
defined as the integrated muscle activity during the time interval between the second and the
third time that muscle torque reversed direction. The bursts of the antagonist muscle activity
were integrated from the onset of the first agonist muscle to the time the muscle torque
reversed direction for the second time. All quantified values of the EMG bursts of muscle
activities were normalized. For the normalization we divided the quantified value of the
amount of EMG activity during each phase by its EMG activity during the baseline. The

baseline was defined as the time interval between 200 and 300 ms before movement onset.

Muscle impulse

We integrated the muscle torque during the time of the three movement phases

described above and called them as the first, the second, and the third impulses.
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Elbow and shoulder excursion and movement ervor
We measured the elbow and shoulder angular excursion at the reversal time. We
calculate the percentage of constant error using the following equation:
CE=(PTD-RTDYRTD*100
Where CE is the constant error, PTD is the performed target distance at the reversal time, and

RTD is the target distance required by the task. The amount of error was measured at the

direction of the spatial orientation for each task {180°, 90° and 0°).

Data analysis

An one way ANOVA was used 1o test the effect of target distance for the kinematic,
kinetic and EMG dependent variables for the elbow and shoulder joints. An one way ANOVA
was also used to test the effect of target distance on the movement error. We ran a three way
ANOVA to test the effect of target distance, and type of peaks (first versus the second), and
presented the results of this ANOVA in the results session. We explored the interactions
observed between and among some of the variables tested in the ANOV As, using a Post hoc
comparison based on the modified Bﬁnferroni procedure (the overall error rate was set at 0.1).
We ran a factorial analysis using the Principal Component as an extraction method with the
three landmarks of the elbow and shoulder muscle torques, and with the intrénsic (the three

EMG bursts and the three muscle impulses of both elbow and shoulder joints) and extrinsic

(the two peak speeds of the fingertip) variables.
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Resnlts
The subjects were able to perform all tasks at the required spatial orientation

The tasks were designed 10 constrain the elbow joint to a specific angular excursion at
the target distance. Despite this fact, all subjects were fee to choose any combination of
elbow and shoulder moverments to perform the tasks. The subjects had (figure 2a) moved the
elbow joint at required target distance (108°, 126° and 144°). As ﬁxpecteéE an Anova showad
that the elbow excursion increased with target distance for 180° (F= 76.551, p*é.d@ﬂi), 50°

(F=37.655, p=0.0001), and 0° (F= 62.426, p=0.0001) spatial crientations.

Insert here figure 2

Movement accuracy

We quantified the pefcentage of error between the performed and the required elbow
excursion for each spatial orientation (see figure 2b). A repeated measured ANOVA showed
that for all three spatial orientations the amount of error decreased with target distance. The
main effect of target distance was (F= 3.57, p=0. 0558), (F=12.00, p=0.000%), and (F= 6.080,
p=0.0126) respectively for 180°, 90°, and 0° spatial orientations. For 180° spatial orientation
the averaged errors were 23.52%, 7.46%, -5.19%, respectivelly for 108°, ki 26% and 144° target
distances, and for 90° spatial orientation these values were 60.38%, 11.35%, -3.10%. For 0°
spatial orientation these mean values were 32.80%, 5.14%, -6.065%, respectively for 108°,
126° and 144° target distances.

Nevertheless, we observed some invariance in the intrinsic (joint excursion, muscle

torque and EMG activity) and in the extrinsic (linear velocity and the ;Jathwéy of the fingertip)
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variables that characterized these movements. Figure 3 illustrate the reversal movement
performed by one subject over three elbow angular distance, at the 0° spatial orientation.
There was an increase in the Hnear displacement of the fingertip with the target distance. The
linear speed of fingertip was characterized by a double bell-shape with two maximum peaks
(figure 3). The first peak occwred around the middle distance from the home to the target
position, when the limb moved towards the target. The second peak accuzrﬁ_é around the
middle distance from the target and the home position. Also, the speed of the fingertip was
higher for the longer target distance and for the first peak.

Insert here figure 3

These movements. were performed with abduction of the shoulder joint and extension
of the elbow joint. The excursion in both joints increased with the required elbow target
distance. The angular excursions at these two joints were generated by elbow and shoulder
muscle torques. These muscle torques were characterized by three impulses (see method). The
first impulse thrown the limb towards the target. The second impulse decelerated the limb on
the target, reversal its direction, throwing it back into the home position. The third impulse
decelerated and stopped the limb at tine home position.

The first bursts of the shoulder (posterior deltoid) and the elbow (triceps) agonist EMG
muscle activity initially rise at similar slope for different target distances (108°, 126°, and
144°). However, the first agonist bursts were prolonged fal; the longer distances (see method
for the definition of the two agonist and the one antagonist EMG burst). These first EMG
agonist bursts ended abruptly around the time in which the muscle torque reversed direction
for the first time (approximately, the time of the first linear peak velocity). After a silent

period of agonist muscle activity, there was a second agonist EMG burst, which was smaller
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than the first agonist burst. Also, there was an antagonist burst that started after the beginning
of the first agonist burst. This antagonist EMG burst ended around the time when the muscle
torques reversed direction for the second time (approximately the fime of the second peak
linear velocity). The amount of muscle activity of both agonist EMG bursts and of the
antagonist EMG burst increased with the increasing in target distance.

The generation of the three musele impulses was coupled with the muscle activities of
the three EMG bursts. The first EMG agonist bursts generated initially a muséle impulse
moving the shoulder joint into abduction and the elbow joint into extension. The EMG activity
of the antagonist bursts generates 2 muscle torque in the opposite direction of the first agonist
bursts. So, the antagonist activities generated a second impulse. "Eizese impulses decelerated
the limb at the target and reversed the movement direction of the two joints, throwing the limb
back into the home position. The second agonist EMG burst reversed the direction of these
muscle torques for the third time, generating the third muscle impulse. These third muscle
impulses decelerate the limb towards the home position.

Overall, the invariance of the Intrinsic and extrinsic variables described above was
observed for all subjects. We will show next the quantification of the kinematic, kinetic and

EMG variables for all subjects and for the three spatial task orientations.

Quantification of the EMG muscle pattern

Intensity of the agonist muscle activiiy

The intensity (see method) in which the first agonist burst were activated did not
increase with the target distance for both elbow and shoulder muscles for all three spatial

orientation tasks (figure 4). This is, the first bursts of the shoulder and the elbow agonist EMG
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niuscie activity initially rise at similar slope for different target distances (108°, 126°, and
144°) during the first 30 milliseconds (see ANOV A in table I). The only exception was for the
elbow and shoulder muscles at 180° spatial orientation.

Insert bere Table I

Insert here Figure 4

Note that for 180° spatial orientation (figure 5) the eéset of biceps EMG activity

occurred before the onset of the triceps EMG activity, even though the elbow joint moved into
extension. In single-joint elbow extension the biceps acts as antagonist. However, the biceps is
a bi-articular muscle, also éctiﬂg at the shoulder joint as an adductor. So, the reversal in the
order of the muscle recruitment of the elbow muscle at 180° task is felated with the generation
of the muscle torque into adduction at the shoulder joint.

Insert here Figure 5

Amount of the EMG agonist and antagonist activity

The amount of EMG activiti‘es of the first and the second agonist (figure 4) and the
antagonist EMG bursts for elbow and shoulder muscles increased with target distance. This
scaling of agonist and antagonist muscle activities with increased target distance was observed
for the movements performed over the three spatial orientations {see ANOVA results in table

I).

Linear Peak velocity of the fingertip
We ran a three way repeated ANOVA to test the effect of the linear peak speed of the

fingertip for spatial orientations (180°, 90°, and 0°), target distances (108°, 126° and 144°),
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and the type of the linear peak speed (first versus the second peak). The first and the second
peak speed of the fingertip increased with target distance (F= 183.3 p= .0001) for all three
spatial orientation (F= 64.8 p= .0001). The first peak was faster than the second one {(Fi3.9=

p=.0073). The speed of first and the second peak was greater for 0°, compared with 90° and

180° spatial orientations.

Muscle impulse

The muscle torques for both elbow and shoulder joints were characterized by three
impulses and each impulse increased with target distance for the 0° and 1807 tasks {figure 4},
The only exception was the first shoulder muscle impulse for 90° spatial orientation that did

not increased with distance (see ANOVA in table I).

Coupling between EMG muscle activity and muscle toraue

The three landmarks which are the three times that the muscle torque reversed
direction of both elbow and shouldg:r were linear related among them. The factor analysis
using the Principal component as the extract method showed that all these six landmarks
contributed to define the first factor, and that this factor could explain 95% of the population
variance {figure 6).

Insert here Figure 6

Gverall the EMG bursts of elbow and shoulder muscle activities and the three eibow
and shoulder impulses increased with target distance. We also implied in the description of the
ﬁgUre 3 that there is a coupling among the three EMG bursts of muscle activities (two agonist

and one antagonist bursts), the three muscle impulses and the two linear peak speed of the
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fingertip. We investigated this coupling running a factor analysis using. the Principal
Component as extraction method with these variables. In Figure 7 we plotted the first factor
against the second factor of the unrotated matrix with the weight values for each variables (the
three muscle impulses and three EMGs for both elbow and shoulder joint and the two peak of
the fmgeﬁip linear spegd) for the each spatial orientation,

The total variance proportions for the first and the second factor was 0.7 and 0.16 for
the 0° task, 0.62 and 0.12 for the 180° task, and 0.53 and 0.22 for the 90° task. Note that all
these variables contribute to define the variance proportion of the first factor, mainly the three
imﬁu}ses and the three EMG bursts of the elbow joint and the two peaks of the fingertip linear
speed. .For the 90°task the fnuscie impulses were very small and varied in direction (six
subjects moved the shoulder initially into adduction, whereas the other two moved it into
abduction). This may explain the 7decrease of the variance proportion for the first factor for the
90° task. The weight values were smaller for the EMG burts of the shouider. muscles.

Insert here Figure 7

Discussion

The CNS does not seems to use the intrinsic information to plan reversal movements
Traditionally the integrity of the joint static position sense is tested asking the subject

to match the angle between. two joints. The dynamical position sense is tested asking the

subject to detect the minimal velocity threshold in which the passive movement of the joint is

detected. However, during these tests, the individual could focus the attention on the extrinsic

mfernﬁtion about the limb displacement, instead of using the intrinsic information per se to

perform the task. For example, when asked to move the joint at certain angle (mtrinsic
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information), the individual could imagine where the fingertip should move in the space
(extrinsic information). These tests also avoid the complexity involving multi-joint
movements (i.e., interaction torques, the gravitational force and the coupling between joints).

The present results sugested that the nervous system has great difficult in using the
intrinsic information to perform accurately a complex task as the reversal movements. This
difficult can be obéewed by comparing the percentage of error obtained from similar reversal
tasks using the extrinsic information about the finger tip linear displacement (extrinsic
information - Almeida, Ferreira, Marconi, 2000). First, here we reported that the the error in
performing the required elbow excursion was on average 14% 2Cr108s all tasks, compared with
8%, when the subjects had extrinsic information about the finger tip. Second, there was a great
error variability among subjects when they performed the tasks with the intrinsic information
about the elbow excursion. The standand error of this percentage of error across subjects was
9.4% (figure 2) for the task v.vith the intrinsic information compared with the 3% of the task
with the extrinsic information how reported in other study (Almeida, Ferreira, Marconi, 2000).

These results suggest that during complex movements the CNS cannot relay on the
intrinsic information to plan fast reversal movements. The comparison of the accuracy
observed in these two experiments (intrinsic versus extrinsic information) supports the idea
that the CNS uses the extrinsic information (ie., linear displacement of the limb) to plan a
motor task {Abend, B}ZZl & Morasso, 1982; Bernstein, 1967; Kaminski & Gentile, 1989;
Lashley, 1951; Morasso, 1981; Russell, 1976).

Like for the unconstrained single-joint movements (Almeida, et al., 1995) the angular
trajectories at the individual joints were quite variable. Nevertheless, the fingertip paths were

invariant with a gently curves. A double bell shaped profile also characterized the fingertip
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speed. Each peak speed resembled the one observed for pointing movements (Atkeson &
Hollerbach, 1985; Morasso, 1981; Soechting & Lacquaniti, 1981), This is remarkable given
the great dynamical complexity of the reversal movements. This invariance of the fingertip
path and speed across different target distances and spatial orientations also favor the idea that
the c&‘s plans the movement based on the extrinsic information (Morasso, 1981). The
additional finding here is that at the extrinsic level the CNS does not have to plan the

movements into phases (to and from the target). Note the two peak speed were linear

corrslated.

The modulation of the musc!é activities

The strategy used by the CNS to generate and modulate the first agonist bursts of the
EMG activity, for all tasks, was the same as described by the "Speed Insensitive Strategy”
(Gottlieb, et al., 198%a). These first agonist bursts was generated with simlilar intensity, across
different angular distances and spatial orientation for both elbow and shoulder muscles ! The
total amount of EMG activity of the first agonist burst increased with target distance for all
spatial orientations (see figure 4 and Table I). The modulation of the first agonist EMG burst

was observed for several other movements (Almeida, et al., 1995).

* The only exéeption was for the triceps and anterior deltoid muscles at 180° spatial orientation (see table ). For
this task the elbow joint moved into extension, but the biceps long head muscles was activated before the triceps.
The biceps long head crosses beth shoulder and elbow joints and acted as the agonist muscle at the shoulder joint
adducting it. We do not have any explanation for why the intensity in which triceps and anterior deltoid muscles
was activated increased with target distance. These data showed that we have to be very careful in defining the

agonist or the antagonist rules of one muscle.
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Overall, the pattern of modulation of the first EMG agonist burst with distance was
also observed for constrained reversal movements (Gottlieb, 1998). Like this author we also
observed that the first EMG burst ends abruptly in a silent period. The additional finding here
is that the modulation of the agonist burst with increased angular distance was also observed
for the second agonist and for the antagonist EMG bursts. Also this modulation of the EMG
rauscle activity with target distancé does not depend on the workspace.

However, the modulation of the amount of antagonist activity with target distance is
different from what has been reported for constrained reversal movements (Gottlieb, 1998).
This author showed a weak correlation of the antagonist activity with target distance for the
reversal movements. We considered the antagonist EMG activity ﬁrém its onset until the time
of muscle torque had reversed direction for the second time (see methods). In Gottligb's study
the antagonist activity was integrated from the onset until the velocity towards the target had
fallen to 5% of its first peak, However, we observed the duration of this antagonist burst to
end around the second peak of the fingertip speed (time around which the muscle torque
reverse direction for the second ‘time} So, we believe that our data better represent the correct
measure of the antagonist EMG activity for the reversal movements.

In the pointing movements the only function of the antagonist muscle activity is to
decelerate the limb towards the target (Hallett, et al, }975). However, in the reversal
movements this antagonist burst has a double function. It first decelerates the limb into the
target, and second it has to reverse its direction and bring the limb back to the home position.
This double function may explain why for constrained (Gottlieb, 1998) and unconstrained
{Almeida, et al., 1993) single-joint movements the antagonist EMG burst did not scale with

distance, but for the reversal movement it does. For single-joint movements the antagonist
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muscles act just in an eccentric contraction decelerating the limb at the target position. The

capability of the muscle to generate relative force at certain change of the muscle length on

time is pot linear when the muscle contracts eccentricaly (Gordon, 1982). Under eccentric

contraction one could not observe an increasing of muscle activity with target distance, even if

the decelerating muscle impulse scaled with target distances (Almeida, et al, 1995). In the

reversal movements, the antagonist EMG burst first has to contract eccentricaly to decelerate

the limb into the target, but then it has to continue with concentric contraction to reverse °
movement direction and bring the limb to the home position.

In summary, the simple-set of rules stated by the "Speed Insemsitive Strategy”
(Gottlieb, et al,, 1989a) can be used to describe the modulation with target distance of the
EMG muscle activities of both elbow and shoulder muscles. The additional finding here is that
the modulation of the agonist and antagonist EMG activity with target distaﬁce did not depend
on the spatial orientation of the target and did not change when the individual used intrinsic
information to perform the task. Finally, note in figure 4 that the amount of muscle activities
of the EMG bursts varied with changing in spatial orientation. This observation supports
several others findings showing thé effect of workspace on the amount of EMG activity

generated by the muscles (Gabriel, 1997).

The modulation of the muscle forques

It has been showed that for pointing movements the elbow and shoulder muscle torque
rise and reverse direction at the same time (Gottlieb, et al., 1996) reveling a temporal coupling
between them. Here we expand this observation to show that all three landmarks of the elbow

and shoulder muscle torques of the reversal movements co-varied linearly {figure 6). It has
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also been showed that the acceleration impulse increased with target distance for constrained
(Gottlieb, et al., 1989a) and unconstrained (Almeida, et al., 1995) single-joint movements, and
for pointing and reversal constrained movements (Gottlieb, 1998) Here, we expand this
observation showing that all three muscle impulses of the elbow and shoulder joints increased
with target distances. The modulation of these muscle impulses with target distances was not

dependable on spatial orientations.

“Building Block Strategy”

It has been showed that the acceleration impulse is linearly related with the amount of
the first EMG agonist burst (Gotilieb, et al, 1996). The idea %eﬁiﬁd this coupling between
muscle activity and muscle impulse came from the observation that both are variables
physiologically linked. The action potentials that produce the EMG activities also activate the
formation of the actin-myosin cross-bridges that generates the muscle forces.

Here we advance this idea to incorporate new observations and new strategies of
movement control. First, we showed that the three bursts of the muscle activities and the three
-muscle impulses at both joints increased with target distance (figure 4). We also showed that
the modulation of both muscle activities and muscle impulses with target distance did not
depend on spatial orientation. Second, we expand the idea of the coupling between muscle
activities and muscle torques to show that the three muscle impulses, and the three EMG
bursts of muscle activities of both elbow and shoulder joints were linearly correlated. Third,
we also showed the muscle activities and the muscle torques were correlated with the two
peak speeds of the fingertip (figure 7). We are calling this linear coupling between the intrinsic

(muscle activities and muscle torques) and extrinsic (speed of the fingertip) variables as the
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"Building Block Strategy”. This strategy would facilitate the CNS task in terms of movement
control by reducing the amount of variables that has to be independently controlled (Bernstein,
1567).

This simplification of the control would occur at the intrinsic and extrinsic level of
movement control. At the intrinsic level, the CNS has to decide how to control the movement
at each joint and how to coordinate tﬁe movement between joints. At the extrinsic level the
CNS has to decide how to control the linear displacement of the limb in the space. For each
ioint, we are learning that the CNS does not have to deal with the whole movement extension.

‘Since the two agonist and the one antagonist EMG bursts of muscle activities are linearly
correlated, it would be enough for the motor control system to define, for example, just the
first burst of the EMG agonist. The same reasoning is true for the three muscle impulses, since
they were linearly related. For the coordination between two joints, we are learning that the
CNS does not have to deal %rith movement at two joints separately. As we showed, muscle
activities and muscle torques are also linearly correlated between two independent joints. It
has been showed that the elbow and shoulder muscle torques are linearly coupled in time. This
coupling between these two torques were termed Principle of Linear Co-variance {Gottlieb, et
al., 1996). Here we expand this idea to incorporate the linear coupling among muscle impulses
and muscle activities.

Our data suggested that the motor control system planned the movements at the
‘extrinsic level. If this is the case, the CNS has to transform at some level, the extrinsic
information into appropriate pattern of muscle activities and muscle torques at the joint level
(intrinsic level) (Sainburg, Ghilardi, Poizner, & Ghez, 1995). The coupling between the

intrinsic (muscle torque and muscle activities) and the extrinsic {speed of the fingertip)
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variables showed that the transformation of the extrinsic into intrinsic variables would require
a simple linear transformation.

In summary, the "Building Block Strategy" would simplify the task of the CNS to
control movemnents, at the joint level, at the level of the coordination between joints and at the
extrinsic to intrinsic transformation level. The linear comrelation between these variables is
compatible with the suggestion that at some higher level, kinematic pmperﬁes of movements
may be planned in experiential terms such as those provided by visual observaﬁon of the
trajectories (Wolpert, Ghahramani, & Jordan, 1994; Wolpert, Ghahramani, & Jordan, 1995a).
The execution of these kinematic plans however, is in terms of the forces expected 1o produce
them. These forces may be estimated from an internal model of thé dynamic of the limbs and

its external load (Shadmehr & Mussa-Ivaldi, 1994; Wolpert, Ghahramani, & Jordan, 1955b).

Limitations

One could argue that the "Building Block Strategy” is an expression of mechanical
constraints represented by byproducts of the Newtonian mechanics. First, it has been showed
that for simple movements performed with one unusual path, the linear co-variance between
elbow and shoulder muscle is abandoned (Gottlieb, et al., 1996). Second, we have showed that
the linear coupling between the intrinsic (muscle activities and muscle impulses) and extrinsic
(speed of the fingertip) variables is decreased for the reversal movements performed by
individuals with Down syndrome (Marconi, Almeida, & Ferreira, 2000) .

The fact that the first factor of the factorial analysis explained just 70% of the total
variance population could de assumed as a limitation of the "Building Block Strategy” to

predict an unified rule used by the CNS to control movements. We would like to argue the




contrary. Given all technmical problems related with the recording, processing and
quantification of the EMG muscle activities and the fact that we recorded just a small fraction
of the total muscle activities involved in the execution of the reversal movements. Given the
complexity involved in the inverse dynamics to obtain the muscle torgue and all its
approximation, we can conclude that 70% of the total possible variance population represented
a lot communality for one factor.

The coupling among these variables showed that the CNS does not have to plan each
variable separately. Indeed, the ceuﬁiing among these variables is stronger if we do not
consider the three EMG bursts of shoulder muscle activities. The better correlation between
the elbow EMG bursts of activity with the three elbow impulses ceﬁ%d be atiributed to the fact
that we provide intrinsic information (angular excursion) about this joint and not about the
shoulder joint. However, we do not think that this could be the case. Other muscles than the
anterior and posterior deltoid (i.e., pectorals and trapezium) act at the shoulder joint. We could

not rule out the possibility that the EMG burst of these other shoulder muscles could better

correlate with the observed muscle torque at this joint.
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Figure Legends

Figure 12

Illustration of the task setup. A homemade goniometer was fixed at the elbow joint and
connected 1o a set of smali lights. The subjects wore glasses without lenses that allowed the
view of the set of the lights, but not of the moving limb. The movements were performed into
three target distances and over thyee spatial orientations (180°, 90°, and 09. The target
distances were defined by the amount of elbow angular excursion as 108°, 126°, and 144°,
The initial position of the upper limb was set with the shoulder joint at 45° (abduction) and

elbow at 90° (extension). The limb was supported against gravity with a cable fixed at the

proximal part of the forearm and connected to the ceiling.

Figure 1b
Hlustration of the pathway of fingertip in the X and Y axe for all spatial orientations and all
target distances. The solid line represents the movements performed at the 108°, the semi-

broken line at the 126° and broken line at the 144°. The closed circles represents the required

elbow angular excursion.

Figure 2
Elbow excursion {a) and the percentage of error between the required and the executed elbow
angular excursion (b). The data were averaged across all eight normal subjects for each of the

three target distance {(108°, 126°, and 144°) over the three spatial orientations {0°, closed
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circle, 90°, closed squared, and 180°, closed triangle). T.D. was the expected target distance
and is showed in gray diamond. The elbow excursion was given in degrees, the error in

percentage. Vertical bars represent standard emor and the negative values represent

undershooting.

Figure 3

Time series of the extrinsic (fingertip linear velocity) and intrinsic (angular excursion, angular
velocity, muscle torque at the joint, and EMG muscle activity) variables describing one
- movement performed over the 0° spatial orientation task. This movement was performed by
one subject over the three required elbow angular excursions (108° - solid line, 126° - semi-
broken line, 144° broken line}. The intrinsic variables are showed for the shoulder {on the left
panel) and elbow (right panel) joints. Linear velocity is given in millimeters per second, angle
excursion in degrees, angular velocity in degrees per second, muscle torque in Newton meters
per second, and mus%:le activity in volts. The shoulder muscles are the posterior deltoid (PD)
and the anterior deltoid {AD), and the elbow muscles are triceps lateral head (TRIC) and

biceps (BIC). The four vertical lines in the muscle torques represent the three landmarks when

the muscle torques reversed direction.

Figure4

The intensity (ITEN) and the amount of the first EMG agonist burst (F. AGO), of the
antagonist EMG bursts (ANT), of the second agonist EMG burs:ts (S. AGO), and the muscle
impulses during the three movement phases: the interval of the first (F. impulse), second (8.

impulse), and third impulse (T. impulse). These parameters are showed for shoulder and elbow
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joints, for the three angular distances (108°, 126°, and 144°) for the three spatial orientation
(180°, open circle, 90°, open squared, and 0°, open triangle). The values of EMG activities are

normalized and the impulses are given in Newton meters per second.

Figure §

Time series of the intrinsic (muscle torgue at the joint, and EMG muscle activity) variables
describing one movement over the 180°spatial orientation task. This movement was performed
by one subject over the three required elbow angular excursions (108°- solid line, 126°- semi-
broken line, 144°- broken line). These variables are showed for the shoulder (on the left panel)
and elbow (right panel) joints. The muscle torque is given in Newton meter per second, and
muscle activity in volts. The shoulder muscles are the posterior deltoid (PD} and the anterior

deltoid (AD), and the elbow muscles are triceps lateral head (TRIC) and biceps (BIC).

Figure 6

The first {X-axis) and the second (Y-axis) factors obtained from the Factor Analysis using the
Principal Component as the extrac:t-ion methods. Each symbol represents one of the three
landmarks of both elbow and shoulder joints: The first and the fourth landmarks are the time
in which the elbow and shoulder reversed direction for the first time {épen circle and open
diamond}. The second and fifth landmarks are the time when both elbow and shoulder muscle
torque reverse direction for the second time (open triangle and open inverted triangle). The
third and the sixth landmarks are the time when both elbow and shoulder muscle torque

reverse direction for the third time (open square and axe).
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Figure 7

The first (X-axis) and the second (Y-axis) factors obtained from the Factor Analysis using the
Principal Component as the extraction methods. Each symbol represents: FPLS (the first peak
of the linear speed of the fingertip - closed cirele), SPLV (the second peak of the linear speed
of the fingertip - open square), FISH (first impulse of the shoulder - open circle), SISH
{second impﬁise of the shoulder - axe), TISH (third impulse of the shoulder - open square with
a back slash), FASH (first agonist burst of the shoulder - closed triangle), SASH (second
agonist burst of shoulder - plus signal), ANSH (EMG antagonist burst of the shoulder -
inverted open triangle), FIEL (first elbow impulse - open square with a single cross), SIEL
{second elbow impulse - closed square), TIEL (third elbow impuisé - closed diamond), FAEL
(first agonist burst of the elbow - open triangle), SAEL (second agonist burst of the elbow -
closed inverted triangle), and ANEL (antagonist burst of the elbow - open diamond). The data

are presented for each of the three spatial orientation (180°, 90° e 0°). -

Table I

The effect of target distance on the three irmpulses and EMG muscle activities of both elbow
and shoulder joints, tested using one way ANOVA for each of the three spatial orientation
{(180°, 90°, and 0°). The muscle impulses were the first, second, and the third. The EMG
activities were: 1) The intensity in which the agonist EMG burst was activated, integrated
during the first 30 milliseconds (INTEN). The first (integrated at the time of the first impulse}
and the second (integrated at the time of the second and the third impulse) EMG agonist bursts

(AGO). The antagonist EMG activity, integrated from the time of the first and the second
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impulse (ANT). The plus signal showed that the effect of target distance were significant at

the level of p<0.05, and the minus signal, that these effect was not significant.
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TIME OF THE TIME OF THE | TIME OF THE
FIRST SECOND THIRD
IMPULSE IMPULSE IMPULSE
Shoulder Elbow | Shoulder Elbow | Shoulder Elbow
183° 439 + 36+ 1 269+ 34+ 1474 + 54 +
IMPULSE | 90° 12 - 3.3 + 39+ 33 + 2.8 + 3.5 +
- g0 7.1+ 115+ 54 + 123 + 59+ 1040+
TIME OF FIRST TIME OF THE TIME OF THE
IMPULSE FIRST + SECOND SECOND + THIRD
' IMPULSE IMPULSE
Shoulder Elbow Shoulder Elbow Shoulder Elbow
180° 32 + 6.3 +
INTEN 90° 1.8 - 58 -
0° 2.7 - 2.1 -
180° 104 + - 45 + 85 + 37 +
AGG 90° 62 + 11.1 + 7.5 + 4.6 +
o° 143 + 6.0 + 15.2 + 6.8 +
180° 7.3 + 42 +
ANT 90° 104 + 8.4 +
0° 134 + 6.4 +
Table I
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Summary

Normal and individuals with Down syndrome performed reversal movements over three
different target distances and three spatial orientations. The target distances were based on the
amount of elbow excursion. During the performance of these movements the subjects did not
have visual information about the moving limb. However, they could identify the amount of
elbow excursion comparing the information fom a goniometer, fixed at this j-oizﬁ, with a set of
lights showed in the direction of the movement. Both individual groups were able to perform
the reversal movements, but failed to use the intrinsic information to move the elbow joint at
the required angular excursion. These results favor the idea that the Central Nervous System
(CNS) did not use intrinsic information to plan movements.

Normal subjects performed the reversal movements using a linear-covariance between
intrinsic (muscle activities and muscle impulses) and extrinsic (linear speed of the fingertip)
variables. This linear coupling between the intrinsic and extrinsic variables was termed
"Building Block Strategy”. On the other hand, the Down syndrome individuals were less
efficient in coupling muscle activities, with muscle impulses and with the fingertip speed. The
pattern of muscle activities of these subjects was characterized by a generalized co-activation.
They also failed to modulate the bursts of muscle activities with changing in target distance

and spatial orientation. The data are discussed in terms of possible impairments in the motor

control system of the Down syndrome individuals.

Supplementary Key Words: reversal movements, Down syndrome, intrinsic feedback, spatial

orentation, motor control.
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Introduction

The performance of 2 single-joint elbow flexion movement involves a generation of a
reciprocal pattern of muscle activity (EMG) characterized by sequential bursts of agonist-
antagonist-agonist activities, called the triphasic pattern of muscle activity (Hallett, et al, 1975:
Hannaford & Stark, 1985). Since then, a simple éet of rules has been used ie_ éescribe how
Central Nervous System (CNS) could modulate this pattern of muscle acﬁvity to generate
constrained single-joint movements over different distances, speeds and loads (Corcos, et al,
1989; Gottlieb, et al., 1989). This pattern has been described in terms of modulation of the
intensity and/or duration of the first EMG agonist burst and the tizﬁe between the onset of this
burst and antagonist EMG burst of muscle activities (antagonist latency). This simple-set of
rules was generalized to explain how the agonist and antagonist bursts of the EMG activities
could be modulated with changing in angular distance for unconstrained elbow and shoulder
flexion (Almeida, et al, 1995), for pointing {(Gottlieb, et al, 1996) and for constrained reversal
movements (Gottlieb, 1998).

This set of rules are based on the assumption that the EMG activities and the muscle
force are variables physiologically linked, in the sense, that both are generated by a common
excitation pulse (action potential) driven to the motor neuron pool (Gottlieb, et al, 1989).
Because of that muscle activity and muscle force would share a causal relationship. The linear
relationship between the EMG agonist burst and the muscle impulse has been showed for
several movements (Almeida, et al., 1995; Gottlieb, et al., 1996).

Additional studies showed that the muscle torques at the elbow and shoulder joints are

coupled during pointing movements (Gottlieb, et al., 1996). The coordination between the
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generation of both elbow and shoulder muscle torque could be described by the Principle of
Linear Co-variance between them (Gottlieb, et al, 1996). This principle states that both elbow
and shoulder muscle torgues are coupled on time and in magnitude during the performance of
unconstrained pointing movements. The iiﬂeér co-variance could also explain the coupling
between elbow and shoulder muscle torques for movements performed over different spatial
orientations (Gottlieb, et al., 1997) and for reversal movements (Almeida, et al., 1999,

However, all these rules were formulated at the execution level and dealt with
observed behavior that occurred at the joint level (intrinsic level). Long ago, Bernstein (1935)
- advanced the idea that the CNS should have higher level of projections of space and not of
force joint or muscles. Since than Morasso (1981} proposed the so-called "spatial control
hypothesis”. This hypothesis was based on observed invariance of the fingertip trace and
linear velocity (extrinsic information) for planar pointing movements of the upper limb to
targets at different spatial locations. Supports favoring the idea that the CNS uses extrinsic
information tc control movement can be found in several others studies {Lashley, 1951;
Russell, 1976).

The idea of "spatial control hypothesis" implies in the existence of a mechanism for
transforming spatial motor commands into coordinated joint angular patterns (Pellionisz,
1980). In this sense, the modulation of the muscle patterns and the mﬁscle torgue is not in
contradiction with the idea of the "spatial control hypothesis". However, more recently,
Gottlieb (1998) compared constrained elbow flexion and elbow reversal movements and
concluded that the "knowledge of net muscle torque and limb kinematics, is not adequate o
fully predict those rules or the muscle activation patterns they produce” (page 1}. If this

observation was correct, the CNS would have to transform the spatial motor commands into
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appropriate level of muscle activity and into appropriate level of muscle torque, at two
separate stages. However, we showed that the CNS use a "Building Block Strategy” to
generate and couple the patterns of muscle activities, with muscle impulses at both elbow and
shoulder joints, and with the linear speed of the fingertip. This "Building Block Strategy” was
observed during unconstrained reversal movements performed with intrinsic (Almeida, et al.,
2000; Marcom, et al, 2000) and extrinsic information about the target (Almeida, et al., 2000).
However, the amount of error observed in these experiments favor the idea that the CNS uses
extrinsic information to plan a motor task.

In this study we used the "Building Block Strategy” to compare how individuals with
Down syndrome control reversal movements. It has been showed that these individuals can
shift from a typical triphasic to a generalized pattern of muscle activity, characterized by a co-
activation during the performance of several movements (for a review, see Almeida, et al.,
1999). Their movements are‘ clumsy and slower compared with overall population (Almeida,
et al., 1994). We also showed that DS individuals can perform reversal movements at different
spatial orientations. However, they spent more time reversing the movement at the target and

used proportional more elbow than shoulder muscle torque (Almeida, et al,, 1999).

Methods
Subjects

Eight neurologically normal subjects (NN), 4 male and 4 female, and eight subjects
with Down Syndrome (DS) took part in this experiment after given formal consent approved
by the State University of Campinas. All subjects were right-hand and were between 15 and

30 years old of age. The subjects of both groups were paired by gender and age.




Tasks

Each subject performed reversal planar movements, involving elbow and shoulder
excursion with the wrist and hand immobilized by a thermoplastic splint. The movements
were divided into three tasks that varied with the spatial orientations (180°, 90° e 0°). The line
in the saggital plane, crossing the middle line of the subject's body, in the antero-posterior
direction, defined the spatial orientation of the 90° task. The line defining the spatial
orientation for the 0° (right) and for the 180° tasks (left) was orthogonal to the line of the 90°
task (figure 1). The initial position was set at the intersection between the lines of 90° task
with the line of the 0° task. At the initial position, the fingertip was kept over the line of the
90° task, with the elbow joint at 90° of extension (full flexion being équai to 0°).

Insert here figure 1

The subjects were seated in an adjustable chair, with their trunks strapped in the
straight back of the chair. A cable fixed at the ceiling of the experiment room sustained the
proximal part of forearm. At this position their right limb could move freely around 10 cm
above the top of a closed table (1.5x1x1 meter).

For each task the subject per.formed three series of movements defined according to
one of the three elbow angular excursions. We used the following steps to define the angular
target distance of the elbow joint. First, a homemade goniometer was fixed on the elbow joint.
This goniometer was connected to a set of ten small lights, fixed on series in a metal bar (15 X
~ 2 cm). For each 9° of elbow excursion in extension one light was turned on. This set of lights
was put on the task spatial orientation, one meter away from the initial position, in the
subject's field of vision. Second, keeping the wrist immobilized, the experimenter passively

moved the subject's upper limb from the initial position to the direction of the spatial
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orientation line of the task. The upper limb was positioned in such a way that the fingertip laid
on the line of the task with the elbow joint extended at one of the three target distances (108°,
126° and 144° in figure 1). The elbow angular target distance was checked with simple acrylic
gonimometer. Forth, at the target position, the homemade goniometer was adjusted to turn on
the appropriate number of lights. The number of lights turned on were two, four, and six,
respecﬁvely for the 108°, 126° and 144° elbow target distance (figure 1),

During the performance of the tasks the subjects used a glass without lenses that avoid
any view of their moving limb (finger, hand, forearm and upper arm). The only information
the subjects had was the number of lights turned on and the direction of the movement. So, to
perform the task well the subjects first had to match the requiréd elbow excursion at the
required spatial orientation of the task with the correspondent number of lights. Thus, for each
task the subject had to perform a series of ﬂve movements to a target that would require 108°,
126°, and 144° of elbow extension at the final position. The trunk line was kept orthogonal to
the line of the 90° task during all experiments (figure 1).

Before data recording each subject had 5 trials of practice for each experimental
condition (task and amount of elbow excursion). The subjects were instructed to move "as fast
as possible” to and from the target, without stressing reaction time. They were also required to
try to perform the movements "as accurately as possible”. For normal subjects, five movement
trials were recorded for each experimental condition during two seconds each one. For Down

syndrome individuals the duration of the trials varied from three to four seconds.
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Recording and processing of EMG dara

We recorded the EMG activity of the biceps long head, lateral head of triceps, anterior
deltoid and posterior delioid muscles using a DelSYS (model DE2.2L) EMG amplifiers with
surface electrodes, with the total gain of 2000 and band pass of 20-450 Hz. All EMG data
were digitilized at 1000 frames/second using Optotrak sofiware and synchronmization unit.
These EMG data were rectified and filtered using 20 ms mo?ing size window. The processed

EMG data were used for the quantification purpose.

© Recording and processing of kinematic data

We fixed LEDs (light emotion diode) as closely s possible to center of the shoulder,
elbow and wrist joints, and on the fingertip. The X and Y coordinates of these LEDs were
recording using Op;otrak Motion Analysis Systern 3020 at 100 frames per second. From these
data, the orientations_ of the two segments were calculated. The upper and forearm orientations
with respect to the medial lateral axis (X axis in figure 1) in the horizontal plane are denoted
respectively by @1 and 2. The elbow angle was defined as 180° minus the difference between
@2 and 1. From angle we obtained angular velocity and acceleration. Angle, velocity and
acceleration were smoothed using 10 ms moving size window. The linear velocity of the

fingertip was obtained from the X and Y coordinates of the fingertip.

Using inverse dynamics to calculate muscle torque

Using the subject's weight and the regression equation of Winter (1979) we obtained
the inertial parameters of the upper arm and forearm and the location of the center of mass of

these segments. In addition to the measured lengths of the proximal and distal segments (1.1
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and L2 respectively), the following inertial parameters were estimated: the masses of the
segments (m1, m2); the distances from the proximal end of the segment to its center of mass
(c1, ¢2); and the moments of inertia about the center of mass (11, 12}, At each moment of time,
and for each segment, given the current coordinates of one of the markers fixed to the segment
and the orientation of the segment, the known distance of the marker from the center of mass
was used to determine the coordinates of the center of mass. The center of mass coordinates
are denoted by (x1, v1) for the proximal segment, and (x2, y2) for the distal segment.

The eguations of motion, derived from first principles, relating the torque at each joint
to kinematic variables and inertial parameters, are as follows. T1 and T2 represent,
respectively, the muscle torque at the shoulder and elbow joints. Some authors refer to this as
the "generalized muscle torque {moment)" (Schneider, Zernicke, Schmidt, & Hart, 1989).

Insert here the equation

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

rather than center of mass coordinates appear as the kinematic variables.

Quantification

For the purpose of analysis all movements were divided into three phases based on the
muscle torque profile. The first phase was identified as the interval between the onset and the
first time the muscle torque reversed direction. The second phase was identified as the interval

between the end of the first phase until the time the muscle torque reversal direction for the

6%




second time. The third phase identified was the time interval between the end of the second
phase and the time the muscle torque reversal direction for the third time. The four broken
vertical lines at the shoulder muscle torque (see figure 2) illustrate the three landmarks that

emcompass the three movement phases. These three phases were defined for both albow and

shoulder muscle torque.

EMG agonist and antagonist burst

We plotted on a monitor screen the fingertip velocity, muscle torque and the
corresponding EMG activity for the agonist and antagonist muscle for each analyzed joint,
Using a computer cursor we visually identified the onset of the agénist and antagonist EMG
bursts for each joint. The onset was taken as the first sustained rise ahove the baseline. We
integrated the agonist EMG activity from its onset until the first 30 ms. This activity was used
to identify the intensity in which the muscle was activated. We also integrated the agonist
EMG activity during two others intervals of time encompassing two agonist bursts of muscle
activities. The first agonist burst was defined as the integrated muscle activity, from its onset
until the first time that the muscle torque reversed direction. The second agonist burst was
defined as the integrated muscle activity during the time interval between the ;ecor;c% and the
third time that muscle torque reversed direction. The bursts of the antagbnist muscle activity
were integrated from the onset of the first agonist muscle to the time the muscle torque
reversed direction for the second time. All quantified values of the EMG bursts of muscle
activities were normalized. For the normalization we divided the quantified value of the
amount of EMG activity during each phase by its EMG activity during the baseline. The

baseline was defined as the time interval between 200 and 300 ms before movement onset.
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Muscle impulse

We integrated the muscle torque during the time of the three movement phases

described above and called them as the first, the second, and the third impulses.

Elbow and shoulder excursion and movement error
We measured- the elbow and shoulder angular excwrsion at the reversal time. We
calculate the percentage of constant error using the following equation:
CE=(PTD-RTDYRTD*100
Where CE is the constant error, PTD is the performed target distance at the reversal time, and

RTD is the target distance réqaired by the task. The amount of error was measured at the

direction of the spatial orientation for each task (180°, 50° and 0°).

Data analysis

Statistical analysis consisted of a three way ANOVA to the kinematic, kinetic, EMG,
and percentage of the error dependent variables for the elbow joint. For the shoulder joint we
ran a two way ANOVA to test the effect of group and target distance on the variables cited
above. We did not include the effect of spatial orientation for the dependent variables of
shoulder joint in the ANOVA tes;t for two reasons. First, the shoulder movement changed
direction with spatial orientation. Tt initially moved into abduction for 0°, and into adduction
for 180° task. For 90° task, 8 subjects moved the shoulder initially into abduction and 8
subjects moved it into adduction. Second, the agonist and antagonist shoulder muscles also
changéé with movement direction. The anterior deltoid was the shoulder agonist at the 0°, and

at the 180° the posterior deltoid was the agonist. These results of the ANOVA test for the
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elbow and shoulder joints are presented on Table I. We ran a four way ANQOVA to test the
effect of group, target distance, spatial orientation and type of peaks (first versus the second),
and presented the results of this ANOVA in the results session. We explore the interactions
observed between and among some of the variables tested in the ANOVAs, using a Pos hoc
comparison based on the modified Bonferroni procedure (the overall error rate was set at 0.1
We ran a factorial analysis using the Principal Component as an extraction method
with the three landmarks of the elbow and shoulder muscle torques, and with the intrinsic (the
three EMG bursts and the three muscle impulses of both elbow and shoulder joints) and

extrinsic {the two peak speeds of the fingertip) variables,

Results

We present here the data for the normal subjects (Almeida, et al, 2000) for two
reasons. First, we use these data to analyze the effect of spatial orientation on the muscle
activities and on the muscle impulses. Second, we use these data to compare the performance

of both normal and with Down syndrome individuals.

General features of the movements

In figure 2 we illustrated some commonalties and differences in way oﬁe DS and one
NN éubjects performed task at 0° spatial orientation. Overali; the behaviors described for these
two subjects are representative of their groups. The linear speed of fingertip was characterized
by a double bell-shape with two maximum peaks. The first peak occurred around the middle
distance from the home to the target position. The second peak occurred around the middle

distance from the target to the home position. Compared with the NN subject, the DS subject
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moved slower 10 and from the target and spent more time reversing the movement. Note, also
that the second peak of the fingertip was smaller than the first one for the NN subject, but not
for the DS subject.

The shoulder and elbow muscle torques were characterized by three impulses (see
method). The NN subject generated these three muscle impulses using a reciprocal EMG
pattern of muscle activity, whereas the DS subject used a pattern of co-activation. The
reciprocal pattern of elbow and shoulder EMG muscle activity was characterized by two
agonists and one antagonist EMG bursts. The first agonist burst ended abruptly around the
- time in which the muscle torque reversed direction for the first time (approximately, the time
whén the first linear peak speed occurred). After a silent period, a second agonist EMG burst
started, which was smaller than the first one. The antagonist EMG burst started in the time
interval between the beginning of the first and the second agonist burst. The antagonist EMG
burst ended around the time when the muscle torque reversed direction for the second time
(approximately the time of the second peak linear velocity).

On the other hand, the elbow and shoulder EMG muscle activities of the DS subject
were characterized by a generaiizea activity of both muscles, during the whole movement
time. Note figure 2 there was more fluctuation in the EMG activities and the antagonist
latencies were very short, which characterizes a pattern of muscle co-activation. The two
agonists and the one antagonist EMG bursts could not be visually identified, as we did for the
NN subject.

The generation of the three muscle impulses at the two joints seemed to be coupled
with the muscle activities of the three EMG bursts for the NN subject, but not for the DS

subject. For the NN subject, the first EMG agonist bursts generated initially 2 muscle impulse




throwing the limb into the target position. This was done by moving the shoulder joint inte
abduction and the elbow joint into extension. The EMG activity of the antagonist bursts
generated the second muscle impulse that had two different functions. It first decelerated the
limb at the target position. Then, it reversed movement direction of the two joints, throwing
the lim;b back into ﬂie home position. The second agonist EMG burst generated the third
muscle impulse, that decelerated the limb towards the home position. Because their EMG
bursts were not well defined, we cannot visually identify these coupling between the EMG
bursts of muscle activity and the muscle impulses for the DS subjects. Finally, note that the
muscle torques were smaller and had more fluctuation for the DS, compared with the NN

subjects.

Insert here figure 2

kinematics of the elbow and shoulder joints for both groups of subjects

Even though the experiment setup tried to constrain the elbow excursion at certain
target distance (108%, 126°, and 144°), all subjects were free to choose any combination of
elbow and shoulder movements to perform the tasks. A visual analysis of the fingertip path
revealed that all subjects were able to perform the tasks at the three spatial orientations {180°,
90°, and 0°).

The elbow angular excursion was similar for both groups, and increased with target
distances and changed with spatial orientations (Table I). On average, the elbow excursion
was 34°, 41°, and 38° respectively for 180°, 90°, and 0° spatial orientation (figure 3).
Howe\lzer, there was an interaction effect between subject group and spatial orientation. A post

hoc comparison showed that this interaction effect was determined mainly by the DS group,
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that displayed increased amount of error from the 90°, to 0°, and to 180° spatial orientation.
On the other hand, the NN group had similar amount of error across all three spatial
orientations. The shoulder angular excursion also was similar between both groups of subjects
at the three spatial orientations and increased with target distances (figure 4). Note that
initially the elbow joint always moved into extension, but the shoulder joint moved into 50°
and 180° adduction and into (° abduction for spatial orientation task.

Insert here figure3 e 4

Movement speed

We tan a four way ANOVA to analyze the effect of groups, target distances, spatial
orientations and type of the fingertip speed (first versus the second). These data are showed in
figure 5. The DS subjects moved slower than the NN subjects (F1,14= 33, p=0.000). The
fingertip speed increased with target distances (F2,28= 140, p=0.000), and there was an
interaction between group and target distance (F2,28= 29, p=0.000). The movement speed also
changed with spatial orientation (F2,28= 100, p=0.000), and there was an interaction between
group and spatial orientation (F2,28‘2 29, p=0.000). The speeds of the first peak was faster
than the second (F1,14= 12, p=0.004), but there was an interaction between group and peak
speed (F1,14= 12, p=0.004). A post hoc comparison showed that the interaction between
group and speed was due to the fact that DS group moved ‘to {first peak) and from the target

(second peak) at similar speed, but the NN group moved faster to than from the target.

Insert here figure 5
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Movement accuracy

The amount of movement error was similar between both subject groups (Table D). The
target distance affected the amount and the direction of this error (figure 6). A post-hoc
comparison showed that this error differed for the three target distances. On average, the
subjects overshoot the target by 41% at the shortest distance (108°) and by 8% at the
intermediary distance (126°). For the larger target distance (144°), they undershoot the target
by —6.6%. The spatial orientation also affects the amount of error. There was é main effect of
spatial orientation and a interaction between spatial orientation and subject group. A post hoc
‘comparison showed tha, this interaction was due to a similar amount of error across all spatial
orientations for the NN group, but not for the DS group. For the DS‘ group the amount of error
increased from the 180°, 1o 0°, to 90° spatial orientation.

In summary, we showed that both subject groups performed all tasks using similar
elbow and shoulder excursion with comparable amount of error, but with different movement
speeds. Next we show how DS and NN individuals performed these tasks with different
muscle torques and muscle EMG activities across both joints.

Insert here figure 6

The effect of target distance on EMG muscle activities and muscle impulses

Intensity of activation of the agonist muscle

Overall, the intensity of the triceps agonist bursts did not change with target distances
for both subject groups (see table I). However, the NN individuals activate their agonist elbow
muscles with greater intensity compared with the DS individuals (figure 3). Note that even

though the variability of the intensity in which the triceps was activated was larger for the NN
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group, compared with DS, there was no significant interaction effect between target distances
and groups (table I). Compared with DS, the NN subjects activated the shoulder muscles with
greater intensity {table I). The intensity in which the shoulder muscles were activated did not
change with target distance into all three spatial orientations (figure 4). The only exception

was for NN group subjects at 180° in which the intensity of the activation of the anterior

deltoid increased with distance (table I).

The amount of the two agonist and the antagonist EMG bursts of muscle activities

The EMG activities of the first burst of the triceps muscle were smaller for the IS
group when compared with the NN group (figure 3). However, there was no group difference
in the amount of EMG activities of the second agonist and antagonist bursts of the elbow
muscles across all tasks (Table I). The amount of these EMG activities of the elbow muscles
increased with target distances. A post hoc comparison showed that this increment of the
EMG bursts was observed just for the NN group. The DS subjects did not always medulated
the EMG bursts of muscle activities with target distances. For example, the first burst of the
triceps muscle of DS individuals did not differ between 126° and 144° target distances. Also,
the second agonist burst of the triceps muscle and the antagonist burst of the biceps muscles of
these subjects did not differ between 108° and 126° target distance.

The first burst of the shoulder agonist muscle was larger for NN subjects just for 0°
spatial orientation. At this spatial orientation the amount of muscle activity of the first
shoulder agonist burst increased with distance for NN subjects, but not the DS subjects. There
was also no group difference for the antagonist EMG bursts of muscle activities (figure 4).

However, DS subjects generated more EMG activities for the second agonist muscle (table I).
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The three EMG bursts of muscle activities of the shoulder joint increased with target distance,

The only exceptions were for the second agonist and the antagonist EMG bursts at the 90°

spatial orientation that remained constant over the three target distances,

The three muscle impulses

The three muscle impulses of the elbow joint increased with target distance (table I)
and were larger for the NN group compared with the DS group (figure 3). Note that there was
an interaction between group of subj.ects and target distances for all three muscle impulses. A
post hoc comparison showed that this interaction wes due to the fact that the three elbow
muscle impulses increased with distance for the NN group, but not for DS subjects. For
example, the three elbow and shoulder muscle impulses of DS subjects did not differ for the
two largest target distances (126° and 144°),

The three shoulder ifnpuises increased with target distance into 0° and 180°, but not
into 90° spatial orientation. At 90° spatial orientation there was no group difference in the
three shoulder impulses, and their values were closed to zero for both group of subjects (figure
4). However, the three shoulder impulses were larger for the NN than for the SD group for 0°
and 180° spatial orientations (Table I). A post hoc comparison revealed that the)threé shoulder

muscle impulses into the 180° spatial orientation increased with target distances for NN

subjects, but not for DS group.
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The effect of spatial orientation on EMG muscle activities and muscle impulses
Intensity of activation of the agonist muscle elbow muscle
The intensity in which the first agonist elbow muscle was imitially activated did not

change with spatial orientation (table I}, but it was larger for the NN compared with the DS

individuals {figure 3.

The amount of the two agonist and the antagonist EMG bursts of elbow muscle activities

The spatial orientation affected the amount of muscle activities (figure 3). However,
there was a significant interaction between subject groups and spatial orientations for the
second agonist and the antagonist EMG burst of muscle activities {té.bie I). A post hoc analysis
showed that this interaction was due to qualitative difference between both groups in the way
they modulate the bursts of the EMG activities with spatial orientations. For example, the
second burst of the triceps muscle of the DS group was comparable for 90° and 180°, but
larger than the one at 0°. On the other hand, this second agonist burst of the triceps increased
from 90°, to 0° to 180° spatial orientation for the NN subjects. The burst of the antagonist
biceps muscle of the DS group was comparable for 0° and 90°, but smaller than the one at

180° tasks. For the NN group, the antagonist activity was similar for 0° and 180°, but higher

than the one of 90° spatial orientation.

The three elbow impulses

The spatial orientation affected the modulation of the muscle impulses in a different
way for each subject groups (figure 3, and table I). First, a post hoc analysis showed that the

three elbow impulses increased from 180°, to 90°, to 0° spatial orientation for both subject
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groups. The only exception was the second elbow impulse that was similar between the spatial
orientations of 90° and 180° tasks. Second, the group difference for the three impulses was

larger for the O° spatial orientation, as compared with the other two tasks,

Temporal coupling among the times both muscle torgues reverse directions

The muscle torques at both joints reversed direction at the same time {figure 2}. We ran
a factorial analysis using Principal Component Analysis as extraction method among all the
three landmarks of the elbow and shoulder muscle torques. The first factor of the factorial
- analysis explained more than 92% of the population variance for the NN subjects. This results
revealed two temporal coupling between elbow and shoulder muscle impuises for the NN
subjects. First, both ekbowl and shoulder muscle impulses reversed direction at the same time.
Second, all the three landmarks of the two muscle torques were linear related among them.
The DS subjects also reversed elbow and shoulder muscle torque at the same time as can be
observed in figure 2. However, for the DS group the explanation of the first factor decreased
to 75%. The explanation for the decrease of population variance for the first factor observed

for DS subjects has to do with the way they couple all the three landmarks of the two muscle

torgues (figure 7).

Coupling among muscle impulses and EMG muscle activities

In Figure 8 we plotted the first factor against the second factor of the unrotated matrix.
We showed the weight values of each factor for the three muscle impulses and three EMG for
both elbow and shoulder joints, and for the two peak of the fingertip linear speed. These

weight values were obtained by a factorial analysis using Principal Component Analysis as
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extraction method. The results for the NN subjects are showed in Almeida et al,, (2000) and it
is represented here again to allow the comparison between the performance of DS and NN
subjects.

The total variance proportions for the first and the second factor was larger for NN
than for S group. This results showed that the DS individuals have difficult in coupling the
EMG muscle actﬁ*ities, with muscle impulses and the fingertip speed. For the 0° task the
variance propottions 0.7 and 0.16 for the NN subjects, and 0.37 and 0.22 for the DS subjects.
For the 90° task the variance proportions were 0.53 and 0.22 for the NN group, and 0.44 and
(.18 for the DS group. Finally, these values for 180° task were 0.67 and 0.12 for NIV subjects,
and 0.44 and 0.27 for the DS subjects.

The weight values that defined the first factor for sach of the variables studied (three
EMG bursts, the three muscle impulses of both joints, and the first and the second fingertip
peak speeds) were above 0‘7‘f0r the NN group for the 0° task. For DS group the weight values
of the first factors for the 0° spatial orientation was higher just for the three elbow and
shoulder impulses (figure 8). These results show that NN subjects, compared with DS
subjects, can better coupling the EMG muscle activities with muscle torque and the speed of
the fingertip.

Indeed, the coupling between the three muscle impulses at the elbow and shoulder
joints seems to be a common feature of all movements. Overall, the coefficient of linear
correlation (1)) was above 0.8 between each pair of the 32 out of 36 variables (3 spatial
orientation x 2 groups x 3 muscle impulses x 2 joints) in comparison with all muscle impulses.

However, this coefficient of linear correlation was greater for 0°, compared with 130 and 90°
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spatial orientations. Also the values for these coefficients of linear correlation were greater for
NN subjects at the 0° spatial task compared with DS subjects.

Note that the weights values of the first and the second peak of the linear fingertip
speed for the first factor were different between subject groups. They were above 0.8 for the
NN subjects, and below 0.5 for DS subjects. This is a reflection of lower linear correlation
between both pea% speeds for the DS group compared with NN group. The coefficients of
linear correlation (|rf} between the first and the second peak speed were -.37,-.31, and .67

respectively for 0%, 90°, and 180° spatial orientation for DS subjects. These values were .75,

.93, and .93 for NIN subjects.

Discussion

Both normal and Down syndrome individuals do not use the intrinsic information to plan
reversal movements

Even though the experiment set up tried to constrain elbow motion at certain angular
excursion into workspace of the joi;ats, the subjects were free to choose any combination of
elbow and shoulder movements to perform the tasks. Indeed, both individuals groups did not
used the expected elbow excursion to perform the tasks. However, the angular excursions of
both elbow and shoulder joints were similar for both individual groups, across all tasks
(figures 3 ¢ 4). The error for the elbow angular excursion was high, but similar for both groups
(figure 6). The results confirm the observation that neither normal (Almeida, et al, 2000), nor

Down syndrome individuals (Almeida, et al., 2000) use intrinsic information to plan complex

planar reversal movements.
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These similar error observed between both groups at the two joints should not be
attributed to any technical problem ' . We do not know the rules that determine choice of the
CNS about what range of motion should be used in each of the joints to perform one task.
Someone could argue that we were naive when by designing experiments which ignored the
constraints of the motor system represented by the joints, nerves and muscles configurations.
E—Iowever, some of these constraints we learned with this study. For exampie, at 180° spatial
orientation the bi-articular biceps worked as the shoulder agonist muscie {Alfnei&a, et al.,
2000). The shorting of this muscle would limit the elbow range of motion into extension. This
may explain why these movements at 180° spatial orientation were performed with more
shoulder than elbow movements.

One could argue that DS individuals traded off speed for accuracy (Kerr & Blais,
1987). Had they moved as fast as the normal individuals, their movement error would be even
larger (Fitts & Peterson, 1964). However, we observed that both group of individuals

displayed larger error for the shorter target distance than for the longer one.

The effect of target distance on the modulation of the kinematic, kinetic and EMG muscle
activities

Even though both individual groups performed thg tasks using similar elbow and
shoulder movement excursions and with similar movement accuracy, they differ in the
~ strategy used to modulate the three EMG bursts of muscle activities, the three muscle impulses

and the two peaks of the fingertip speed.

 The equipments {goniometer and set of lighis} used to inform the elbow excursion was the same for all tasks

conditions and it worked well in all spatial orientations and target distances used in the experiment.




strategy used to modulate the three EMG bursts of muscle activities, the three muscle impulses
and the two peaks of the fingertip speed.

The normal individuals modulate the muscle activities for these reversal movements
according to the rules defined by the "Speed Insensitive Strategy” (Gottlieb, et al, 1989), and
that was described in Almeida et al., (2000). First, the intensity in which the agonist muscle
was activated waé kept constant over different target distance. Second, the two agonists and
the antagonist EMG bursts of muscle activities increased with target distance. Tﬁe' additional
finding here is that the spatial orientation does not affect the way normal individuals modulate
the EMG burst of muscle activities and the muscles impulses (figure 2 and 4) with changing in
target distance.

However, the strategies used by individuals with Down syndrome to activate the
muscles differ in three ways from what was observed for the normal individuals. First, they
also kept the intensity in wﬁich the agonist muscles were initially activated constant over
different target distances. However, this intensity was smaller for Down syndrome individuals,
showing their difficult of initially recruiting larger amount of motor units. The irnplication of
that would be a deficit in generating abrupt muscle force and in modulating it. This
observation supports several others showing a deficit of these individuals in modulating the
grip force (Cole, et al., 1988).

Second, overall the individuals with Down syndrome have problem in modulate the
amount of the muscle activities with target distance. This is also reflected in the lack of
modulation of the muscle impulses with target distance (figures 3 e 4). Taking together, these
findings may show a deficit of individuals with Down syndrome to modulate the amount of

muscle force for different movement distances. Nevertheless, the lack of modulation of the
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muscle forces with target distance did not interfere with the ability of these individuals 1o
move to and from the target. Remember that the participation of the elbow and shoulder joints
and the movement accuracy were similar between both individuals groups (figure 6).
However, the lack of modulation of the muscle forces with target distances affected movement
speed of the individuals with Down syndrome and not thelr movement accuracy, Observed

that the speed of the fingertip were similar for these individuals across differeni distances

{(figure 5) * .

The effect of spatial orientation on the modulation of the kinematic, kinetic and EMG muscle
activities

Taking in account these limitations, and considering that both individuals groups had
the same angular excursion at both joints, for each spatial orientation (figure 3 e 4), we can
draw some conclusions. First, the spatial orientation affects the amount of muscle impulses
that can be generated by a certain amount of muscle activities. For example, compared the
elbow impulses and the muscle activities at 90° and (° spatial orientation (figure 3 e 4) for the
normal individuals. The first agonist bursts of the EMG triceps activities were similar for both
orientations, but the amount of the first elbow impulse differed markedly between both

orientations. Also, the elbow movement was larger and faster at 90° than at 0° spatial

orientation (figure 5).

* The fact that the amount of muscle activity did not differ between both groups (figure 3 and 4) across different
target distances is just a reflection of the time interval used to calculate these activities. Individuals with Down

syndrome moved slower, spending greater time to perform the tasks than the norma! individuals. Because of that,
muscle activities observed for & similar time interval between group.
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These findings confirm other observation that the spatial orientation influences the
amount of muscle activities and the amount of muscle torque generated at the joint. The
amount of force generated by the muscle activity is also affected by its length and speed of
shortening. The spatial orientation could affect the length and the speed of shortening a
muscle, influencing its capability to generate muscle torque. The effect of the workspace on
the amount of the EMG activity generated by the muscles is showed in pointing movements
(Flanders, 1991; Gabriel, 1997). |

Second, both individual groups differed in the way they scaled elbow muscle impulses
and the bursts of the EMG muscle activities with spatial orientation (figure 3 e 4). Overall, the
amount of muscle activity and muscle impulse generated by individﬁais with Down syndrome
were less affected by the spatial orientations. Compare for example, the amount of muscle
impulse generated by the burst of EMG triceps activity at 90° and 180° spatial orientation.
Note that the elbow excufsion was similar between both groups at these two spatial
orientations, but the change in muscle activities and in muscle impulse was smaller for the
individuals with Down syndrome.

Third, the individual with Down syndrome generated proportionally less elbow muscle
impulse for all three spatial orientations (table I), but this group difference was greater for the
(° spatial orientation (figure 3). These results showed that their movement performance maybe
more impaired in some regions of the workspace than in others. This is exactly what we
observed for the fingertip speed (figure 3). Note the group difference to the fingertip speed
was longer for 0° spatial orientation.

Why the individuals with Down syndrome have more difficult in generate the muscle

impulses at certain region of the workspace? We believe that this has to do with the way they
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modulate the activation of the muscles. These individuals antecipate the activation of the
antagonist muscles independent of the changing in spatial orientation (Ferreira, 2000).
Because of that they start to break the movement too earlier. So, this anticipation affects more
the spatial orientation in which the elbow moved more, that was at 0° spatial orientation
(figure 3). In other words, the individuals with Down syndrome are less efficient in generating
muscle torque at 0°, in part, because of the antecipation of the antagonist muscle activation
affected more the larger elbow joint excursion at this orientation.

Let us also assume that there is an option amount of EMG activity generated by the
ruscle at certain region of the workspace that would lead to 2 proper amount of muscle torque
at the joint, Also, assume that the data presented for the normé% individuals represent an
optimal solution. So, a major group difference observed for the elbow impulse at 0° spatial
orientation, could be attributed to a deficit of these individuals in account for the effect of
spatial orientation on the geﬁeration of the appropriate amount of muscle activity {figure 3).

One could argue that the Down syndrome had problem to modulate the muscle activity
with changing in target distance and _spaﬁal orientation (Figure 3 e 4) because of their inability
to modulate the central motor command sent to the motorneuron pool. Several central deficits
could be used to explain the deficits, such as poor mielinization, decreased number. of neurcn
synapses. In this case the lack of modulation of the muscle force with chaﬁge in target distance
and spatial orientation could be attributed to their inability to modulate the muscle activity.

One alternative explanation would be impairment in their ability to sense force. Indeed
they failed to moculate the grip force (Cole, et al, 1988) and pressed harder on a surface when
asked to move faster (Henderson, et al, 1981). A impairment in their ability to modulate

muscle impulses with changing in movement distance and direction could be attributed to a
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deficit in their proprioceptive sense of muscle force. Without a accurate afferent information
of the isotonic forces they could not create an internal model of the exact amount of muscle
force need to perform different tasks (Sainburg et al, 1993). As a conseguence the individuals
with DS would contimue to send one sub-optimal command do activate their muscles. indeed,
the Down syndrome affects several areas of the motor control system it is possible that the

deficit in generate the reversal movements observed in these individuals has a central and/or a

peripheric origin.

Musle activities and muscle torques at elbow and shoulder joints

We have showed that normal individuals coupled the amoust of muscle activities, the
muscle impulses and fingertip linear speed as a building block (Almeida, et al., 2000). The
"Building Block Strategy” would reduce the amount of degree of freedom that the SNC has to
deal to perform the reversal movements. In this way the rules of this strategy could represent a
powerful synergy used by the CNS to control human movements.

The strong coupling among the EMG muscle activities, muscle impulses and the speed
of the fingertip observed for normal inciividuals, favor the idea that the CNS could use an
internal transformation model from the intrinsic information (i.e., muscle impulses and the
EMG burst of muscle activity) to the extrinsic information (i.e., peak speed of the fingertip).

Our study showed that the individuals with Down syndrome have a problem in
coupling the agonist and antagonist muscle activities with the generation of the appropriate
level of muscle impulses. Second, they failed to associate the intrinsic variables with the speed
of the fingertip. In this case the individuals with Down syndrome would have impairment in

this ability to create this internal model. This fits well with the idea that they would have
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impairment in their ability to sense change in isotonic force. Their movement error occurred
when they had intrinsic information about the target {Ferreira, 2000) and it was similar to
normal individuals (figure 6). These data suggest that DS individuals would not have

perceptual problems in sense dynamical change in joint position.
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Figures legends

Figure 1

Hlustration of the task setup. A homemade goniometer was fixed at the elbow joint and
comnected to a set of small lights. The subjects wore glasses without lenses that allowed the
view of the set of the lights, but not of the moving limb. The movements were performed into
three target disi:aﬁces and over three spatial orientations (180°, 90°, and 0°). The target
distance was defined by the amount of elbow angular excursion as 108°, 126°, and 3.44"‘ The
initial position of the upper limb was set with the shoulder joint at 45° and elbow at 90°. The

limb was fixed at the ceiling with a cable connected at the proximal part of the forearm,

Figure 2

Time series of the extrinsic (fingertip linear velocity) and intrinsic (muscle torque at
the joint, and EMG muscle é.ctivity) variables describing one movement performed over 0°
spatial orientation task. The data are one trial for one normal (left panel) and one DS subject
(right panel). The muscle torques are presented for shoulder (solid line) and elbow (broken
line) joints. The EMG muscle activities are presented for shoulder (PD - posterior deltoid, AD
- anterior deltoid) and elbow (TRI - tricpes, BIC - biceps) joints. The antagonist muscles (AD
and BIC) are plotted with inverted signals. The fingertip speed is given in millimeter per

second, the muscle torque in Newton meter per second, and muscle activity in volts. The time

is given in milliseconds.
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Figure 3

Left panel: Elbow excursion and the first (F.), second (8.}, and third (T.) elbow muscle
impulses. Right panel: The intensity of the first agonist burst, the amount of muscle activity
for the first agonist (F. AGQO), for the antagonist (ANT), and for the second agonist {S. AGO)
EMG bursts. The data were averaged across all eight normal (NN) and eight Down syndrome
{DS) subjects for each of the three target distance (108°, 126°, and 1§4°) over the three spatial
orientation {0°, closed circle, 90°, closed squared, and 180°, closed triangle). T.D. was the
expected target distance. The elbow excursion was given in degrees, the muscle impulses in

Newton meters per second, The amount of EMG activities was normalized by the baseline and

because of that there is no units.

Figure 4

Same variables as présented in figure 3 but for shoulder joints, except that we did not

have target distance for the shoulder joints.

Figure S
The first (upper panel ) and second (lower panel) peak of the fingertip speeds are
presented for the two subjecté groups, for the three target distances and the three spatial

orientations. Figure caption is the same as presented in figure 3. The data were averaged

across all subjects. The speed is given in millimeters per second.
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Figure 6
Percentage of error presented for the two subjects groups, for the three target distances
and the three spatial orientations. Figure caption is the same as presented in figure 3. The data

were averaged across all subjects. Negative values means that the subjects undershoot the

target, and positive values means that the subjects overshoot the target.

Figure 7

The first (X-axis) and the second (Y-axis) factors obtained from the Factor Analysis using the
Principal Component as the extraction methods. Fach symbol represents one of the three
landmarks of both elbow and shoulder muscle joints: The first aﬁd the fourth landmarks are
the time in which the elbow and shoulder reversed direction for the first time (open circle and
open diamond). The second and fifth landmarks are the time when both elbow and shoulder
muscle torque reverse direction for the second time (open triangle and open inverted triangle).
The third and the sixth Iandmérks are the time when both elbow and shoulder muscle torque
reverse direction for the third time (ppen square and cross). The averaged data are presented

for one NN (left panel) and one DS (right panel) for each of the three spatial orientation (0°,

90°, and 180°).

Figure 8

The first (X-axis) and the second (Y-axis) factors obtained from the Factor Analysis
using the Principal Component as the extraction methods. Each symbol represents: FPLS (the
first peak of the linear speed of the fingertip - closed circle), SPLV (the second peak of the

linear speed of the fingertip - open square), FISH (first impulse of the shoulder - open circle),
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SISH (second impulse of the shoulder - cross), TISH (third impulse of the shoulder - open
square with a back slash), FASH (first agonist burst of the shoulder - closed triangle), SASH
(second agonist burst of shoulder - single cross), ANSH {EMG antagonist burst of the
shoulder - inverted open triangle), FIEL (first elbow impulse - open square with a single
cmsé), SIFI. (second elbow impulse - closed square), TIEL {(third elbow impulse - closed
diamond}, FAEL (fzrst. agonist burst of the elbow - open triangle}, SAEL (second agonist burst
of the elbow - closed inverted triangle), and ANEL (antagonist burst of the éibéw - open
diamond). The averaged data are presented for one NN (left panel ) and one DS (right panel)

for each of the three spatial orientation (0°, 90°, and 180°).

Tablel

Variance Analysis for the elbow and shoulder joints. In the top of the table data for the
eibow joint are presented. It éhows the effects of the groups (1), spatial orientation (2}, group X
spatial orientation (1 x 2), distance (3), group x distance (I x 3), spatial orientation x distance
{2 x 3) and group x spatial orjentation x distance (1 x 2 x 3) regarding the following variables:
elbow angular excursion (E.AE.), first impulse (F. imp.), second impulse (S. imp.), third
impulse (T. imp.), agonist intensity (INTEN), first agonist burst (F. AGO), second agonist
burst {S. AGO) and antagonist activity (ANT). For the shoulder joint we showed just the effect
of the groups (1), distances (3) and groups x distances (1 x 3) for the three spatial orientations
- (180°, 90° e 0°) regarding the same variables. Finally, we presented the data for the movement
error (M.E.). The plus signal showed that the data are significant (p<0.05) and the minus

sigﬁai, that they are not significant (p>0.05).
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Center of mass

iz = M,Co {‘“K%Siﬂ@z -+~ ?ECOgﬁﬁ ~+ %43@2

Uy = Ly =1yCq [-X8ine; + Y0086, ] + myl, [-X.sine; + Y.coso,]
elbyr =18; - 113

Shopyy = 4y - Ly +mpc2 + | + mycy2 + malq2 + 2mulycscose, s,

Where:

1 = shoulder

2 = elbow o

| = moment of inertia in relation to the certer of mass.
acceleration

:{-“'2 = @aow muscle torgue
£ = shoulder muscle torgue
EIb%NT — elbow interaction torgue

ShGINT: shoulder interaction torgus

Equation of Motion
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111, Discuss@o

Os estudos do comportamento da precisfo dos movimentos de reversio executados
com feedback intrinseco (Ahneida et al, 2000b) e extrinseco (Almeida ef al, 2000a) favorecem
a iééia de que 08 movimentos sejam planejados baseado em informacBes extrinsecas. Esta
idéia ¢ suportada por varios outros estudos.

Do ponto de vista da execucio dos movimentos, o (SN) parece utilizar uma estratégia
intrinseca. A "Building Block Strategy” (Almeida er o, 2000b; Marconi er al, 2000)
demonstra que existe uma co-variac8o linear entre EMG agonista e antagonista com os torques
musculares gerados nas larticuiagées. Este acoplamento entre atividade muscular e torque
muscular, facilitaria o controle dos movimentos via a redugfo do nimero de varidveis a serem
independentemente computa;ias (Bernstein 1967). Em outras palavras, este modelo seria uma
sinergia utilizada pelo SN para reduzir os graus de liberdade dispmix}eis durante a execucfo
dos movimentos.

Neste modelo, o movimento seria controlado ao nivel da execugBo como um todo, isto
é, os dois "bursts" de atividade EMG agonista ¢ o "burst” de atividade antagonista, assim
como 0s trés impulsos musculares, estariam co-variando linearmente em duas articulacBes
interligadas em cadeia. Desta forma, bastaria ao SN definir os pardmetros que caracterizam a
fase inicial do movimento; por exemplo, o primeiro "burst” de atividade EMG agonista e/ou o
primeiro impulso. Isto ocorreria porque as oufras duas fases do movimento estariam
linearmente correlacionadas com a primeira. Para que o primeiro "burst” de atividade agonista
gere o primeiro impulso, bastaria que o SN o modulasse de acordo com as regras estabelecidas

pela "Speed Insensitive Hyphotesis” (Gottlieb ef al, 1989). Como demonstramos, os padries
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de atividade EMG ¢ os impulsos foram modulados com o aumento da distancia do alvo, para
os individuos normais (Almeida er 4, 2000’0).

Como a geraciio da atividade EMG antecede o infcio da geragfo do impulso muscular e
este por sua vez, antecede o inicio da velocidade linear do dedo indicador, poder-se-ia
argumentar que o SN estaria controlando a atividade EMG. No entanto, antes do comando
central (pﬂtenciai de agHo) chegar a0 neurdnio motor alfa, € necessério que o SN ja tenha
tomade vérias decisbes no que diz respeito 2 escolha e ao planejamento do movimento a ser
executado.

A co-variagHo linear entre os parfimetros intrinsecos (atividade musculer e torque
muscular) e extrinsecos (velocidade linear do dedo indicador) nfo aetemna de forma causal
qual seria a varidvel controlada pelo SN. O SN poderia escolher qualquer uma delas ou mesmo
codificé-las a partir de um comando central. Esta questdo ndo pode ser respondida a partir dos
dados obtidos neste estudo.

Em suma, a "Building Block Strategy” simplificaria a tarefa do SN em controlar
movimentos ao nivel articular, ao r;ivel da coordenacfio entre as articulagdes e ao nivel da
transformacdo intrinseca para extrinseca. A correlagiio linear entre estas varidveis & compativel
com a sugestdo de que em algum nivel superior, as propriedades cinematicas dos movimentos
poderiam ser planejadas em termos experimentais, tais como aq_ﬁeias fornecidas por
observacio visual das trajetérias. A execucfio destes planos cineméticos entretanto, é em
termos das forgas esperadas para produzi-las. Essas forgas podem ser estimadas de um modelo
interno da dindmica dos segmentos e sua carga externa.

A aplicagéo desta estratégia no entendimento de como os movimentos de individuos

portadores da Sindrome de Down (SD) sfio controlados nos permite algumas conclusdes. A
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"Building Block Strategy” (Almeida ef al, 2000b; Marconi ef dl, 2000} nfo € uma estratégia
frutc de um artefato metodolégico que seria observada em movimentos normais e
descoordenados. Como vimos, os individuos portadores da SD, falharam em acoplar os
pardmetros extrinsecos e intrinsecos na forma observada para os individuos neurologicamente
normais (NN). Segundo, estes individuos utilizam um padréio de co-ativagio generalizada da
musculatura agonista e antagonista (Almeida 1993; Almeida ef of, 1991; 'Aimeicia et al, 1994; |
Latash et al, 1993). Eles falharam em modular as atividades EMGs ¢ os torques musculares
nos ;ﬁadrées definidos pela "Speed Insensitive Hyphotesis" (Gottlieb er al, 1989). Esta
incapacidade em modular as atividades EMGs, poderia explicar a falta de acoplamento entre
esta varidvel ¢ os impulsos musculares.

Terceiro, o primeire € o segundo picos da velocidade linear do dedo indicador ndo se
correlacionaram linearmente entre si para os individuos SD. Estes individuos também
falharam em acoplar os parimetros intrinsecos (atividade muscular e torque muscular) e
extrinsecos (velocidade do dedo indicador). Estes dados mostram que os individuos SD
falharam em planejar o movimento de reverso como um tode. A origem da dificuldade destes
individuos em acoplar os pardmetros extrinsecos ¢ intrinsecos pode ser central ou periférica.
No entanto, fica dificil atribuir a qualquer uma destas estruturas a incapacidade de
acoplamento.

Como vimos, es individuos portadores da SD t&m problemas em modular as atividades
EMGs e os impulsos musculares com o aumento da distancia do alvo e com a mudanca das
orientagbes espaciais. No entanto, eles foram capazes de realizar os movimentos de reversio

com feedback intrinseco 30 precisos quanto os individuos NN (Almeida ef a/, 2000b; Ferreira
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2(}0{}). Eles também foram capazes de realizar os movimentos nas mesmas orientagdes
espaciais que os individuos NN.

Estes dados favorecem a idéia de que o problema destes individuos nfo estd na
capacidade de perceber a mudanga no deslocamento angular ou na posigio do membro no
espago. Outros estudos t8m demonstrado uma boa percepgio espacial nesta populacdo
(Henderson 1986}. O problema nestes individuos poderia estar na percepciio da geragéo da
forga muscular. Neste caso, terfamos um problema periférico. Uma limitag8o nas informages
do Orgéio Neurotendinoso de Golgi, por exemplo, poderia dificultar o desenvolvimento de um

modelo interno (Sainburg ef o/, 1995) das forcas musculares necessarias 3 execugdo de uma
tarefa motora. Uma outra alternativa seria um déficit nas estruturas rcortﬁcais que dificultaria ¢
envic de estimulos para o neurbnio motor alfa (potencial de agdo).

Existem vérios candidatos que poderiam explicar a falta de modulago das atividades
EMGs com a mudanca da distancia do alvo e da orientagdo espacial nestes individuos. Por
exemplo, a rzdugdo do namero de sinapses, uma mielinizagdo pobre, a reducfio no peso do
cerebelo (Aylward et al, 1997, Cromfa er al, 1966). Vale lembrar que, com o treinamento, estes
individuos foram capazes de aprenderem a modular as atividades EMGs da forma observada

para os individuos NN (Almeida, 1994).
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Casual observation of the evervday movements of individuals with Down syndrome
{D5) gives the impression of “clumsiness™ or even “extreme moter clumsiness”
{Frith & Frith, 1974}, Several studics have shown that the movements of individuals
with DS zre slower, less smooth, and more variable from trial ro trial when com-
pared with the movements of the overzll population. Evidence of slowness and lack
of smoothnesshas been observed even in simple elbow-flexion movements {Almeida,
Corcos, & Latash, 1994; Larash & Corcos, 1991), as well 25 in muldjoin: poindng
tasks (Aruin & Almeida, 1997). The difference in motor performance berween
neurvlogically normal individuals and individuals with DS suggesrs that individuals
with D5 mighs have specific, experimentally idengfiable sensorimoror deficim.
Exaraples include deficis in dming (Henderson, Morris, & Frith, 1981}, deficis in
motor programuming (Frith & Frith, 1974}, and deficizs in the ability 1o adjust the
rate at which grip force is generated (Cole, Abbs, & Turner, 1988).

On the other hand, ithasalso been argued thar there are either no specific motor
deficits associated with DS or that they are not really significant in comparison with
the other deficits observed. For cxample, Wang (1996) has suggested that verbal
short-tertn memory skills are diminished in individuals with DS compared to other
individuals with mental retardation. However, visual-motor skilisare comparatively
well preserved. Based on this and other observatiens, including impaired verbal
communication skills, he has suggested that individuals with DS should be aughe
sign language. Also, Lawsh and Anson (1996) have argued thar the way in which the
movements of individuals with DS are performed is a reflection of an impaired
decision-making process and not necessarily 2 conseguence of 2 primary moror
deficir. Specifically they have suggested, “Our basic assumption implies that the
CNS of 2 person whose decision-making component of the system for movement
production is somewhat impaired, may ‘prefer’ to facilicate clumsy movements
rather than risk total failure during motor performance” (p. 66). Their argument
snggests that although movement patterns and muscle acivaton patterns may dif-
fer from those observed in neurclogically normal individuals, they are optimal
adaprations given a primary impairment of decision-making. -

In this chapter, we will review the evidence that relates to whether individuals
with DS have specific sensorimoror deficits. We shall first discuss similarides in the
conwol of movement between nevrologically normal individuals and those with
DS, and then consider differences. We will use this analysis to draw conclusions
about the extent ro which intervention should be used to facilitate motor perfor-
mance. Whenever possible we will refer rostudies hat have used elecrromyograph
Elecmomyography enables one 1o determine whether the parterns of motor cot
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mandsare the same or different barween groups of individuals, Srudies of movement
kinematics alone do not allow one 1o distnguish benween problems of how move-
nents are represented and how they are implemented {Anwar, 1986).

Similarities to Individuals Without Down Syndrome

In the following review, we look at many studies that show consistent similariges
betwesn conrol subjects and individuals with IJS in the control of movement
distance and speed, in the improvement of motor performance with practice, and
. in linear synergy. In our research, we also have not found any evidence of 2 causal
reladon between hypotonia and morer impairment in individuals with IS,

Lontrol of Movement Distance

INumerous studies kave investigated the muscle actvation patterns associared with
movements of different extents in neurologically normal individuals (Benecke,
Meinck, & Conrad, 1985; Gowdieb, Chen, & Corcos, 19962; Wachholder &
Alrenburger, 1926). Typically, 2 biphasic or triphasic pattern of muscle activation is
observed in which an agonist burst of muscle activation is followed by an anmgonist
burst, and then sometimes 2 second agonist burst. For movements of different
distances, the first agonist and antagonist bursts seale in a very consistent way. For
mevements thar exceed 10° to 15°, the angle, velocity, acceleration, and net joinit
torque all sise ausimifar rates at the beginning of the movement. The same is rue
for the agonist EMG (Pfann, Hoffman, Gotlieb, Stick, & Corcos, 1998). Forshort
movements and very strong experimenta subjects, the initial EMG activation and
mavement kinemades diverge at the onser (Pfann et al., 1998). The agonist EMG
also increases in duration for longer movements. The antagonist EMG is delayed
intme. Thisistrue for movernents thatare constrained by a manipulandum (Gotdieb,
Corcos, & Agarwal, 1989} and 2lso movernenss that are not constrained (Almeida,
Hong, Corcos, & Gottlieb, 1995).

Movements of different extents have been studied in individuals with DS by
Latash and Corcos (1991). The angle, velocity, and acceleration taces rose at the
same rate in several of the subjects in their study. The agonist muscles (biceps and
brachioradialis) also rose at the same rate, 2nd the EMG duration increased with
distance. In 2 follow-up study (Almeida, Corcos, & Gorlieb, manuscript in prepa-
radon), individuals with DS were asked to perform movements over three different
distances using the same paradigm as Almeida et al. (1995). The data in Bgure 7.1
illustrare the performance of an unconstrained single-joint elbow movement per-
formed by ax individual with DS. The agonist muscle (biceps) was activated gener-
ading a flexor torque that accelerated the limb toward the targer. The initial raze of
rise of the agonist EAG over the first 50 ms was independent of movementdistance.
The agonist EMG increased in both duration and area. After abour 100 ms, the
antagonist muscls was acdvared to decelerate the limb.
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Figure 7.1 Elbow angle, velocity, and elecoomyographic activity (long head of
biceps, agonist muscle, and lateral head of triceps, sntagonist muscle) during
unconstrained elbow-flexion movements performed in the verdces! plane over three
angular excursions (23°, 50° and 75°). The time-series data are from an individua!
with IS, averaged across 11 trials and aligned according o the agonist (biceps) onset
{100 ms). The EMG signals were smoothed by 2 10 ms recmngular window. The
subject was asked 1o move “as fast 25 possible.”

Data taken from C.L. Almeida. DM, Corces, and G.L. Gonlieh. {manuscript in preparation).
Unconstrained single-joint movements of different distances in individuals with DS,
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Even though movement speed was slower for individuals with D5, the velocity
increased for both groups of individuals with inereasing sngular excursion, as was
slsowueing previous study {(Almeida et al, 1994). From thres sers of studies, we
can conclude thar the capability of Ladividuals with DS to modulate the agonistand
anzagonist EMG bursts is not impaired. '

Control of Movement Speed

Several studies have shown that increasss in movement speadare caused by increas-
ing the intensity of excitadon to the metoneuron pool of both agonist and antago-
nist museles (Corcos, Gordieb, & Agarwal, 1989; Mustard & Les, 1987). This
increase inneural excitadon produces agonist and antagonist EMGs thar have dif
ferentslopes. Thesteeper the slope of the agonist EAMG, the fuster the rise of torgue
and, conseguently, the faster the movement. Almeids et al, {1994 were intzresred
in whether this ability 10 modulate the input ro the motonevronal pool is preserved
in individuals with DS given that Colt et 2l. {1988) had previously reported that
individuals with DS did not 2djust the rate at which gip force was produced. The
data in figure 7.2 depict angle, velociny, acceleradon, and agonist and antagonise
EAGs for one set of movements performed “as fast as possible” and another ser of
movemens performed atz “comforuble speed” before and afer extensive practice.
Even priorto practce {see pretest), the pattern of muscle acdvation wasvery similar
to that observed in individuals who are neurologically normal, Again, there was no
obvious movement deficit in the newral actvadon of musdle.

Improvemnent of Motor Performance With Practice

Itis well known that many individuals with DS have been instrutionalized and that
this can influence intellecrual function (Wisniewski, Miezejesks, & Hill, 1988). As
such, they may not have received the same environmentsl stmulacion and oppor-
ity to whe part in physical activity as noninssirudonalized individuals, In addi-
tion, societs] expectations of the capacity of individuals with mental resardadon 1o
zake part in physical activity is often considerably less than the expectations for
neurologically normal individuals. Therefore, part (maybe 3 large part) of the re-
duced performance thac is observed in individuals with DS or other groups of
individuals with mental retardation may be caused by their lack of experience: the
so-called experiendal hypothesis (Newell, 1989). Therefore, itisimportant to know
the extenzto whichindividuals with DS can improve theirmotor performance when
given the opportunity for exzensive practice.

Hulme and Mackenzie (1992) have suggested thar individuals with DS have =
selective deficlt in zcquiring moror programs because they showed less improve -
mentacross rials than other groups of children. This statementwasbased on a study
by Frith and Frith (1974), who compared the performance of 3 group of normal
individuals, sutste individuals, end individuals with DS ana pursuit-racking task.
Althoughitis mue thazthe individuals with DS did nat improve on the tracking task
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EMG daw have besn firered with 2 25 ms moving average. The lareral head of
triceps brachii muscle has been inverted. The subject was asked o move 25 fast as
possible {solid line) and 2t 2 comformable speed (broken line) over the same distance
(36°). The daa are averages of four and fve wials, respectvely, for the pretest and
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Reorintad fram C.L. Almeida. DM, Corcos and AL, Laiash. Physical Therapy, Alexandria, VA,
Americar_s Physical Therapy Association, 1993, 10091012, with permission of the American
Fhysical Theragy Association.
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only rwo 3-minute sessions of pracdce with 2 5-minuce break were used. This is
hardly sufficient tme or practice to draw such 2 swong conclusion abour impaired
mozor learning.

In conwast to this somewhat negative view of motor tearning, Kerr and Blals
{1983) had three groups of individuals (ronwol, individuals with mental retardation,
and individuals with DS) practice for several hundred wisls on 2 discrere-tracking
wsk involving movements over different distances and in different directions, The
individuals with DS were slower than the other mwo groups of individuals. Alse, a5
can be seen in figure 7.3, the individuals with DS were sdll improving their perfor-
mance after 800 wials and showed no signs of reaching a plateau.

Improved performance as a result of practicing movements is not limited just 1o
the limb practicing the task. Elliow (1985) had individuals practice tapping with one
hand and showed there was 2 considerable increase in tapping speed in the
nonpracdeed hand for individuals with DS, Other srudies have 2is0 shown thar
improved pecformance can result from practce (Kanode & Pavne, 1989 Kerr &
Blais, 1987). ‘

Because individuals with DS can improve motor performance in 2 variety of

mmotor tasks, the queston arises 25 1o whether they do so using normal pawerns of
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Figure7.3  Totalresponse Sme: (2} functional agematchand (&) CAmatwch. DS=Down
syndrome, MR = mentally retsrded, HS = high school, 2nd ES = elementary school.

Reprinted, by permission, from R, Xerr and €. Blzis, 1935, “Motor skill acquisitinn by individuals
with Down Syadrome,” American Journal oo Aeatal Deficiency 5%t3): 313-318,
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muscle activation or whether they use differentpanterns of muscle activation. Almeida
{1993} arrernpred 10 determine if imovement slowness observed in individuals with
D8 is due to lack of experience or due 1o 2 specific inability to increase the intensity
of neural sctivation to the matoneuron pool. He mained individuals with DS o
perform a specific, 367 single-joint elbow-fledon movement, Even without wain-
ing, individuals with DS van make movements at different speeds using “normal”
patterns of muscle activation. as was shown in figure 7.2, However, before waining, -
the total amount of EMG activiny was srasll, which was reflecred in 2 movement
speed thas was half of that observed for sieurclogically nortnal individuals (Corcos,
Jaric, Agarwal, & Gottlieh, 19911 \With extensive practice, all individuals increassd
movement speed substantially. 't hey Jidso by learning how zoincreass the intensity
with which theagenistand snruyonistinuscles were activared and by decreasing the
anwgonist lawency as shown in figure 7.4, This was the same muscle actvadon
partern used by neurologicaliy nornal individuals who followed a similar waining
protocol (Corenseral., 1993). More impormnty, themovementspeed of each of the
eight individuals with DS improved, as shown in fgure 7.5,

The movement aceuracy of the individuals with DS was very high st the begin-
ning of waining and did not deteriorate with increasing speed. In other words, they
did not wade off speed for accuracy with taining (¢of. Kerr & Blais, 1987). Five of
the eight individuals did not display muscle coacdvaton. Three out of eight indi-
viduals who exhibited 2 patern of muscle coactivation before wraining shifted to a
reciprocal pattern of muscle activation after waining, We can therefore conclude
that individuals with DS do nothave a nevrological deficitin cheir ability 1o exhibit
“normal” pamterns of muscle activity: The remarkable improvement with training
supports the idea that they can change from a partern of muscle coacdvadon to 2
more universal reciprocal parern of musele activation (the posteest in Beure 7.2).
What was most impressive was thaz not only did performance improve 2t the prac-
tced distance, italso improved at other distances thar had not been practced (187,
54°, and 72°). This dramatic wansfer in motor performance can be seen most clearly
in figure 3 of Latash (1992}, in which the performance of individuals with DS was
compared to that of neurologiezlly normal individuals.

The issue has been raised as 2o whether such dramatic performance improve-
ment can occur only in arsificial laboratory rasks (Connolly, 1994). In this context,
a study by Perdn, Gil, Ruiz, and Fernandez-Pastor (1997) is most revealing. They
enrolled a group of 20 adolescents with DS in an extensive physical training pro-
gram. Theresultswere impressive. For example, the mean dme to perform the 50m
dash dropped from 15.39 seconds to 10.69 seconds. Other measures of physical
performance also improved dramatically. This study suggests that performance can
dramatically improve in whole-body tasks that require balance and coordination.

Linear Synergy

The motor control studies that we have reviewed so far have all been restricted to
single degree-of-freedom elbow joint movements. This raises the possibility that
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Data taken from G.L. Almeida. 1993, Practice. transier and performance enhancemeant of fast single-
joint movermers in individuals with Dewn syndrome. Unpublished. Ph.D, dissertation, lowa State
University,
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Figure 7.5 Increases in movement speed over the 1sz, 4th, Tth, and 10th pracrice
sessions. The data are for each of the eigh: individuals with Down syndrome and the
group average (bold line) during the performance of the 36° movements. The data
are plomed on a log scale.

Data raken from G.L, Almeida. 1993, Practice, transfer and performance enhancement of fast single.

joint movemants in individuals with Down syndrome, Unpublished Ph.D. dissertation, lowa Siate
Univarsity.

individuals with DS might have greater difficulzy maling movements that require
the coordination of muldple joints since these are the types of movements that are
generally performed in daily activities of living, such as buttoning one’s clothes or
drinking a glass of juice. It has been argued that in order o generate a multjoine
movemens, aninternal model of the movement isnecessary and that propriocepdon
is necessary 10 condnuously update this model (Ghez & Sainburg, 1995). Sainburg,
Ghilardi, Poizner, and Ghez (1995) hypochesized that if propriocepdon was not
available or wes impaired, individuals would have difficulty performing reversal
movemenss to rargets. They hypothasized that the extent of the movementinspair-
ment would be related 1o the magnitude of the interacdon torque generated during
the movement. They had individuals who were neurologically normal and pagenss
with large fiber neuropathy make reversal movemants to six targers 2nd found the
greatestdeviadons from a swaight-line path for movements arwhich the interaction
wrque was the greatest.

Given that there is very litde evidence about the role of the propriocepiive
system during movement in individoals with DS, Almeida, Corcos, and Hasan
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ymanuscript in preparation) conducred 2 study similer to thar of Sainburg end col-
teagues, in which subjects made reversal movemens toa target in four different
directions. Four mrget locadons were employed for which the required elbow an-
guler excursion was comparable, bur the required shoulder excursion varied from
10° zbducdon 1o 75° abducdon. The ides was that if individuals with IS have 2
propriocepgve deficle, they would not make the movements using 2 staight path.
Instead, the path would be very sratie and similar o thar observed by Basgan,
Mardn, Keating, and Thach (1996} in cerebellar patientsand Sainburgeesl {1995)
in patents with a propriceeprive deficic, In contrast to these studies, Almeida,
Corcos, and Hasan (manuscript in preparadon) found that the movement path of
individuals with Down syndrome was not erratic. Shoulder and elbow torques were
calculated and plotted agzinst one another. Although the correladion of the joint
rorques was higher in individuals who are neurologically normal than in Individuals
with DS, the correladon was still high in individuals with DS. Also, the ratic of the
joint torques changed systemadcally for movements of different directons, The
fact thar thare was a high correlagon berween shoulder and elbow torgue and that
the rado of joint torques changed with movement direction is consisrent with 2
series of studies on pointng movements performed by Gonlieb and colleagues.
They have shown that there isz very high correlation berween shoulder torgue z2nd
elbow torgue for these movements and heve referred 1o this relation as “linear
syrergy” (Gordieb, Song, Hong, Almeida, & Coreos, 1996; Gottlieb, Song, Heng,
& Corcos, 1996). They have also shown that the ratio of joint torgues changes very
sysiemadically for movemens of differentdirections {Gortlieb, Song, Almeids, Hong,
& Coreos, 1997). Assuch, the findings by Almeida, Corcos, and Hasan (manuseript
accepted pending revision) on reversal movements suggest that there is no clear
movementimpairment in individuals with DS for reversal movemenss tharinvolve
the coordination of rwo joints.

Torque, Angle Characteristic, and Hypotonia

Nearly every arzicie or book chaprer on D)8 refers 1o the fact thar individuals with
DS have reduced muscle tone, or hypotonis, especially during infancy (Coleman,
1978; Miclndre, Menolascino, & Wiley, 1963). Whereas fow would dispute thar
babies and young infants have clinically identifiable hypotonia, it is by no means
clear thar this is true of young adulss. Part of the problem with invesdgadag hypo-
toniais establishing an operational definition. Ifamuscle is pressed or lightly pinched,
3 cernain amonst of tssue deformation will be produced. This deformation islarger
forindividualswith DS, especially when young (Morris, Vaughan, & Vacearo, 1982).
However, the body type of individuals with DS is also different, witha much greater
tendency 1o endomorphy (Pecdn etal., 1997), 2nd this may pardally zccount for the
observadon that there is greater deformation in their muscles when pinched. Al
theugh hypotonia has often been measured by palpation, we are unaware of any
study that has explicidy relared hypotonia measured by this method tw impaired
motor conwrol in adalescents or adults with DS,
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{rher groups of invesdgators have investgared “muscle tone” in rerms of seg-
muntal motoneuren pool exciability. Shumway-Cook aad Woollacon {1983} in-
vestigated the postural conmol of individusls with DS by means of applying permur-
bations o individuals standing on a movable force platform. They reported the
presence of monosynaptic reflex latenciesin young children with DS and concluded
tharany balance problems are related to defecesin higher level postural mechanisms
and not to decreased segmental motoneuron pool excitability:. Latash, Almeida, snd
Corcos {1593) measured the joint compliant characteristic of individuals with DS,
They applied stretches to the biceps muscle by applying different torques at the
elbow joint. The individuals were instructed “not to resct™ voluntarily, Then the
amount of joint displacement was measured. The slope of the relation berween
angleand torque was used s 2 measure of “joint stffness,” and the values calculaced
for individuals with £33 wers similar to those calculared for neurologically normal
individuals (Latash & Goudieb, 1990), Unlike muscle palpation, strerching a muscle
tzkes into account the integrity and functionalicy of the neural necwork acdng on
the muscle-joint complex in addition to the visco-slastic propertes of the museles.
Given thatmeasuring “muscle tone” through palpation has notheen directly related
to impaired motor conwrel and that the smdies of Shumway-Cook and Woollacon
and Latash and colleagues suggest that the spinal neural nerworks are intact, we
concur with Anson (1992): “In sum, the role of hypotonia in accountng for move-
mentdisorders in DS individuals can no longer be considered 2 defaule explanaden
when ell zliernadives fail” (p. 392).

Differences in Comparison to Individuals
Without Down Syndrome

In the previous section, we reviewed the results from numerous studies that have
shown no striking evidence for any motor sbnormalicy in the conmol of mavement,
We have also found no evidence of 2 causal relation berween hypotenia 2nd motor
impairment in individuals with DS, In this section, we highlight those differences
that have been observed.

Slower Reaction Time

One frequendy observed performance difference beoween individuals with DS and
people with other forms of mental rezardation is the slowed reacdon dme in the
individuals with DS. Several studies have repored that the simple reacton Sme
and choice reaction dme for individuals with DS is longer than that of menally
retarded individuals (Berkson, 1960, Blais & Kerr, 1986; Handerson, Hlingworth,
& Allen, 19%1; RKerr & Blals, 1937). A3 pointed cuz by Anson {1692} in a review of
DS and reacdon dime, differences in simple reaction tims have vardied From 23% 1o
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greater than 300%. This slowness in resction tme can have two SONSeQUEnTEs.
First, in 2ll movements made in Tesponse to an external sumulys, the initdadsn of
the movement is likely to be delayed and can therefore give the impression of
movement slowness even if the acrual movement juself is reasonably quick. For
exammple, in the study by Blais and Kerr (1986), individuals with DS took 600 ms
to react to 2 sumulus, whereas control subjects 100k about 308 ms. Second, when
individuzls with DS are asked to perform sequences of movemnents, if each move-
ment in the sequence is weated 2s 2 separaie movernent the sequence will be per-
formed extremely slowly because of the increased reaction Sme to program sach
£OMPOnENt movement.

Higher Incidence of Muscle Coactivation

One finding thet we have observed in our studies of indiiduals with DS thac is
different from what is seen in neurologically normal individuals is the exrent to
which muscles are coacdvated. Instead of the biphasic pattern of muscle activia,
subjects in several srudies have shown 2 simultzneous pattern of activaton
(coactvation) of the agonist and 2atagonist muscles during constrained aad uncon-
strzined movements when the subjectisseated {Almeida eral, 1994; Aruin, Almeida,
& Latash, 1996; Lazash & Corcos, 1991} and during unconstrained single-joint
movements performed while standing (Aruin & Almeids, 1997). Furtherstudiesare
required to determine whether muscle cosctivadon is task dependentor whether it
isa preferred default szategy (Latash & Anson, 1996} used to perform unpractced
movements that have an element of uncerminey,

Slowness Becomnes Accentuated at Longer Distances

Although we have shown that individuals with DS can make movements over dif-
ferent anguler excursions using essendally normal parerns of musele sctivadon,
there are clearly differences in performance that tuight be linked to differences in
how muscles are activated. In three separate studies, we ohserved that the absolyre
difference in movemnent speed of individuals with DS and neurologically normal
individuals is greater as angular excursion increases {Almeida, Corcos, & Goulieb,
wanuseript in preparzn‘on; Almeida et al., 1994; Lagash & Corcos, 1991). An ex-
ample ofthisobservadon isshownin figure 7.6, inwhich we have ploned movement
veloclty, biceps long head, anmgonist latency, 2nd muscle torque for movements
over three distances.

Oneimplication of this observation is that the ability ofindividuals with DS o
generate muscle force does notincreass w the same extent for lenger distances as
itdoes in neurologically normal individuals. This relative decrease Inmuscle force
could bea consequence of differences in modulating theintensity and/or duradion
of the agonist and antagonist EMG burst and/or the antagonist latency: Ascan be
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Figure 7.6 Changes in movement velocity, the total amount of agonist rausele
activity, antagonist latency, and muscle torque for thres different movement dis-
wanges. The dota were averaged across eight individuals with Down syndrome
{(broken line} and eight neurologically normal individuals (solid line) during the
performancs of unconsmrained elbow movements over three different distances.
Aluscls torque is given in Newton merers, antagonist latency in miliseconds, and
velocity in degress per second. The amount of biceps long head muscle acdvity was
normalized o the background EMG activin:

Date for the individuals with Down syadrome taken from G0, Almeids, DM, Corcos, and G.L.
Gouliel imanuscript in preparstion). Linconstrained singlejoint movements of different distances is
indivicuals with Down syndrorme. Data for the neurclogically normal individusls taken from G.L.
Almaida. DAL Hong, D.M. Corces, and C.L. Conlieb. 1993, Organizing principles for voluntary
movement: Extending single-jeint rules. Journa! of Neorophysiclogy 7313741381,
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observed in figure 7.6, the problem seems 1o be selated vo the modulation of the
anwmgonist fatency. Obsarve the similer slopes for elbow velocity and antagonist
latency. In other words, even though both groups of individuals were sble o
medulate the duration of the agonist EMG busse, the individuals with DS nuned
on the anmgonist earlier for longer distances compared with conal subjects
(Bgure 7.6). The result of this difference in EMG actvityisadecressed painin the
net muscle torque with increasing moveraent angular excursion. Note the simi-
larity berween the slope of muscle torqueand movernentspeed. These differences
in the way individuals with DS activare their muscles might explain the relatve
decrease in the gain of movementspeed for longer joint sxcursions, but notmave-
ment clumsiness jeself.

Movement Sequences

Perhaps the simplest possible repetitve movement sequence, and easiast o per-
form, is finger-tapping. Frith and Frith {1974) showed tha: individuals with DS
tapslowly, inconsistently, and sometimes juststop tapping. Theyalsoshowed thar
2 group of individuals with I3S tapped mare slowiy than a group of individuals
with autism. Seyfort and Spreen (1979 demonswrated that, when asked o ap
berween two different wmrgets, not only were individuals with DS slow bat they
sometmes tapped the same target twics in succession, The individuals with DS
in the Seyfort and Spreen (1979) study were tapping only about two times a
second. Efliow (1985) replicaced the study of Frith and Frith (1974), confirming
that individuals with D3 p slowly. However, he also showed that there was no
difference in tapping speed berween individuals with DS and participants in a
mentaily handicapped conmol group, and that individuals with DS do not tap
more quickly with their right hand than their lef hand 25 do nonhandicagped
individusls, In a follow-up study, Ellior, Weeks, 20d Jones (1936) showed that
individuals with DS wereslower to lifrup their fingers than to press down. These
four studies suggest that it would be most informative to invesdgare how indi-
viduals with DS learn and perform sequences of movement. All of the smdies
reviewed in the first section in this chapter, in which no deficits were postulated,
used pointing movements wo a target or reversal movements {rmovements with
one change of movement direction). None of the movement tasks required con-
tdauous movements. The heightened variability in the apping movemmens, coupled
with the fact that releasing a key press takes longer in individuals with DS than
inrevrologically normal individuals, suggessthatindividuals with DS have greater
difficulry perfofuting sequences of movements than individozl movements, They
may find switching from one movement to another difficult, just as they find
changing movement directon difficult when wackingamoving target(Henderson
eral,; 1981).

Movement sequences do not have to be long 1o show that individuals with DS
find them very difficult 1o perform. Chiarenza (1593} had individuals with DS
periorm a task in which pressing 1 bumon with the fef hand stacted the sweep of
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an oscilioscope and pressing 3 bunon with the right hand stopped the sweep. The
hutton to stop the oscilloscope tace had o be pressad in the dme interval of
#0-60) ms following the start of the sweep. This task requires thar individuals
cenrrally program two separste movements with 2 Sme delay of no more than 40-
&0 ms. Inidally, individuals with DS pressed the second bumon much tos late,
Although practics enabled them to leam to press the second button earlier, the
majority of their performances had a dme interval of about 200 ms. Analysis of the
EXG actvadon of the hand that started the sdmulus sweeping and the hand thas
stopped the sumulys sweeping showed only minor differencesin comparisonto the
chronologieally and marmationally matched eontrol subjects. The rate of rise of
the EMG of the stopping hand was reduced. What is most striking s that, “From
s nzurophysiclogical point of view, these behavioral pawterns express themselves in
reduced preparation of the movement, absent or very low Bereischafspotential,
alackofelaboratien oftha reafferentsomarosensory informadon, absence of moter
corsex potendal, impairment of the processes involved during the evaluaton of the
sutcome of the performance. and the presence of low skilled posidvin™{Chiarenza,
1993, p. 464 sew also chaprer 14).

One paossibilin is that these difficultes in sequencing are simply due 0 2n
inabiiizy to sustain concentration on a task. These difficuldes are also entirely
consistent with the notion of an impeired central dmekeeper Jvry & Keele, 1985).
In order 10 tap consistendy with one limb or to generate one tap followed by
another wp with z different Himb, it has been argued thata clocklike mechanism is
responsible for sending out periodic commands to muscles. The tapping dataimply
that in individuals with DS this cenrral gmer is slower, more variable, and cannor
send commands to different sets of muscles with only 2 short time delay. One
predicdon is that if the tapping performance of individuals with DS was decom-
posed into 2 “motor component” and a “clock” component {(Wing, Keele, &
Nlargolin, 1984), it would be the clock component that would be impaired. This
idea of 3 timekeeping problem is consistent with a stady by Henderson and col-
leagues (1981}, They had subjects perform four tasks. The frst task involved sub-
jects wacking 2 moving sinuseidal targer. The second task was to condnue wacking
when the target was ne longer present, The third task was to draw the sinusoidal
track from memoary. The fourth task was to ack 2 sinusoidal target thatincreased
inspead and decreased inamplitude. Individuals with DS could draw the sinusoida:
track from memory, suggesting that they do not have 2 spadial or perceptual prob-
lem. The individuals with DS showed more undershooting at corners and had
difficulty keeping up with the moving pattern in both sinusoidal tracking rasks.
They could not continue to draw the sinusoid when it was no longer visually

reserced. This inability to keep drawing a sinusoid when the sgmulus was no
longer present suggests that individuals with DS have diffeulty tmdng aa inter-
nally generated sequence of movemenss. Given that Wang {1996) has argued in
favor of teaching sign language to individuals with DS, furcher ressarch is needed
to determine how well individeals with DS can perform differenc internally gen-
erated sequences of movements.
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Sematosensory Information

Almeids, Coreos, and Hasen {manuscripz 2erapeed pending revision) provide evis
dence with reversal movements that argues against 2 proprioceprive deficit influ-
encing the conrol of movemens, However, two studies suggest thar tactile percep-
donmight be impaired in persons with DS, Cole, Abbs, and Turner (1988) showed
that when individualsare asked to gripan object whose gripping surfsce and vertical
Ioad force were systematically manipulated, they did not change the rate 2e which
grip force was generated, 25 was the case with normal conwrol subjecs. They also
generated much more force than necessary 1o perform the task. One possibility is
that there is an abnormality in the detection and processing of cutaneous afferent
information. Brandt {1996) hes shown thatindividuals with DS do not performwell
in t3ctual perceprion tests. For example, the data in Sgure 7.7 show performance on
a sterengnosis test. Children wers asked 1o feel 2 wooden object in 2 cloth bag, A
formboard with holes of various shapes was then placed infrontof the child, and the
child was asked to indicate into which hole the objectin the bag fir. As shown in
Fgure 7.7, the children with DS did very poorly on this test. Clearly, further neu-
rophysiclogical studies are required 1o discern which mechanisms are responsible
for the impaired tactual perception and how this relates to the control of movement.

, Stereognosis
Score
12~ Normal
mean
8" 33D
B = o
B B
4 % oB o=
-]
B
0

Figure 7.7 Resules of the steregnosis test for 11 children with [25, Age and score
are indicated for each individual (Bled squares). Mean {(upper broken line) and -3
SD (lower broken line) for normal children aged 7 years are shown for comparison,

Raprinted, by permission, from B.8. Brand, 1996, "Impaired tactual pereeption in children with
Dowsn's syndrome.” Scandinavian Journal of Psychology 32(4): 312-314.
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Can Movement Clumsiness Be Arribured to
Impaired Decision-Making in Down Syndrome?

Are the mosor problems observed in individuals with DS specific to abnormal
sensurimotor mechanisms orare they consequences of cognitive imitadons thazare
associated with mentai retardaton? Arone end of the specorum is the argument thar
individuals with D5 have severe motor problems. At the other end lies the view that
their sensorimotor sysiems are intact, busthey have decision-making problems thas
lead them 10 use conservatve movement strategies adequate for most movement
tasks but perhaps not optimal for any specific task. This raises the qucstion of what
is rnuantby “poor decision-making." If poor decision-making refers to task compre-
hension, :his e*cplmmon does not always hold owus. The reason for this can mosz
gasily be seen in the study by Almeids eral, (1994) in which subjects were asked 1o
make movements over differentspeeds and alse differens distancas zee sections on
speed and distance exrlier in this chaprer, pages 133-153). Both pes of movements
were made with reladdvely normel parerns of muscle acdvedon, suggesdng that
individuals with DS can decide berween two wasks and can use reladvely normal
paterns ol muscle aetivadon wo perform the tasks, Itshould be pointed out that thess
tssks were presented in 2 block of trials so the subjects knew exactly which move-
mentthey had 1o make, It would be interesting to replicate these studies ina choice
reaction-time paradigm in which greater decxsiommai\mg is required.

However, ifimpaired decision-making refers to the inability to rapidly disdnguish
beoween different movement possibilides, there is evidence 1o support the idea that
appropriately imed pattzms of muscle acdvation are notalways used. Instead, ruscie
groups are often coscdvated, In addition, there is considerable aneedoral evidence
that individuals with DS may not interpret expedmental insoructions in the menner
expected by the experimenter. For example, the instruction to move faster can result
insubjects pressing down harder. Henderson and colleagues (1981) pointed ouc that
when subjects were encouraged to go faster, subjects merely pressed harder on the
paper they were wracking on. This difference in how insgructions are interpreted is
clearly s d-’msxon--—ma.ncr problem that can dramadeally influence how some move-
maent tasks are pex‘ormed. However, fust as Anson (1992) noted that hyporonia
should not be considered the default explanation for impaired motor performances,
neither should i*r\ps.ired decision-making be considered the default explanation for

impaired motor performance. Careful experiments are required that manipulars
both the complexity of the movemen: 2nd the complexity of the decision-making 10
determine how impaired decision-making impacts the control of moverent,

.
Conclusions

One therapeude strategy that has been suggested fm 1r1p osi ing motor funcdon in
individuals with DS s toincrease muscle tone. The logichehind H. pprozcn isthe
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assunption that “normal” tone is 2 necessary condidon for normal movement con-
trol. Thecsuse ofhypotonia hasbeen tinked to the reduced weight of the cerebellum
ofindividuals with DS {Cowie, 1970, Crome, Cowie, & Slarer, 1966}, Also, Gikman,
Bloedel, and Lechtenbers {1981} have shown in experiments on primates that z
lesion in the cerebellum can produce cerebellar hypotonia. Therapeutic interven-
rions for altering muscle tone indlude isomerric exercise, waining of muscle force,
znd tacdle simuladen {Linkous & Sturs, 1990}, Theides s that these intervensions
improve muscle activedon and therefore muscle tone. As we have argued erlier in
thischaprer, individualswith DS can adjust patterns of muscle activadon, and, in this
sense, their morter control systems are funcdenally intact. At least sdolescents and
young aduits with DS do not seem to have muscle hypotonis. This may explain the
Iack of notable success for drugs thart are designed to increase muscle tone in DS
{Coleman, 1978}, It may also explain only the small gain in the acquisiton of fanc-
fona] sbilides with waining designed to improve muscle tone (Shumway-Cook &
Vioollacom, 1983). 1n surm, we see no compelling reasen ro recommend any saining
based on increasing muscle 1one o improve the conwol of voluntary movement
{Blanche, Botdeelli, & Hallway, 1995), .

Despite the clsar observation of movement slowness and incressed variabiliy,
we have shown that the differences in motor performance berween individusls with
D35 20d newrologically normal individuals are very subdle for a vadery of pointing
movements and movements with 2 single reversal. We do not imow at this pointif
there is a general impairment in proprioception that could account for the subtle
diffevences in performance reported. Whether training o esthance proprioceptive
acuity will lead w a decrease in movement clumsiness is an open queston. Weare
not opamiste about this kind of weatment. Indeed, it would be difficult roexplain
the accuracy in movement experimenss demonstated by individuals wich DS with-
out assuming an intact propricceptive system (Almeida, 1993).

The ide2 of a universal and invarisnt sequence of development, as advanced by
Gesell {1$253}, had and stilf has 3 great impact on therapeutic intervention. The
mepping of “normal” movement sequences and stages was argued o be the best
fremework for therapeutic approaches. Leaming and practicing movernens that
obey this universal and invariant sequence would cause the clent’s mavements to
become 25 close as possible 10 “normal.” Latash and Anson (1996) have cridcized
zpproaches that routinely oy to normalize the contrel of movement, Because the
mechanisms and priorides of normal motor contol are generally unknown, they
haveargued fora “hands-off" 3pproach and that “adaptive changesin motor patterns
should be considered normal 2nd, 25 such, should not be correcred” {p. &7). Given
that we do not know the pricrities of the CNS, it is only supposidon that the CNS
changes its priorides in certain situadons. As such, the idea that the central nervous
system of individuals wich DS may “prefer” 1o use safer motor smategies that prevent
failure might be as detrimental as the idea of imposing 2 “normal” pattern.

Arthis point we would liks 1o offer our recommendagons regarding therapeutic
intervendon. When we trained individuals with DS o move quickly, neither did we
tell them which patrern of muscle acdvadon to adopr, nor did we impose any
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kinematic pastern of normaliny (Almeida ecal,, 19943, Latash and Anson {1994)
have argued that the considerable improvement we observad in individusis with
D5 could beattribuced o the friendly and reinforeing environment offered during
training. While we agree thars friendly environment is conducive to performance,
individuals with DS may need considerably more practice 1o improve their sbiliey
to conwrel evervday movements, They need more pracuce for two reasons. The
first is that individuals with DS have less life expenience, so that even if the experi-
menzi protocol gives equal formal practice, this isnot enough 1o equalize the real
experience of the two groups. The sevond is that they fearn at a reduced rate and
therefore need more practice. In cur upinion, the bigges: problem with the design
of the studies Investigating the motor performance of individuals with mental
retardation is that they du not in. fude pracdce sessions or refer to two 3-minute
practice sessions a5 “learning” (Frich & Frith, 1974). Sociery does nor treat is
handicapped and nonhandicapped populations equally, and we should not assume
that research participants have had the same opportunity for practes prior to
arriving at the laboratory. Training can help 1o decrease the differeaces that might
erroneously be atenibuzed to strucrura! or functonal changes within the CNS,
raking comparisons more realistic. This effect oflack of prior experience, coupled
with the benefits of practice shown in numercus studies that we have reviewed,
suggests caution in implemendag 2 hands-off approach.

One major conmibution of the systematc study of motor control is 1o oFer
insight into when aad how to intervens. VWe suggest 2 hands-on approach without
imposing any “normal” patrern, just as we did with the single-joine flexion move-
menzs. One can then observe if normality comes naturally, The next step would be
w determine if the subtle qualitative differences in the way individusls with DS
control their muscles disappearwith simple repetidon of the motor task. The elbow-
flexion training stdy suggested thac all anatomical and neurophysiclogical differ-
ences that have been well documented in this populstion of individuals may not be
detrimental to movement performance if appropriate training is provided (Almeida
etzl, 1994; Perdn ez al,, 1997). However, eare should be taken in drawing such 2
conchusion. We may discover that during more complex zasks, individuals with DS

27 be unable o couple the muscle forces across different joinws evenafter extensive
maining. lvmay reen out that the coactvadon strategy for postural muscles (Aruin
& Admeida, 1997) does not change with peattce. In such instances, itis preferable
to strucrure therapeude sessions in ways that allow the individual to master the task
in his or her own preferred way as oppossd o wrying to reach one preferred war

Summary

[n summany, we suzgest thar a balanced approach is required when considering
different therepeusc intervendons for faciliczding sensorimotor performance in

individusls with DS. Although there are clear verbal, linguistie, and auditory-
provzssing deficis (Wang, 1996; Wisniewsl eral., 1989), individuals with DS do
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notsesmro haveanysuiking deficisin sctvating muscle. There isabosuchincred-
ible diversity between different individuals with DS that physicians, therapiss, and
parenty! sssociatons need 1o be very careful when making prognostications and
givingadvice. Amessage that is too negadive can lead to reduced expectations, with
the resule that individuals with DS do nor achieve their full potental. Similarly, an
overly optmistic message can cause severe parznual emodonsl swess if the indi-
vidualis profoundly retarded and nor capzble of reaching expected functonal levels
(Gath, 1994),

However, the mining and practice studies that we have reviewed show thatlarge
improvements in motor performance are possible. This fac, coupled with the fct
that no clear muscle activation deficits have been identified, scongly suggests thae
sctveintervention may be very impormnt and very beneficial. We have idendfed no
study that has shown a decresse in performance after extensive practice. We concur
that pracdce should not be dirscted ar normalizing moverment patterns {Larash & .
Anson, 1996}, and cleurly 2nv vigorous hands-on 2pproach should rake into accouns
potendal problems {e.g., orthopedic, cardiac) of individuals with 1S (Block, 19913
However, practice and waining should be directed as improving performance, con-
sistency, and generalizabilicy of moverment skills. In Very rare cuses, sustained prac-
Sce a2t physical acdviey can fead o such Righ slall fevels that an individual wich DS
has competed in mainstream open competizon in gymnastics (Jones, 1994).
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Effects of Displacement and Trajectory
Length on the Variability Pattern
of Reaching Movements
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ABSTRACT. The design of the present study enabled the authors
to distinguish between the possibie effects of movement displace.
ment and trajectory length on the pattemn of finzi positions of pla-
nar reaching movements. With their eyes closed, 9 subjects per-
formed series of fast and accurate movernents from different initial

positicns to the sare target. For some series, the mdvements were.

unconstrained and were therefore performed along an approxi-
mately straight vertical line. For other serjes, an obstack was posi-
tioned so that trajectory length was increased because of an
increase in movement curvature, Ellipses of variability obtained
by means of principal component analysis applied to the scatter of
movement final positions enabled the authors 1o assess the pattern
of movernent variable errors. The results showed that the ordenta-
tion of the eilipses wag not affected by movement displacement or
by trajectory length, whereas variable errors increased with move-
ment displacement, An increase in trajectory kength as a conse-
guence of increased curvature caused no change in variabie error.
From the perspective of current motor control theory, that finding
was quite unexpected. Further studies are required so that one can
distinguish among the possible effects of various kinematics,
kinetics, and other variables that could affect the pattern of vari-
able errors of reaching movements.

Key words: displacement, error, human, reaching movemems, ira-
jectory length

F or one-dimensional tasks {e.g., singls-joini movements
or movements of the working point performed slong an
approximately straight line), the pattern of the final position
variability is usuaily described by two parameters: the con-
stant error {the distance between the averaged recorded final
position and the target position), and the variable error (stan-
" dard deviation of the final positions). For multidimensional
tasks, however, researchers have often calculated ellipses or
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ellipsoids of variability (for a two- or three-dimensional
[2D, 3D} movement task, respectively} by using principal
component analysis applied to the scatter of movement final
positions {Gorden, Ghilardi, & Ghez, 1994; Melintyre, Strat-
ta, & Lacquanit, 1997; Messier & Kalaska, 1997). In that
research, the orientation of the ellipses or ellipsoids has
been assumed to correspond (o the direction of the main
principal component. The area or volume of the ellipses and
ellipsoids has also beén caleulated from the eigenvalues so
that variable errors of the tested movements could be
assessed (Gorden et al,, 1994; Messier & Kalaska, 1997).

Although orientation of the ellipses of varability has
played an important role in some recent shodels and
hypotheses concerning the frame of reference for movement
planning and execution (of. Gordon et al., 1994; Mclntyre et
al., 1997; Soechting & Flanders, 1989), its possible relations
with movemem distance have not as yet been studied. In
several studies, however, an increase in variable esror with
movement distance, as assessed by the areas and volumes of
the ellipses and ellipsoids, respectively, has besn demon-
strated (Gordon et al., [994; Melntyre et al,, 1997; Messicr
& Kalaska, 1997). Those resulis provide suppont for behav-
ioral jaws suggesting that the maintenance of 2 required
accuracy becomes increasingly difficult when movement
distance increases (see Schmidt, 1988, for a review).

In a recent study of 2D reaching movements, Jane, Tor-
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toza, Fatarelli, and Almeida (in press) Failed to demonstrate
an increase in variable emors, as assessed by the area of the
ellipses of variability, despite an approzimately two-fold
increase in the trajectory length resulting from incroased
curvature. A literature review revealed that the relationship
between the movement distance and variability of the
attained final position had been almost exclusively found in
studics in which the trajectory length (equal to the total dis-
tance moved along movement path) was assumed to be
equal to the movement displacement (the distance between
the initial and final position). That approach has been
inevitable in studies of single-joint movements becayse
only one trajectory is avaifable for reaching the final posi-
tion from the initial one. Multidimensional movements,
however, are inevitably curved {see Boessenkool, Nijhof, &
Erkelens, 1998, for a review}; in those moverments, there-
fore. the trajectory is longer than the displacement. Never-
theless, from the classical work of Fie {1954) uniil the
most recent studies of the effects of movement distznce on
the scatter of movement final positions {Mcintyre 2t al,
1997; Messier & Kalaska, 1997), the possibie distinction
between the effects of movement displacement and frajec-
tory length has not been studieg,

Because Jaric and his colleages had not designed their
previous study (Jaric etal., in press) to distinguish between
the discussed effects, we performed another experiment in
which we independently manipulated movement displace-
ment and trajectory length, We expecied that the resulis
would show whether movement displacemen: or trajectory

length represent 2 major factor affecting the pattern of the
final position variability of reaching movements.

Method

Subjects

Nine neurologically healthy volunteers (5 rmen and 4
women, age range = 1944 years) panicipated in the study.
All were right-handed and used their right hand. They
signed an institutionally approved informed consent form.

Procedure

During testing, each subject sat comfortably in a chair. A
vertical metal surface was positioned lateral to the right
shouider and oriented parallel to the sagittal plane of the
subject. The subject was able to see markers of the initial
position, the target, and the obstacle, All markers were
made of plastic and fized on the surface with magnets;
therefore, they were sasy to rearrange. The target was made
of a light, flexible plece of plastic representing a rectangie
with a semicircular hole (diameter § = cm, distance from
the frame = 12 cm) oriented at 3 45° angle with respect to
the horizontal direction {see Figure 1A). Even the siightest
touch by the subject’s index finger caused the target to slide
along the metal surface. The markers of the initial position
and target as well as the subject’s right sheulder were posi-
tioned in a vertical plane that was paratlel with both the sub-
ject’s sagittal plane and the metal surface. We refer herein
to that plane 25 the movement plane because it was the one
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in which fingertip movements as well as the movements of
the wrist and elbow mostly occurred.

The single targel position applied in all movement tasks
was adjusted for each subject so that the following two
reguirernents were fulfilled: {a) The target height was al the
level of the subject’s eves, and (b) the subject’s elbow was
at approximately 120° of flexion when he or she placed the
gxtended fingertip inside the targe: by using a comfonable,
slow movement. The staring and the obstacle positions
were adjusted thereafter 1o the targst position.

The subjects were asked to perform five different move-
ment tasks. Three tasks were approximately vertice],
siraight-fine movements from three different initial posi-
tions in 1o the same target {sec Figures 1 and 2A for illus-
trations). Therefore, the length of the trajectories approxi-
mately corresponded to the displacement of the initial
position from the fargei: about 15 em inTaskT1, 30 cm in
Task T2, and 60 cm in Task T3, An additional two tasks
were performed from the same initial positions as T1 and
T2, but with a prominent curvature as & resull of the obsta-
cle avoidance. Specifically, they were performed over dis-
placements of 15 cm (Task T4) and 30 cm (Task T3),
whereas the trajectory lengths were spprozimately 30 and
60 cm, respeciively {see Table 1 for detalls and Figure 2A
for an illustration). We had performed a pilot experiment
before the reported one in order to assess positions of the
obstacle that we expected would provide the required ira-
jectory lengths in the two curved tasks.

The subjects were instructed to keep the tip of the extend-
ed index finger in the initial position, with muscles relaxed

as much as possible. After adjusting the fingertip and .

observing the terget, subjects closed their eyes. Thereafier,
a computer-generaled tone scunded, and the subjects were
instructed to perform fast and accurate movement into the
target. They were also asked not to hesitate to kit the target
nor to comrect the final movement position. Two seconds
after the movement termination, the subjects were aliowed
to open their eyes and observe the actual final position.
Then the experimenter oved the marker ino the starting
positicn for the next movement, corrected the target posi-
thony (if it was shifted during the preceding movement), and
piaced or removed the obstacle, if necessary. Finally, the
subjects were asked to retumn the fingertip to the next initial
position and o get prepared for the next movernent. The
time interval between two consecutive movemenis was
sbout 15 5,

On the 1st day, subjects participated in 5 practice session
identical to the experimental one, aithough the data were
not colected. The experimental session was performed on
the following day. A singie block of 65 movements was per-
formed consisting of 13 trials for each of the five tasks. The
sequence of trials was parially randomized so that blocks
of 5 consecutive tals {e.g., Movements -5, or 610} con-
sisted of all five different rasks. The first 5 trials were reject-
ed, and, thereafier, 12 wials of each task remained for fur-
ther analysis.

Decambsr 1898, Vol 31, No. 4
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A light-emilling dicde marker was placed on the tip of
the index finger. Three Oplotrak cameras (Northern Digital,
Waterloo, Ontarie) tracked movement of the marker in the
Cartesian coordinates al a rate of 200 frames per second,
where the x-axis comresponded o the horizontal and the ¥-
axis to the ventical axis of the movement plane {sce Figure
1B}, whereas the z-axis was onthogonal to that planc. We
smoothed {35-ms moving aversge window) and differend-
ated the x- and y-coordinates in vrder to calculate the fan-
gential veloeity of the fingenip. Movement dme was calcu-
lated as a time interval from the moment when velochty of
the fingentip first exceeded 10% of its peak value o the first
moment when it fell again below that value in 2 vicinity of
the target. The length of the trajectory was measured along
the fingentip path from the inliial posilion to the point
reached at the end of the movement time. The final move-
ment position was measured 0.3 s after the end of the move-
ment lime.

Constant emors, as well as the pattern of variable errors
of each task, were calculated from the scaster of the move.
ment final positions. Two components of the constant error
corresponded 1o the honzontal and venical displacements
of the averaged mevement final position from the target
position {see Figure 1B). Varizble errors were calculated as
the mean distance between individual final positions and
the averaged one. We assessed the patiern of variable ersor
by using ellipses of variability calculated by means of pris-
cipal component analyses (Figure 1B). The eccentriciiy of
the elipses was calculated as the ratic between the main
principal component and the orthogonal compenent. The
orientation of the ellipses correspended to the orientation of
the main principal component. Because the direction of the
component was not defined (i.e., the component’s erienta-
tion has two possible directions that a priori differ by 180%),
the orientation averaged across the subject in each particu-
lar task was calculated in various 180 intervals of the full
circle. The result that provided the lowest variability was
taken for furiher analysis.

Resulis

‘We assessed movemeni deviations from the movement
plane by calculating the peak-to-peak motion interval of the
fingertip along the z-axis. For all subjects and in alf tasks,
the interval was smaller than movement gistance by an
order of magnitude. Therefore, we refer in the results only
to those movement kinematic parameters measured in the
movement plane.

Trajectories of the movements performed by 1 subject are
shown in Figure 2A. As depicted, Tasks T1, T2, and T3 were
approximately straight-line tasks, whereas Tasks T4 and T3
were performed along highly curved trajectories. Straight-
fine tasks were also characterized by bell-shaped velocity
curves typical for rapid discrete human movements, where-
as the velocity pattern of the curved tasks usually showed
several peaks (Figure 2B). As depicted, movement time also
varicd considerably across the tasks. Similar results in terms
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FIGURE 2. Movemnent kinematics of il fve tasks recorded in 1 subject. Each set of data represents the average of 12 trials aligned
with respect to the beginning of the movement time, while the error bars depict standard errors. A. Movement trafectories depicted
with starting positions {filled cireles), positions of the obstacle {crosses), and target position {thick sloped fines). Nate that aithough
alf the movements were performed in 1o the same farget, we plotied groups of tasks separately in order 1o avoid overlapping of the
rajeciories, panticularly in tasks T, T2, and T3, As a consequence, the sume targe: had 1o be shown in three different positions, B,
Yelocity profiles of the same movements as are depicted in Figure 1A. In addition to the differences in the velocity profiles among

of the shape of trajectory, velocity profile, and movement
time of 2 particular task were observed in all subjects.

In Table 1 basic variables (excluding variable errors)
obtained in five tasks and averaged across the subjects are
shown. The differences in trajectory lengihs between T2
and T4, as well as between T3 and T3, were insignificant.
Movement times of both curved tasks (T4 and T5) wers
longer than movement times of each of the straight-line
tasks (T'1, T2. and T3, averaged across both the subjects and
trials: pr < .01, one way analysis of variance). For 2!} tasks,
the constant erors zlong cach axis were usuaily small,
within the 2-cm margin;: they were also scattered randomly
around the target position. No systematic constant errors
across subjects were observed along either axis of the
movement plane.

Only 7 out of 45 ellipses of variability {ie.. 9 subjects x
five tasks) demonstrated significant eccentricity, meaning
that the variable error was higher along the main principal
component than along the orthogonat component (7 < 05;
Wilcoxon signed-rank test). Those 7 ellipses were obtained
mainiy in the tasks with short movement displacements (3
in T1, 3 in T4, and | in T3} U should be noted that this
result could partly be 2 consequenee of the relatively smail
number of trials perfermed within each movement task (n =
12). Eccentricity of the ellipses of variability changed in a
narrow margin. whereas their orientation remained approx-
imately vertical despite changes in movement displacement
and trajectory length. Changes in both the eccentricity and
oricniation of the cllipses of variability were tested accord-
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ing to the predicted displacement i.e., between T2 and T4,
as well as between T3 and T3) and trajectory (i.e., between
T1 and T4, as well as between T2 and T5) effects. No sig-
nificant changes were observed,

Varizble errors obtained in all five tasks and presented
according to the predicted displacement and trajectory
effects are shown in Table 2. In line with the displacernent
effect, there was a difference between T4 and T2 (p=.01
paired f test) and between TS and T3 (p <.05; paired ¢ test).
No significant differences were observed in line with the
trajectory effect (e, T1 vs. T4 and T2 vs. TS). It should be
mentioned, however, that the difference between T4 and T1
was close to the level of significance (p < .1; paired 1 test)
but in a direction opposite to the predicted one. Note that
the diagonal changes (i.e., the differences in variable errors
among T1, T2, and T3, as well as between T4 and T5) were
not tested because those were predicted by both effects.

Discussion

The increase in movement displacement we tested was
equivalent to the increase in movement distance tested in a
number of previous studies performed on multijoint move-
ments (ef. Gordon et al., 1994; Messier & Kalaska, 19971
Therefore, the increase in variable errors with movement
dispiacement we observed does provide support for the
findings of the aforementioned studies. As a consequence,
the main problem remaining for further discussion is 2
paradoxical finding that 2 two-fold increase in trajectory
length caused by increased movement curvatre did not
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TABLE 1
Suramary of Basic Variabies Measured in Five Movemeant Tasks

Task L {em) MT (ms) CE, {om) CE, {cm) ECC § {deg}

Ti 189218 26552 03207 -02x 1.0 20907 117 2 18
T2 IR 264 % 61 3.8 % 1.2 02200 139 w050 87 =41
T3 08225 289274 i0=17 07209 218 2448 P13+ 13
T4 330235 3794 88 00207 2210 23524874 02 %31
T3 598237 428 = 87 w38 % 1.8 ix18 1.85 £ 066 80 £ 32

 Mote, The data represent tajectory length (L) and movement dme (MT), averaged across both sudjects
and trizls, as well a5 the constant errors measured zlong the horizontal and vertical directions {CF, and
CE,Y, eccentricity (ECCY, and orfentation of the ellipses of variability {¢. measured with respect 1o the

anterior axis, ses Figure §B). averaged across subjects.

TABLE 2
Yariable Errors

Displacement Effec:

Note. Yarizble errors (M = SD in centimeters, averaged actoss sub-
jects) were celeulated as the mean distance berween Individual
final positions and the gvermged one. They are depietad according
to the expected increass according 1o the displacement and the tra-
jestory effects. The amows denote the direction of an increase.

o < 05, **p < Of; paired riest.

increase movement variable error. Although that finding is
supported by recent study (Jaric et al,, in press), we con-
sider it paradoxical because only with difficulty can one
explain it by using models and hypotheses of the current
motor control theory.

In general, the curvature of the tested movements (i.e.,
T4 and T5) was far beyond a subtle curvature usually
observed in nonconstrained, discrete reaching tasks (see,
for an illustration, Boessenkol et al,, 1998, and Gordon et
al., 1994), Whatever mechanisms are involved in planning
and execution of reaching tasks (cf. Bernstein, 1967; Got-
tiieb, Corcas, & Agarwal, 1989, Latash & Turvey, 1996,
see aiso Mclintyre et al, 1997, and Scechting & Fianders,
1989), it seems reasonable to assume that the applied
obstacle per se imposed changes in those mechanisms with
respect to their spontaneous functioning under the regular,
unconstrained conditions. Therefore, one would expect
that an artificial factor (such as the applied obstacle) that

adds to the complexity of a tested task would be associat-
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ed with an increase in the variable emors and, consequent-
ly, with 2 reduced accuracy of reaching movements. Nev-
ertheless, we failed o observe that effect in some of the
tasks, whereas in others {L.e., T1 va. T4} the difference was
ciose 1o the level of significance but in the opposite direc-

i3 o 30 0 tion than expected,
-~ The finding that the approximately vertical orientation of
_&8: i5 {Task 1} - - the ellipses of variability is unaffected by the applied
“é"' 0 i'gga:k%? (Task 2) B manipulations of movement displacement and wajeciory
g 1152 027 !§_35 *0.25% length (i.e., curvature) is in line with some previous resulis.
% &0 - {Fask 5) ~—ps- (Task 3) Several authors have suggested that reaching movements
& 0392025 1.74 £0.38%* are planned in a hand-held system of coordinates because

scatter of final position variabifity was stretched along the
main movement direction defined by the initial and final
position {Georgopouloes, Kalaska, Caminiii, & Massey,
1982; Gordon et al, 1994), The absence of 2 curvature
effect on the orientation of ellipses of variability is alse
supported by the results of a previous study by Jaric et al,
(in press).

In conclusion, we found that {a) an increase in variable
errors of reaching movemenis was associated with an
increase in movement displacement rather than zn increase
in trajectory lemgth as a consequence of increased curva-
ture, whereas (b) the orientation of the ellipses of variabili-
ty remained unaffected by the applied experimental manip-
ulation. The first finding could be of exceptional
importance for further development of motor control theo-
ry, panticularly in the formulation of behaviorai laws of
human complex movemenis. Although the movement dis-
placement effect on variable errors could be considered
expected, the absence of a irajectory-leagth effect deserves
further studies so that some potentizily confounding effects
of the applied experimenial approach can be discerned. For
example, although we manipulaied the obstacle position in
otder to affect the trajectory length, one should note that 2
number of other potentially important kinematic and kinet.
ic veriables (such as movement time, velocity pattern, or
torgue profiles) were also affected. In addition, one should
consider that manipulations of movement distance because




$. Jaric, 8. M. 8. Ferrelra, C. Torloza, 8. £ Marcon!, & G. L. Almeida

of changes in the initial position and changes in the target
position might have different effects on variable errors of
rezching movements (Jarie, Corcos, Cottlieb, Ilic, &
Latash, 1994} Therefore, it remains possible that 2 test of
the movement displacement and irajectory-length effects
based un manipulation of the farget position instead of the
initial one {as we did} would provide different resulis,
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EFFECTS OF DISPLACEMENT AND TRAJECTORY LENGTH ON THE FINAL POSITION VARIABILITY OF
REACHING MOVEMENTS

FERREIRA, 5.A1.5.*1, TORTQZ4, C.*1, MARCONI, N.F.¥2,3, JARIC, 5.%%%2, ALMEIDA, G.L*2

=L_gboratdrio de Controle Motor, Departamesnto de Fisivlogia ¢ Biofisica do lnsiitws de Biologia da Universidade Estadual de
Campinas - UNICAMP. **Institute for Medical Research ~ Belgrade Yugoslavia.

1 pepto de Fd. Fisica da UNESP. Bolsista MS-1 FAPESP.

2 Depto de Fisiologia & Biofisica doelnstitutn de Biologia - UNICAMP.
. 3 Bolsista MS-] FAPESP,

The present study has been designed 1o test separately the effects of displacement (i, the distance between the
injtial and final position) and trajectory length on 2-D variable errors of multi-joint movements. Nine s%zbjects with thelr eyes
closed performed series of fast and accurate reaching movements from the initial positions displaced vertically 15, 30, and 6@
cm below the target. In some series the movements were unconstrained and, therefore, approximately straight. In others) an’
obstacle was positioned in order 1o increase wrajsctory length due to increased movement curvaiore. The movement variable
errors were assessed by surface of the ellipses of variability calculated by means of principal component analysis applied w©
the scatter of the movement final positions. The lengths of the ellipses” long and short axes were scaled with respect to the
final position vanizbility in direction of the principal component main axes and in the orthogonal direction, respectively. The
resalts demonstraied that variable errors increased with an increase in movement displacement. However, with the exception
of the task performed with an excessive curvawre {ie., the trajectory resembled more to a reversal movement), even an
insignificant increase in'variable errors was not associated with an increase in wajectory length. Therefore, we concluded that
movement displacement, rather then trajeciory length, could be considered as an important factor affecting variable errors
and, consequently, the accuracy of multi-joint movements. It was concluded that the lack of trajectory length effects on the
movement variable error could not be in agreement with some contemporary motor control models and theories. We suggest

g2

that the single target position used in the present experiment could be an important methodological factor affecting the results
obtained. We also conclude thar the results obtained could generally emphasize importance of the final position
representation in motor programs of multi-joint reaching movements.

This work was supported by Fundocdo de Amparo & Pesquisa do Estado de Sdo Paule - FAPESP, 530 Paielo - Brezil (Grant
N°© 97/3148-4; 97/03144-9; 97/03148-4; 97/02770-3; 97/02771-0; 97/02769-5}
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BIUSCLE TORQUE COVARIANCE IN NEURCLOGICALLY NORMAL AND DOWN SYNDROBME
INDIVIDUALS: THE EFFECT OF ANGULAR, LINEAR DISPLACEMENT AND SPATIAL ORIENTATION,
MARCONI, N.F; ALMEIDA, G.L.;TORTOZA, C.; FERREIRA, 5.M.5.
Laboeratdrio de Controle Motor — Depto. de Fisiclogia & Biofisica — Inst. de Biologia - UNICAMP

We have identified a principal of linear co-variance in which the muscle torque at the non-focal joint was very close
w linearly proportional to that at the focal-joint throughout the movement. Elbow and shoulder torques differed by 2 linear
scaling constant and went through extreme and zero crossings almost simultaneously. These findings were also observed
during planar human movements. Compared with rewrologically normai subjects, Down syndrome individuals use
proportionally more distal than proximal muscle torque while performing reversal movements. This diFerence in strategy in
the coordination of muscls wrques may contibute to the movement clumsiness observed in the movermenss of
individuals. Here we studied the effect of angular, Yinear displacement. and spatial orientation on the lnear co-variance
between ¢lbow and shoulder torques of DS and NN individuals. These individuals performed a planar reversal movements
into four spatial orientation. In ach sparial oriemation they performed tasks inte three different angular excursion (18, 36 and
54°), and into three different linear displacement {30, 45 and 60% of the forsarm length). Subjects did not have any visual
feedback of the elbow joint for the angular excursion tasks, but they have visual feedback of the fingertip for the linear
displacement task, They were instructed (o move "as fast as possible”, from the initial 1o the target position, reversal the
movement and return to the initial position. A set of lHght were turned off, in front of the subjects, signalling the angular
displacement required during the angular excursion task. For the linear displacement task the target was fixed at the position
with 2 mark. The results showed that there is no group difference in the linear co-variance between anguiar excursion and
linear displacement tasks. However, the preliminary results indicate that there was a change in the linear co-variance with
change in spatial orientation. These findings were the same zcross the group of subjects. However, the individuals with Down
syndrome used more elbow muscle torque than shoulder muscle torque. Also, the coupling between these two torques was
iess efficient for the Down syndrome group as compared with the NN individuals. Our findings support the idea that there is a
subtle differences in the way DS individuals control their movement that could be relzted with their movement clumsiness.
This work is supported by FAPESP, Granz: n, 95/9608-1, 97/G2770-3, §7/02771-0 e 97/02769-3, State of Sas Paulo, Brazil,
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AVARIAGAO DA LATENCIA ANTAGONISTA COM A DISTANCIA
LINEAR EM MOVIMENTOS PLANARES DE INDIVIDUOS NORMAIS
E DE PORTADORES DA SINDHOME DE DOWN®

Ferreira, 8. M. S, Torloza, €., Marconi, N. F., Almeida, G. L.
Unesp — Rio Claro/SP; Unicamp — Campinas/SP
h rc.un

Existern evidéncias de que o tampo enfre o infcio da ativagdo da musculatura agonista
2 o da anlagonisia latdncla antagonista — LA) aumente com 2 amplitude angulas, Este
fendmeno foi observado para movimentos uniarticuiares restitos @ ndo restitos, em
individuos neurologicamarnte normais (NN} @ em portadores da Sindroms de Down {30,
smbors a LA fosse menor para os individuos 3D, Noa mavimentos uniarticuiares, os
fatores Inkinsecos {amplitude angular} e exirinsecos {distancia linear} ca-variam
linearmente, o gue nBo acontece, necessariamente, para os mavimentes
rultiarfculares. Aqui verificamos se a LA aumenta com a mudanga de falores
extrinsecos (disténcia linear do dede indicador} durante a exacuglo de movimentos
planares de reversdo, envolvende a exiensdo do cotovelo e abdugio ou adugdo do
ombro. Seis sujeitos NN 8 6 com SD executaram movimentos, ¢ mals rapide possivel,
em 3 distdncias lineares (30%, 45% e 0% co comprimente do antebrage) s em 3
orientagbes espaciais (4 direita, a0 centro e 3 esquerda do sujeita). Os movimentos
foram reconstruidos no espago utilizando um sistema optico-tridimensional.
Simulteneaments foram registradas as atividades eletromiograficas de 4 misculos
{deldide postarior, deltdide anterior, triceps e biceps}. Os sujeitos de ambes o8 grupos
aumentaram a LA da muscutatura antagonista do cotovelo com o aumento da distincia
linear, independente da orientagdo espacial do movimento. No entanto, esta LA foi
menor para os individues SD. Primeiro, estes dados indicam que o SN pode utifizar
informagbes extrinsecas (distdncia linear} para definir & LA do triceps. Sagundo, a
diminuig@o da LA para os individuos SD favorece 0 aumento da estabilidade articular
cesta populagio. No entants; a LA da musculatura do ombro foi préxima de zero para
ambos s grupoes. Este dado pode indicar uma incapacidade do 8N de modular g LA
para musculatura proximal,
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