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Prefacio

A Engenharia Biomédica (EB) é uma drea de interface que agrega profissio-
nais e pesquisadores de diversas disciplinas. Devido a grande abrangéncia da EB
muitas vezes pode ser dificil delimitar suas fronteiras. Neste contexto, esta obra
apresenta uma coletanea de artigos que define e discute aplicagoes da EB em
diversos cendrios. A expectativa é prover, ao leitor, exemplos concretos e prati-
cos que o auxiliem na identificacdo de tecnologias, técnicas e tendéncias em EB.

Este livro é resultado das iniimeras agdes para a disseminagao do conhe-
cimento e promo¢io da EB no Brasil que foram realizadas durante o XXIV
Congresso Brasileiro de Engenharia Biomédica (CBEB 2014), promovido pela
Sociedade Brasileira de Engenharia Biomédica (SBEB - www.sbeb.org.br), que
aconteceu de 13 a 17 de outubro de 2014, em Uberlandia, Minas Gerais, Brasil.

A obra reuniu a contribuicdo de pesquisadores renomados que apresenta-
ram e discutiram temas atuais e de grande interesse no cendrio nacional e in-
ternacional: Etica e Satide Publica, Avaliagio de Tecnologias em Saude, Imagens
Médicas, Optica Biomédica, Biologia Computacional, Biossensores, Processa-
mento e Modelagem de Sistemas Biolégicos, Engenharia de Reabilitacao, Ins-
trumentagao Biomédica.

Todos os artigos foram avaliados por pares que contribuiram significativa-
mente para a exceléncia técnica e cientifica deste livro. Os editores agradecem
a todos os revisores que doaram tempo e experiéncia, e também as agéncias de
fomento (CAPES, CNPq, FAPEMIG) que financiaram a publicagdo da obra.

Editores






Engenharia Biomédica e Etica
da Ciéncia: os Problemas de
Retratacao e Plagio

Renan MVR Almeida

E-mail: renan@peb.ufrj.br

Etica na ciéncia contemporanea

Entre as caracteristicas da ciéncia moderna encontra-se sua grande preocu-
pagdo com aspectos éticos: vigilancia de fraude, plagio e duplicagdes de publica-
¢do; cuidados na definigdo de critérios de autoria, monitoramento de conflitos
de interesse, preocupagdes com impacto social/meio-ambiente e exigéncia de
andlise por Comités de Etica quando do estudo de sujeitos humanos / animais
[1]. Na Engenharia Biomédica (EB), situada na jungdo entre as ciéncias exatas e
da vida, essas questdes tornam-se mais complexas, englobando também tépicos
mais comuns as ciéncias da satide, como ética de final de vida, ética reprodutiva
e genética [2, 3].

No entanto, provavelmente devido a sua relativa juventude, esses proble-
mas sio ainda pouco discutidos na EB [4, 5]. Por exemplo, uma busca na base
ISI-Web of Knowledge (Thomson Reuters) por trabalhos na drea de Engenharia
Biomédica com a palavra “ethics” no titulo identificou apenas 16 trabalhos nos
ultimos dez anos, e, entre esses, nenhum possuia autor brasileiro. Assim, visan-
do a contribuir para que essas discussdes sejam incorporadas a EB (e, especial-
mente, a EB brasileira), abaixo sdo discutidos duas importantes preocupacoes
na ciéncia contemporanea: os fendmenos de retratagio e pldgio.
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Retratacoes de trabalhos cientificos

Apesar de pouco comuns, retratagdes (a anulagao de um artigo apds sua
publicacido) representam eventos da maior importancia na ciéncia, uma vez que

3 4

caracterizam “..evidéncia inequivoca da faléncia de um projeto” [6], e que “..
provavelmente representam a ponta de um iceberg” [7]. Por esses motivos, uma
sub-area de pesquisa cientométrica tem se dedicado a caracterizar, entender e
prevenir sua ocorréncia [6-10]. Uma constatagdo clara dessas pesquisas é que o
aumento dos casos de retratagdo tem sido exponencial, com uma multiplicagao,
em pouco mais que uma década, por um fator superior a 10 [11]. J& em relagdo
a seus motivos, ndo existe ainda consenso, sendo comumente apontadas como
causas a expansio da produgdo cientifica em paises com menor tradi¢gdo em po-
liticas de ética cientifica [6]; a introdugao de “detectores de plagio” (programas
automaticos que “varrem” a literatura a procura de similaridades entre artigos)
e um amadurecimento geral entre editores de revistas cientificas, com o desen-
volvimento de diretrizes e de regras de retratagio [12, 13].

Para avaliar o fendmeno das retratagdes na EB, na Tabela 1 sao apresentados
os resultados de uma busca realizada no indexador ISI-Web of Knowledge com a
selecao [Document Type = correction; Title Word = retraction”]. A pesquisa
foi realizada nas dreas Engineering, Biomedical Engineering e (para fins de
comparacdo) General Medicine. Os motivos alegados para as retratagdes foram
identificados com auxilio do indexador Pubmed. As conclusdes principais da
busca sao alinhavadas abaixo.

1. “Retratagdes” sio um fendomeno recente: Essa caracteristica, ja apon-
tada em varias publicagdes no tdpico, pode ser constatada também na
Tabela 1, na qual observa-se que, na Engenharia, praticamente nao
existiram retratagdes anteriores a 2005. Na EB, a primeira retratagcdo
registrada em trabalhos ISI data de 2009 (as 23 retratagdes desse ano
dizem respeito a uma mesma revista e a um mesmo grupo de pesquisa
na Coréia do Sul).

2. Aumento nos tltimos anos: Como discutido, esse fendOmeno encontra-
se amplamente documentado, e (vinculado ao item 1) acima) pode ser
também observado na Tabela 1. Mesmo em uma drea na qual questoes
éticas sdo debatidas ha mais tempo (Medicina Geral) observa-se um
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grande aumento a partir de 2008, fenomeno também visivel na Enge-
nharia e na EB.

3. Retratagdes sao incomuns: Como evidenciado na Tabela 1, retratacoes
representam um “ultimo recurso”, um indicativo de falha em mecanis-
mos prévios de prevenc¢do. No entanto, como dito, elas merecem aten-
¢do e investigagdo especiais, visto que sdo também uma “ponta de ice-
berg”, fornecendo indicagdes sobre os principais problemas de conduta
afligindo determinada drea de pesquisa.

4. Plagio: Entre as retratagdes identificadas para EB, apenas uma néo in-
clufa entre seus motivos (também) o plagio, uma séria infragdo ética
discutida com mais detalhes a seguir.

Tabela 1: Notas de retratacdo identificadas nas areas Engineering (cerca de 270000
trabalhos 2002-2013), Biomedical Engineering (75000) e General Medicine
(600000); revistas indexadas na base Thomson Reuters—-Web of Knowledge, busca em
maio/2014. Em EB, seis das retratacoes de 2013 deram-se no Acta Biomater e vinte das
de 2009 no Tissue Eng Regen Med. Apenas uma das retragdes em EB ndo envolveu

alegacio de plagio.
Ano Notas de retratacio identificadas
Engineering BE Gen Medicine

2013 31 9 7
2012 19 1 11
2011 19 1 17
2010 19 1 2
2009 32 23 12
2008 15 - 14
2007 1 - 6
2006 1 - 3
2005 - - 1
2004 - - )
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Ano Notas de retrata¢io identificadas
Engineering BE Gen Medicine
2003 - - 3
2002 1 - 4
2001-1992 - - 4
Total 138 35 85
Plagio

“Plagio” refere-se a apropriagdo das idéias ou textos de outro autor, sem a
devida atribuicio de crédito. Embora de forma nao estritamente correta, o con-
ceito de “auto-plagio” (reprodugdo de textos do proprio autor) é também utili-
zado. “Plagio” é uma infragdo ética grave, passivel de punigdo legal pelo codigo
penal brasileiro (Art. 184), e comumente considerada motivo para anulagdo ou
retratacdo de trabalhos cientificos [12, 13].

Como mencionado, apenas uma das retratacdes na area de EB ndo envolveu
alegacdo de “plagio”, e, de fato, “pldgio” tem sido apontado como um motivo co-
mum para retratagdes, particularmente entre paises em desenvolvimento [6, 10].
Dois motivos para isso ja foram apresentados acima: a) a introdugao de progra-
mas automaticos de detecgao de plagio, como o CRossref e o Turnitin [14, 15];eb) a
expansao da ciéncia para paises com menor tradigao no ensino de praticas de pes-
quisa adequadas. Como exemplo, uma pesquisa recente, baseada em publicacdes
Scielo, constatou que entre revistas da América Latina e do Caribe sem indexagdo
ISI, mais de 90% dos casos de retratagao de artigos eram atribuidos a plagio [16].

Um instrumento importante, utilizado freqiientemente para o ensino de
principios adequados de referenciagdo e escrita cientifica é ilustrado no Quadro
1 (adaptado de [17]). No exemplo, a partir de um texto, indicado “Texto origi-
nal” (no caso: Sagan C. O Mundo Assombrado pelos Demonios. Cia das Letras,
2000, p. 41-45) é criada uma versao plagiada, que permite discutir conceitos
como citacdo adequada, parafrase e “malabarismo de palavras”. No entanto, é
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observagao do presente autor que uma substantiva fragio de alunos, mesmo de
pos-graduagdo, possuem grande dificuldade em compreender que o texto indica-
do como “versdo” é, na verdade, utiliza¢do inadequada de material de referéncia,
representando plégio. E, portanto, evidente a necessidade de discussdo desses
problemas no ensino de graduagio/pés-graduagao do pais.

Por outro lado, apesar da importancia dos mencionados programas para de-
teccdo automatica de plagio, o enfoque necessario deve ser fundamentalmente
educacional e preventivo. Portanto, além do ensino dos principios éticos que nor-
teiam a escrita cientifica, é necessario também o desenvolvimento de instrumen-
tos de acompanhamento da producéo de trabalhos académicos, como seminarios
e “relatorios de progresso”. De outra forma, corre-se o risco da criagao de uma
“corrida armamentista”, com medidas e contra-medidas tais como o plagiphrasing
(substituicdo de sinbnimos mantendo-se a estrutura e forma geral do texto), a in-
trodugdo de alteragdes em caracteres ASCII para burlar programas de detecgao ou
o recurso a article spinners (programas automaticos de “re-escrita”) [18].

Quadro 1: Exemplo de exercicio para ensino de conceitos de redagio e citagdo adequada.
Texto original: Sagan C. O Mundo Assombrado pelos Deménios Cia das Letras, 2000,
p- 41-45. A “versao” foi desenvolvida pelo préprio autor. Exemplo adaptado de [17].

Qual o segredo da ciéncia? Em parte, é seu mecanismo embutido de cor-
re¢do de erros. Nela, ndo existem questdes proibidas, assuntos delicados
Texto | demais para serem examinados ou verdades sagradas. Essa abertura para
original | novasidéias, combinada com o seu exame cético, separa o joio do trigo.
Nio importa o quanto vocé ¢ inteligente, augusto ou amado. E preciso
provar sua tese em face de uma critica determinada e especializada.

Em um de seus livros mais importantes [*], Carl Sagan discute algu-
mas das caracteristicas da ciéncia. Qual o seu segredo? Em parte, é seu
mecanismo interno de corre¢do de erros. Nela, ndo existem questdes
proibidas, assuntos delicados demais para serem examinados ou ver-
dades sagradas [*]. Essa abertura para idéias novas, combinada com o
seu exame cético, separa o joio do trigo. Nao importa o quanto vocé é
inteligente ou amado: é preciso demonstrar sua tese [*].

Versao

[*] Sagan C. O Mundo Assombrado pelos Deménios. Cia das Letras,
2000, p. 41-45.
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Consideracoes finais

Nas ultimas décadas, a produgdo em ciéncia no Brasil cresceu notavelmen-
te, ganhando visibilidade e importancia em termos mundiais. Com esse cres-
cimento, é de esperar-se que a formagdo em ética cientifica seja também prio-
rizada, e que as discussdes acima sejam enfatizadas na educagdo em ciéncia do
pais. Essas questdes tém, de fato, atraido o interesse de agéncias de fomento
brasileiras, como a FAPESP e 0 CNPq [19, 20], refor¢ando a necessidade de que
sejam, urgentemente, trazidas para o seio da EB.

Papel importante para isso cabe tanto a sua Sociedade quanto aos veiculos
de informagcéo cientifica em EB. Assim, para a boa consolidagdo das praticas
cientificas na drea, ¢ importante que diretrizes para o tratamento de alegacdes
de fraude/infragdes éticas sejam desenvolvidas e disponibilizadas. E recomen-
davel também que o ensino de aspectos éticos da ciéncia, por exemplo, no que
dizem respeito a comunicagao cientifica, sejam incorporados a rotina de seu
curriculo de ensino.
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Saude Publica, Utilidade e
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Introducao

Este capitulo expde e analisa dois conceitos éticos, beneficéncia (utilidade) e
justica (equidade), e um argumento empirico, o argumento dos determinantes
sociais da doenca, presentes no debate sobre o direito a assisténcia em saude e a
boa saude publica. Outro argumento, o da igualdade equitativa de oportunidades
é apresentado. Algumas referéncias ao Sistema Unico de Saude (SUS) brasileiro
sdo indicadas para posterior investigacio. Isto monta um cendrio parcial para o
debate sobre politicas de biotecnologia e tecnologia em satide humana no Brasil.

Sistemas de Saude e Utilidade

De acordo com a principal teoria normativa utilizada na bioética, ha qua-
tro grupos de principios e regras para julgarmos agdes e politicas biomédicas:
autonomia, ndo maleficéncia, beneficéncia e justica. Questdes ligadas a saude
publica e assisténcia em saude (especialmente via sistemas de saude) sao enfren-
tadas diretamente pelos principios da beneficéncia e da justica. Nosso dever de



SAUDE PUBLICA, UTILIDADE E EQUIDADE — Alcino Eduardo Bonella

promover o bem (o bem estar) — a beneficéncia - exige considerarmos politicas
amplas que sejam as mais uteis dentre as disponiveis, 0 que nos coloca diante
de calculos de custo-beneficio e de custo-eficacia. Nosso dever de nos tratar-
mos justamente exige considerarmos como a assisténcia em saude ¢ organizada
institucionalmente e como distribuirmos recursos, seja entre os varios setores
sociais dentre os quais a saiide é apenas um, seja entre politicas de saude especi-
ticas, de modo a garantir a equidade na distribui¢ao de tais bens. O sistema de
saude é uma das formas, talvez principal, de expressarmos nosso compromisso
com a beneficéncia e a justi¢a na area da satde, um sujeito (uma instituicdo) que
pode atuar eficazmente na promogao da qualidade de vida, e normalmente um
objeto de politicas de racionamento. [1]

Em parte em razdo de sua utilidade e equidade (e aqui se deveria pensar
em complementaridade entre estes dois ideais), e em parte em fungdo de fatores
empiricos (sociais e econdmicos), a forma de acesso universal normalmente se
da por um sistema publico (estatal), universal e gratuito de saude, financiado
total (através dos impostos) ou parcialmente (através de contribuicdes sociais
particulares ou pagamento obrigatério de um plano) pela sociedade. A maioria
dos paises desenvolvidos possui tal sistema ou uma variagao dele. Na Inglaterra
e na Noruega os hospitais e centros de saude sdo na maioria puiblicos e os ser-
vidores da satide sio em geral funcionarios do Estado. Apesar disso uma parte
dos servicos na Inglaterra pode ser comprada por quem se dispoe a pagar. Na
Alemanha o sistema ¢ dual: hd institui¢oes publicas e privadas, sendo as ultimas
regulamentadas extensivamente acerca do que devem oferecer aos usudrios. No
Canada e até pouco tempo na Noruega, o sistema universal de cobertura é uni-
co, e as pessoas em geral ndo compram planos privados nem utilizam servigos
privados de saude. Os Estados Unidos, tnico pais desenvolvido que historica-
mente ndo organizou um sistema de cobertura universal, deu passos rumo a tal
cobertura com o decreto de 2010, sobre protecido do paciente e acesso a assistén-
cia (conhecido como Obamacare). Ressalta-se que os idosos ja tinham tal cober-
tura universal gratuita, e parte dos pobres tinham acesso a coberturas basicas
para os necessitados. [1, 2]

Paises em desenvolvimento também organizaram nas ultimas décadas sis-
temas de cobertura universal. A Organiza¢gao Mundial da Saude aconselha a
que mesmo paises de renda baixa e média tenham servicos universais de satde.
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Paises como a Coréia do Sul e 0 México estdo organizando a cobertura univer-
sal. O Brasil criou um Sistema Unico de Satde a partir de 1988, apds a promul-
gacdo da nova constituigdo em 1988, que prescreveu que a saude é um direito
social a ser assegurado pelo Estado. O sistema brasileiro porém, e na pratica, é
um sistema dual: o sistema estatal pretende ser do tipo canadense e inglés, que
atende a todos, mas opera um sistema chamado complementar, do tipo norte-a-
mericano (baseado em seguros e planos de satide). O Sistema Unico de Saude
brasileiro - SUS - foi um dos principais instrumentos de inclusio dos pobres e
um incremento relevante das oportunidades equitativas na sociedade como um
todo, dado que antes de sua organizagéo sé tinham assisténcia médica trabalha-
dores formais que contribuiam para a seguridade social. [3, 4]

Desempregados, trabalhadores informais, indigenas, camponeses distantes
dos grandes centros, ndo tinham ou tinham pouco acesso a servigos de satude.
Parcela significativa, acima de 20% da populagdo, era absolutamente pobre (no
critério internacional da ONU), acima de 40% era extremamente pobre (no cri-
tério internacional). No Brasil, depois da implementagdo do SUS, inspirado no
modelo inglés, brasileiros antes excluidos passaram a contar com mais servi¢os
de satide gratuitos, e o sistema continua se expandindo, sendo agora financiado
crescentemente por recursos or¢amentarios (advindo de impostos), ainda que
ndo possuindo ainda fonte estavel de financiamento, nem valor suficiente. [5]
Ha ainda parte dos servigos em precariedade, como filas de espera longas, difi-
culdades com urgéncias e emergéncias, foco excessivo no tratamento de doen-
¢as, ao invés de na prevengdo, centralizagdo de servicos em grandes centros e
cidades maiores, pouca inclusdo dos indigenas, falta de médicos nas periferias
e regides pobres distantes dos centros modernos. A populagao porém é mais
rica hoje, e, com outras politicas publicas como transferéncia direta de renda, os
pobres absolutos diminuiram no espectro da populagéo (a pobreza absoluta di-
minuiu de 20,5% para 10,5% de 1995 a 2008; e a pobreza extrema de 43,4% para
28,8% — usando os termos no sentido internacional)' [19], e o pais recentemente
alcancou pleno emprego ou algo préximo disto. A populagdo parece considerar

1 OIPEA utiliza a expressdo “pobreza extrema” para o que se entende normalmente por po-
breza absoluta, internacionalmente.
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os servicos de saude o seu principal problema, e os grupos recém incluidos pas-
saram a reclamar maior inclusio e melhor atendimento. [6]

A saude ptiblica e o sistema de satde sao politicas sociais que mitigam males
em satde e promovem beneficios e bem-estar coletivos. O principio da benefi-
céncia, que tem escopo fundamentalmente coletivo, se orienta basicamente pelo
que se costuma chamar principio da utilidade, que por sua vez, se orienta pelo
que se costuma chamar de calculos de custo-beneficio e de custo-eficacia. Trata-
se de analisar as varias a¢des e politicas disponiveis na promogdo da saide de
modo a encontrar aquela ou aquelas que promovem a maior soma de beneficios
e de bem-estar para aqueles afetados por elas. Dai a importincia de se achar
agoes custo-eficazes que atendam o maior niimero de pessoas, 0 que sugere a
preferéncia por politicas de prevencdo e atendimento baratas, e que atinjam a
populagdo mais pobre. Com isso se espera ter encontrado a a¢ao ou politica que
envolve o menor desperdicio de recursos e o maior beneficio possivel a todos
os afetados. Duas exigéncias utilitarias aplicaveis sdo: a utilidade marginal de-
crescente e o custo-eficacia. [11] Ambas prescrevem que se dé maior valor, no
computo global, aos pobres. Mas encontrar a politica mais util ndo é encontrar a
politica que deve ser adotada. Ha também exigéncias externas as consideragdes
utilitdrias. Uma delas é a restri¢do da justica. [1]

Saude Publica e Equidade

A beneficéncia em satide publica e no sistema de assisténcia a satide deman-
da utilidade social, no que orienta os agentes a escolher o que melhor atende aos
pobres na execugdo do bdsico em saude (as vezes chamado de direito a um mini-
mo digno de assisténcia em satde), na alocagdo de recursos significativos para a
saude em contraste com outros valores sociais, e na prioridade de recursos para
politicas de prevencéo ou de intervencdo de baixo custo e alta eficacia. E a jus-
tica demanda equidade na consecucdo destes objetivos. A equidade, entendida
como equilibrio entre pretensdes concorrentes a certos recursos de maneira a
haver estrita igualdade na distribuicao, ou desigualdades que melhorem a si-
tuagdo dos menos favorecidos [12, 13], também tem escopo fundamentalmente
coletivo, e orienta a organizagao das instituigdes e politicas de saide de forma

21



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

a que garantam certos direitos basicos iguais, e o valor social destes direitos. O
valor equitativo ¢ assegurado, especialmente, pelo respeito e promogao da igual-
dade de oportunidades: ninguém deveria ser prejudicado por condig¢des ruins
imerecidas que dificultam competir por recursos importantes com outros cida-
daos com condic¢des favoraveis também imerecidas. O cuidado com a infancia é
um dos fatores mais sérios para se criar e manter a igualdade de oportunidades,
pois problemas de satide na primeira infancia comprometem as capacidades
neurocognitivas pelo resto da vida. A condigao de satde é a principal candidata
a este tipo de coisa: nascer com dificuldades de saude, ou adquiri-las em razao
de condigoes familiares e sociais prévias ndo controladas individualmente, além
de ndo receber o devido cuidado na infincia e por isso ndo poder usufruir dos
beneficios sociais plenamente, ¢ algo imerecido, e, entdo, socialmente injusto. A
justica como equidade prescreve o acesso universal ao sistema da saude ou ao
menos a parte dele, dado que a falta de tal acesso infringe a igualdade oportuni-
dades entre doentes e sdos. [2, 7, 9, 10]

O principal argumento em favor da garantia a um minimo decente de assis-

téncia em saude é sumarizado como segue por Norman Daniels:

1. “Suppose health consists of functioning normally for some appropriate
reference class (e.g. a gender specific subgroup) of a species; in effect,
health is the absence of significant pathology.

2. Maintaining normal functioning - that is health — makes a significant - if
limited - contribution to protecting the range of opportunities individu-
als can reasonably exercise; departures from normal functioning decrease
the range of plans of life we can reasonably choose among to the extent
that it diminishes the functioning we can exercise (our capabilities).

3. Various socially controllable factors contribute to maintaining nor-
mal functioning in a population and distributing health fairly in it, in-
cluding traditional public health and medical interventions, as well as
the distribution of such social determinants of health as income and
wealth, education, and control over life and work.

4. If we have social obligations to protect the opportunity range open to
individuals, as some general theories of justice, such as Rawls’s justice
as fairness, claim, then we have obligations to promote and protect nor-
mal functioning for all.
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5. Providing universal access to a reasonable array of public health and
medical interventions in part meets our social obligation to protect
the opportunity range of individuals, though reasonable people may
disagree about what is included within such an array of interventions,
given resource and technological limits.” [8, 12, 13]

Se os problemas relacionados ao acesso a assisténcia em saude e a falhas na
saude coletiva diminuem o arco de oportunidades especialmente aos pobres,
aos doentes e aos deficientes de maneira geral, ha ainda varios problemas espe-
cificos revelados pelo estudo empirico e pela monitoragdo dos fatos pelas auto-
ridades e especialistas. Estar ou ficar doente enquanto o servico é procurado,
conseguir tratamento inadequado e ndo propriamente continuado, leva a maior
morbidade e mortalidade. Grupos minoritarios, e em especial os indigenas, sdo
sub atendidos, assim como pessoas que sofrem barreiras geograficas, como dis-
tancia dos centros de melhor atendimento, acesso a médicos, possiblidade de
locomogao. Problemas de locomogéo e de listas de espera longas fazem com os
pobres tenham acesso muito tardio. Atitudes de exclusdo ou discriminagao, por
exemplo, através de problemas de comunicagdo entre os agentes de saude e os
usuarios mais pobres e pertencentes a grupos tradicionalmente marginalizados,
como negros, assim como problemas de acesso a informacéo e de interpretagao
adequada desta geram atendimento precario. [2, 7]

Determinantes sociais sdo altamente relevantes para a saide da popula-
¢do. A Organiza¢do Mundial da Saude, em 2008, chamou a atengdo para me-
didas que afetem positivamente as condigoes sociais de vida, para a distribui-
¢do mais equitativa de recursos econdmicos (renda) e poder politico, e para
a importancia de pesquisas sobre estes fatores e seu vinculo com a saade. Ha
um forte impacto de determinantes sociais ndo relacionados a saude, como
renda e riqueza, educacio, exclusio social, e coesio social. [15] Em uma socie-
dade em que a desigualdade de oportunidade é severa, como a brasileira, tais
fatores sdao mais ativos em prejudicar a qualidade de vida relacionada a satde,
a morbidade e a mortalidade. Como dito acima, cuidados com a infincia sdo
um problema mais sensivel: doencas cronicas, doencas parasitarias e diarreia
prejudicam permanentemente criangas pobres, e as enfraquecem e tornam

vulneraveis diante de criangas ricas. O saneamento basico é entdo fundamen-
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tal como determinante social: no Brasil, metade dos lares ainda nio usufrui de
tratamento do esgoto adequado. A pobreza extrema e a pobreza relativa jogam
entdo um papel significativo na piora da qualidade de vida, no indice de adoe-
cimento, e na longevidade menor das camadas mais pobres da sociedade. A
pobreza absoluta mata ou piora a vida pela ma nutri¢ao, moradias precarias e
assisténcia ruim a infincia. Mas mesmo a pobreza relativa piora significativa-
mente a saude: ansiedade e estresse pioram quanto mais vocé desce na escala
social. Isso aumenta doengas. (7, 8, 14]

Um problema acerca do racionamento de recursos é a utilizagao de di-
nheiro para tratamentos caros e de baixo custo-eficcia, se comparados com
tratamentos baratos e de alta eficacia: no Brasil em especial ha uma judicia-
lizagdo afetando politicas publicas, por exemplo, juizes obrigam o sistema
publico a oferecer medicamentos caros ainda nao totalmente testados, con-
sumindo crescentemente fatia do or¢amento da satude, sem uso da regra de
prioridade para beneficios modestos a uma parte grande da populagao, distri-
buindo beneficios significativos a uma parte minoritdria, normalmente com
mais poder de acionamento do judicidrio. Sistemas publicos precarios, para
os pobres, ao lado de sistemas privados melhores, para quem pode pagar, é
outra fonte de problemas. [17] No Brasil, a maior parte da populagao depende
do sistema publico, mas ¢ gasto com ele apenas 43% dos recursos em saude. Ja
0s 25% mais ricos que utilizam o sistema privado complementar, gastam 57%
dos recursos. Nos paises desenvolvidos, por exemplo, 75 a 80% ¢é gasto publico
no servigo de cobertura universal, além de se gastar mais proporcionalmente
ao PIB, e se ter um valor por pessoa muito maior do que no Brasil e em outros
paises em desenvolvimento. [18, 14, 16]
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Revisao de sistemas/tecnologias existentes

A diretriz de elaboragdo de estudos para avaliagao de Equipamentos Mé-
dico Assistenciais (EMA) é uma metodologia internacionalmente sem prece-
dentes no campo da Avaliagdo de Tecnologias em Saude (ATS), e este trabalho
procurou abordar os varios tipos de andlise que sdo especificos para EMA. O
objetivo é que esta ferramenta metodoldgica em conjunto com outras ja existen-
tes, possam integrar dreas importantes ainda nao vistas em outras diretrizes.

Desenvolvida pelo Instituto de Engenharia Biomédica (IEB-UFSC), da Uni-
versidade Federal de Santa Catarina (UFSC), membro da Rede Brasileira de Ava-
liagao de Tecnologias em Saude (REBRATS), a diretriz metodoldgica foi uma
iniciativa do Ministério da Saude do Brasil, através do Departamento de Ciéncia
e Tecnologia (DECIT) e apoio da Organizagdo Panamericana de Satide (OPAS).

A Avaliagdo de Tecnologia em Saude (ATS) pode ser compreendida como
um processo continuo de analise que visa o estudo sistematico das consequén-
cias clinicas, econdmicas e sociais da utilizagao das tecnologias novas ou ja exis-
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tentes na saude, desde a sua pesquisa e desenvolvimento (P&D) até sua obsoles-
céncia tecnologica (PANERAL MOHR, 1989) [1].

Metodologias de estudos ja existentes no campo da ATS sdo aplicaveis as
outras tecnologias em satide, como vacinas, medicamentos e hemoderivados,
pois seu desempenho basicamente esta fundamentado em pesquisas clinicas ex-
perimentais e/ou observacionais, visando medir a eficacia e seguranca destas,
diferentemente dos equipamentos que integra outros aspectos de andlise.

Prés e contras (comparacao entre os sistemas/tecnolo-
gias existentes)

De modo geral, quando ¢é realizada uma busca de estudos em ATS na lite-
ratura cientifica, observa-se que o grande volume de publicagdes encontradas
refere-se majoritariamente aos medicamentos, as vacinas e os hemoderivados.
Ao realizar, por exemplo, uma busca na base de dados MEDLINE via Pubmed,
selecionando o periodo de 1997 a 2011, e utilizando o termo “randomized con-
trolled trials,” 65.946 artigos de lingua inglesa sao listados. Porém, ao adicionar
o termo “device” ou “devices” sdo recuperados apenas 1.519 (2,303%) artigos.
Uma busca similar foi publicada por Ramsey et al. (1998), apresentando somen-
te 74 (1,014%) ensaios clinicos controlados randomizados, abordando dispositi-
vos médicos de um total de 7.295, no periodo de 1990 a 1996. Ainda, deve-se ob-
servar que Orteses, proteses e materiais, também, sdo considerados dispositivos
médicos. Assim, a representatividade de ensaios clinicos randomizados focados
em EMA pode ser menor. [2]

A obtencéo desses dados primadrios é obtido na maioria dos casos, através de
ensaios clinicos elaborados sob condi¢des ideais de utiliza¢ao, onde o objetivo
principal dessas pesquisas estd na busca da eficacia e seguranga da tecnologia
alvo de analise.

Todavia é possivel perceber que os diversos tipos de desenhos de estudos
epidemiolédgicos aplicam-se de modo geral aos medicamentos, ja quando o ob-
jeto a ser estudado trata-se de um dispositivo médico, seja de finalidade tera-
péutica, diagnostica ou monitoragdo, verifica-se que nem sempre é possivel a
execu¢do dos mesmos ensaios.
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Questdes de ordem ética, aspectos técnicos e operacionais sio as maiores
barreiras para existéncia dessa lacuna. Mas as limitagdes mencionadas nao se re-
sumem apenas na producao dos dados primarios, mas também pela razao desse
grupo de tecnologias ndo permitir que essa analise se resuma somente as pes-
quisas clinicas, como acontece com os medicamentos, vacinas e hemoderivados.

Os equipamentos médico assistenciais apresentam caracteristicas que vao
além dos estudos clinicos de eficacia e seguranga, consagrados na Medicina Ba-
seada em Evidéncias (MBE), as particularidades inerentes a esse grupo como;
necessidade de infraestrutura fisica para instalagdo dos mesmos, capacidade de
operacionalizagdo dessas maquinas de forma segura e confiavel através dos re-
cursos humanos existentes nos servigos, qualidade dos insumos que abastecem
esses gadgets e a maneira que esses produtos sdo manuseados na etapa de assep-
sia sdo elementos indispensaveis de andlise, quando necessitamos dos dados de
efetividade e eficiéncia na aplicagio da tecnologia.

Foi com esse contexto que ao desenvolver esse novo instrumento de avalia-
¢do, identificou-se a necessidade de abranger diversos dominios que permeiam
essa familia de tecnologias em satide. Dominios ja estudados em outras meto-
dologias de avaliagdo foram preservados nesse novo trabalho, contudo apresen-
tados de maneira mais sintética, enquanto os demais dominios mais especificos
aos EMAs foram mais explorados em virtude da sua abordagem inédita nos
estudos de ATS.

Os Dominios da Admissibilidade, Técnico, Operacional e da Inovagao se
somam aos ja existentes e nao tem a finalidade de substitui-los, uma vez que
dependendo do demandante, podera ser utilizado todos ou parte dos dominios
contemplados nesse instrumento. [2]

Outra caracteristica especifica desse grupo de tecnologias em satde refere-
se aos seus dados primdrios que consistem na sua maioria em instrumentos
normativos e legais, como portarias, resolugdes diretivas colegiadas (RDCs),
normas técnicas regulamentadoras (NRs), manuais de operagao e manutengdo
dos equipamentos, entre outros. Evidéncias de pesquisa clinica consideradas de
baixo rigor metodoldgico para os medicamentos, como relato de casos, opinido
de especialistas, consensos, estudos observacionais quando direcionadas aos
EMAs sdo bastante aceitas devido as peculiaridades na condugdo dos ensaios
clinicos ja mencionadas anteriormente.
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Sabe-se que fatores inseridos nessa metodologia, como a usabilidade, curva
de aprendizagem, ergonomia e fatores de risco sao elementos que podem inter-
ferir diretamente no desempenho da tecnologia quando em uso e consequente-
mente nos desfechos que serdo medidos, por isso salienta-se que na elaboragdo
de um estudo, sejam observados todos os fatores técnicos e operacionais do am-
biente, ou seja, do contexto onde o EMA serd utilizado ou retirado. Ressalta-se
também que essa metodologia podera ser empregada tanto para incorporagao,
como retirada (desinvestimento) de um EMA que ja se encontra obsoleto tecno-
logicamente ou operacionalmente.

Essa metodologia ndo comtempla os equipamentos de infraestrutura hospi-
talar, equipamentos de apoio médico hospitalar, implantaveis e também as or-
teses, proteses e materiais (OPMEs). A busca pela defini¢do desse grupo se deve
pela complexidade que essas tecnologias trazem aos gestores, aliado ao custo
elevado que apresentam.

Para consensuar a estrutura dessa ferramenta de processo, foi necessario
primeiramente reunir todos os principais atores da gestdo governamental ma-
cro que estivessem envolvidos com alguma etapa na avaliagao dos EMAs.

Apos identificar os principais atores nesse processo, uma sequéncia de reu-
nides foi realizada com o intuito de organizar a estrutura, estabelecer prazos e
compromissos para desenvolvimento das atividades.

Tendéncias futuras

Diante das demandas em satde, somado as pressoes da sociedade e dos or-
gdos reguladores ¢ vislumbrado uma crescente necessidade na avaliagdo siste-
matica das tecnologias em satde para subsidiar as decisdes em saide. Uma das
grandes conquistas para a area da ATS no Brasil refere-se a sancao da Lei N°
12.401/2011 que torna compulsoria a avaliagao de tecnologias em satide na pers-
pectiva cientifica, investigando critérios de eficacia, efetividade e acuracia. Com
isso, ¢ fortalecida a importancia de instrumentos como a Diretriz Metodoldgica
para Elaboracio de Estudos de Avaliacdo de EMA.

Nesse cenario, esfor¢os do Ministério da Saade do Brasil por meio da RE-
BRATS estio voltados a capacitacdo de recursos humanos na dire¢io de utilizar
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areferida diretriz em diversas esferas do Sistema tnico de Saude (SUS). Oficinas
de trabalho estdo sendo conduzidas para promover o entendimento e aplicagdo
da Diretriz metodologica focada em EMAs. O intuito é disseminar o conheci-
mento e a pratica de utiliza¢do do instrumento de avaliagdo em todas as unida-
des federativas do Brasil. Para isso, as oficinas de trabalho sdo oferecidas com
a entrega de vagas para participantes de diversas regides geograficas, tomando
como principio a selegdo de atores chave no sistema de satide, como gestores em
saude, engenheiros clinicos, engenheiros biomédicos e profissionais de satde.

As respostas dos participantes dos trabalhos realizados até o momento ¢é
positiva e as discussdes conduzidas apontam a relevancia de utilizar uma sis-
tematizacao que possa ser reproduzida em diferentes cendrios em saude, apre-
sentando transparéncia e validade cientifica. Certamente, as potencialidades do
método desenvolvido estdo em ofertar aos pesquisadores um instrumento que
direcione em uma avalia¢do imparcial, prospectiva e sustentada por evidéncias,
levando em consideragdo as caracteristicas proprias dos EMAs. O ciclo de vida
longo e com diversos impactos em termos de infraestrutura, recursos humanos
e aspectos técnicos tornam os equipamentos ativos diferentes das demais tecno-
logias em satde e, por isso, uma avaliagdo direcionada ¢ necessaria.

E importante destacar a relevancia dada pela Organizagdo Mundial da Sau-
de (OMS) para area de dispositivos médicos. Em 2011, a OMS publicou uma
série técnica que se destina a auxiliar na verificacdo de diversos parametros téc-
nicos de EMA desde o pré-mercado, caracterizado pela fase de regulagdo até
sua etapa de obsolescéncia. Entre as publica¢des pode-se destacar a “Health te-
chnology assessment of medical devices” (3] e “Medical equipment maintenance
programme overview” [4]. Estes documentos apresentam fortes contribuicoes
para a avaliacdo de EMA e no auxilio da aplicagdo de métodos de manutencdo
preventiva e corretiva nos estabelecimentos assistenciais a saude. Isso vem ao
encontro das politicas de satide implementadas pelo MS do Brasil para promo-
¢do do gerenciamento e ATS de EMA direcionados ao SUS.

Entretanto, ainda existem desafios na aplicagdo de instrumentos de ATS,
principalmente em paises em desenvolvimento. Entre os fatores limitadores ao
amplo emprego da ATS pode-se citar a escassez de evidéncias associada a produ-
¢do de estudos primdrios predominantemente em paises desenvolvidos. Diante
disso, identificam-se oportunidades a serem desbravadas no contexto brasileiro.
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No ambito da producédo de evidéncias para EMAs os ensaios pragmaticos
podem entregar importantes contribuicdes. As caracteristicas da abordagem
pragmatica sdo convergentes as particularidades de EMA em relagdo as demais
tecnologias em satde.

Entre as especificidades destacam-se que os EMAs podem apresentar mu-
dancas ou melhorias constantes por estarem disponiveis para estudos pos-uso
e os resultados das aplicagoes dos EMA poderem variar conforme a curva de
aprendizagem do profissional em satde, as complica¢des trazidas pela interven-
¢do em saude auxiliada por EMAs podem diminuir com o uso e aumentar no
fim da vida util.

Em oposigdo, os medicamentos sio consumidos no uso, geralmente 0S re-
sultados clinicos nao sdo relacionados com o profissional da saude e as compli-
cagdes podem aumentar com o uso por interagdo medicamentosa [5, 6]. Esta
dualidade direciona a necessidade de adaptacdes dos métodos sistematicos de
investigacao cientifica na avaliagdo de EMAs.

Adicionalmente, assim como os demais métodos de pesquisa publicados
pela REBRATS, para a Diretriz Metodoldgica para Elaboragdo de Estudos de
Avaliagao de EMAs sdo previstas novas edi¢des. A dinamica dos sistemas regu-
latorios e a atualizagdo de politicas publicas normativas corroboram para novas
versoes do guia.

Recomendacoes

E necessaria a implementagdo de politicas em saide que promovam a cons-
trugdo de evidéncias cientificas, por meio da elaboragdo de ensaios clinicos con-
duzidos na pratica clinica. A produgdo de dados primarios pelos paises subde-
senvolvidos ou emergentes podera trazer resultados em cendrios préoximos ao
nosso contexto o que facilitara nossas decisoes.

Paralelamente, oficinas de trabalho devem continuar sendo promovidas,
visando a disseminagdo da aplicagdo da diretriz metodoldgica e também contri-
buindo para a cultura dos pesquisadores em utilizar a ferramenta no subsidio as
decisdes em satde. Somado a isso, outros veiculos de disseminacdo podem ser
aproveitados, como as redes de avaliacdo de tecnologias em saude, que podem
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representar importantes canais na divulgacao e incentivo na utilizacdo do mé-
todo de avaliacdo de EMA, como exemplo, pode-se citar a REBRATS e REDET-
SA (Rede de Avaliagao de Tecnologias em Satde das Américas).
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Resumo

O presente texto procura retratar com alguma abrangéncia os aspectos que
constituem os modelos e aplicacoes de esquemas computacionais de auxilio ao
diagnéstico (CAD, de Computer-Aided Diagnosis) em mamografia, considerando
as suas derivagoes - CADe, relativa a detec¢io de estruturas de interesse clinico,
e CADx, que, além da detec¢do, enfoca a caracterizagio do achado de modo a
proporcionar informagoes para a interpretagio do caso. Procura-se, assim, apre-
sentar ndo apenas os conceitos relacionados a essa ferramenta computacional
de auxilio ao radiologista e alguns aspectos relativos a seu desenvolvimento e
evolugdo nos ultimos 25 anos, mas também produzir uma andlise critica do seu
emprego prdtico e avaliagdes de desempenho com o intuito de buscar uma melhor
compreensdo das suas vantagens - e problemas. Alguns dados de avaliagao pra-
tica do protétipo de um esquema CADx em mamografia, desenvolvido por nossa
equipe de pesquisas, também sio comentados a fim de mostrar a influéncia posi-
tiva que o processo de classificagdo das estruturas, muito mais do que sua simples
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detec¢io, pode exercer na andlise diagnoéstica do radiologista, por aumentar a
sensibilidade e reduzir a taxa de falsos positivos com conjuntos de imagens regis-
tradas em bases de dados.

Abstract

This paper intends to address comprehensively aspects relative to the models
and applications of computer-aided diagnosis (CAD) schemes in mammography,
taking into account their derivations - CADe, corresponding to the detection of
structures of clinical interest, and CADx, which, besides the detection, focuses on
the finding characterization in order to provide information for interpreting the
case. An attempt is thus displaying not only the concepts related to this computa-
tional tool to aid the radiologist as well as some features of its development and
evolution over the past 25 years, but also making a critical analysis of its applica-
tion and performance evaluation with purposes of getting a better understanding
of its benefits - and problems. Some data regarding a practical evaluation of a
prototype of a CADx scheme in mammography, developed by our research team,
are also commented in order to show the positive influence that the process of
structures classification, much more than its simple detection, can play in radiol-
ogists” diagnostic analysis, due to increase the sensitivity, and reduction of false
positive rates with sets of images recorded in mammography databases.

Keywords: Esquema CAD, mamografia, processamento de imagens mamogrdficas.

Introducao

O desenvolvimento de esquemas CAD na drea médica tem por objetivo
apoiar radiologistas na detecgdo de estruturas de interesse clinico. No proces-
so, extraem-se das imagens médicas digitais pardmetros, detalhes, aspectos que
visam fornecer aos médicos radiologistas informacéo adicional com objetivo de
melhorar o desempenho e a precisao diagndstica. Para tanto, sio empregadas
técnicas de processamento de imagens, utilizando recursos de visdo computa-
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cional, de inteligéncia artificial, de reconhecimento de padrdes, dentre outros.
Atualmente podem ser empregados para avaliagdo de diversas partes do corpo
humano, como cabega, mama, prostata, estruturas osseas, cardiacas e pulmo-
nares. Neste texto o foco estd voltado a discussio dessa ferramenta computacio-
nal como auxiliar no diagnoéstico de lesdes da mama, particularmente por meio
da mamografia por raios X, uma das areas pioneiras do desenvolvimento desse
tipo de aplicagdo.

Conceitos Basicos dos Esquemas CAD

A sigla CAD provém originalmente das iniciais em inglés para Computer
-Aided Diagnosis, e refere-se a uma ferramenta computacional para uso comple-
mentar no diagndstico radioldgico.

A ideia da criagdo do CAD aplicado a mamografia data de 1967, em que
computadores indicariam regides mamarias com anormalidades. Entretanto,
até a década de 1980 os esquemas de processamento tinham baixa acurdcia em
comparagdo a interpretagdo dos médicos radiologistas. A partir da década de
90 do século XX ¢ que se estabeleceram técnicas mais avangadas de processa-
mento de imagens nessa area. Nas tltimas décadas, houve um aprimoramento
consideravel desta ferramenta, e estes sistemas passaram a ser usados em outras
areas radioldgicas, tendo hoje aplicagdes em tomografia computadorizada do
pulmio, de cabega, pescoco e de estruturas Osseas, avaliagdo cardiaca e de neo-
plasias de colo de ttero e de prostata [1]. Como sdo constituidos de processos
muitas vezes genéricos, esquemas CAD também podem ser aplicados a diversas
formas de diagndstico por imagem, como na ultrassonografia e na ressonancia
magnética, além da radiologia classica, uma vez que a fonte de todo o procedi-
mento ¢ uma imagem digital.

Também como consequéncia das pesquisas e aplicagdes correlacionadas, a
nomenclatura existente hoje para essa ferramenta sofreu uma espécie de reclas-
sificacdo. Na verdade, Esquerma CAD é a denominagdo genérica de um sistema
computacional de auxilio ao diagnéstico, conforme proposta originalmente no
fim dos anos 1980 [2]. Atualmente, a denominacio se desdobrou em esquemas
CADe e CADx - o primeiro referindo-se aqueles que objetivam exclusivamente
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a detecgdo de estruturas de interesse clinico (como os sistemas aprovados para
uso clinico comercial pelo FDA, nos EUA, em 1998 [2,3]) e o segundo corres-
pondente aos sistemas que avan¢am na analise das estruturas detectadas de
modo a atingir também a etapa de classificagdo, auxiliando assim na interpreta-
¢do dos eventuais achados([4].

Atualmente, hd esquemas comerciais disseminados em diversos paises
(EUA, Canada, Alemanha, Fran¢a, Gra-Bretanha, Holanda, Bélgica) sendo
utilizados em hospitais ou grandes centros radioldgicos [5], muito embora ex-
clusivamente voltados apenas a detecgdo de estruturas suspeitas, isto é, sem
proporcionar informagoes que possibilitem ao médico ampliar seu poder inter-
pretativo de cada caso. No Brasil, porém, desconhece-se a utilizagdo de sistemas
como esse pelos profissionais da radiologia de maneira geral, ainda que o par-
que de equipamentos esteja sendo rapidamente modificado, com a substituigao
dos equipamentos de aquisiao das imagens através de filmes radiograficos por
sistemas digitais (CR e DR)". Certamente, um dos principais motivos esta asso-
ciado ao alto custo desses esquemas em nivel comercial, o que reduz drastica-
mente sua atratividade - ainda mais considerando-se a intrinseca alta taxa de
falsos positivos que se verifica no seu uso [1,6]. O que se observa, entéo, é que
os poucos centros clinicos que eventualmente aplicam algum tipo de esquema
CAD no Pais apenas o fazem como recurso de pesquisa cientifica.

O diagrama esquematico da fig. 1 ilustra as diferengas que geraram essas
derivagdes de nomenclatura do esquema CAD classico.

1 CR, de computed radiography, correspondendo a sistemas em que a imagem ¢ registrada
numa IP (imagingplate) - que, essencialmente, armazena cargas em fungdo da interagao
com os fotons — descarregada apds varredura laser e captura da luz emitida por fotomultipli-
cadoras e um sistema de digitalizagao para registrar a imagem a ser armazenada e analisada
em monitores radioldgicos; DR, de direct radiography, correspondendo a sistemas de aquisi-
¢do direta dos ftons de raios X durante a exposi¢io e consequente transforma¢io em sinal
digital na mesma placa de aquisi¢do para envio a um computador onde a imagem pode ser
armazenada e reconstruida (em mamografia, também sao conhecidos como sistemas FFDM
— de Full field digital mammography).
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Figura 1: Fluxograma genérico de um esquema CAD, com suas derivagoes (CADe e CADx) [4]

Assim, um esquema CADx - que retrata a configuragao mais completa des-
sa ferramenta computacional de auxilio ao diagndstico - geralmente pode ser
organizado numa sequéncia de etapas: aquisi¢do da imagem (se ndo em formato
digital direto, através da digitalizagdo de um filme radiografico), pré-proces-
samento, segmentacdo, detecgdo, extragdo de atributos e classificagdo [7]. Em
linhas gerais, o pré-processamento objetiva principalmente reduzir o ruido da
imagem e melhorar seu contraste. Na segmentacdo, inicialmente ocorre a sepa-
ragdo entre o fundo da imagem e o objeto de interesse, enquanto na detecgao,
técnicas de processamento de imagens procuram identificar as regioes suspeitas
de acordo com critérios clinicos. Nas etapas seguintes extraem-se determinados
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atributos desses achados com a finalidade de proporcionar uma classificagao e o
diagndstico relativo aquelas regides.

CAD em mamografia

Desde que um esquema CAD comercial voltado a mamografia foi aprovado
pelo FDA, em 1998 [3], cerca de 1500 sistemas do tipo ja foram de algum modo
desenvolvidos e utilizados para auxilio na detecgdo do cancer de mama, servin-
do como uma segunda opiniao ao médico radiologista. De acordo com Nishika-
wa [4], cinco companhias comerciais estdo desenvolvendo esquemas CAD para
uso na mamografia, sendo que aproximadamente 50% de todas as mamografias
realizadas nos Estados Unidos atualmente sao submetidas ao auxilio de um es-
quema CADe - o que ¢ incentivado pelo fato de que, por lei aprovada em 2001
no congresso norte-americano [8], todo centro radioldgico que comprovar uso
de CAD nos procedimentos de exames mamograficos recebe um montante a
mais de reembolso por exame.

Os principais esquemas CAD comerciais hoje sdo o ImageCheckerO, pionei-
ro na area, origindrio de empresa chamada R2 Technologies — hoje comerciali-
zado pela HologicO e um dos mais difundidos e, consequentemente, avaliados
pela literatura médica -, além de CADVisionQ, VuCompO, iCADO, Imagediag-
nosticO, M-VisionO e alguns desenvolvedores japoneses. Em todos os casos, a
alma do sistema é um software que faz uma varredura da imagem digital, des-
tacando qualquer anormalidade que fuja do “padrao”, como assimetrias, micro-
calcificagdes e/ou massas suspeitas.

Assim, numa primeira etapa, todas as regioes diferentes de uma estrutura
normal sdo demarcadas. A seguir, muitas dessas regides perdem suas demarca-
¢des porque a maioria dos sistemas tem limite de nimero maximo permitido e
possivel por imagem. Por fim, os sinais demarcados sao mostrados num moni-
tor e/ou impressos. Os esquemas CAD disponiveis no mercado procuram dife-
renciar microcalcificacdes e massas densas de tecidos, destacando os achados
separadamente. O CADVisionO e 0 iCADO possibilitam nio apenas o destaque,
mas também a demarcag¢do do tamanho da area suspeita através de quadrados e
elipses com tamanhos variaveis [6, 9].
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Os detalhes matematicos dos diferentes tipos de algoritmos existentes nos
varios sistemas sdo sempre extremamente confidenciais, nio sendo possivel
ao usudrio alterd-los. Curiosamente, o tinico sistema que possui um pequeno
guia mostrando os algoritmos usados é o ImageCheckerQ, que proporciona,
sem detalhamento, uma ideia de como o sistema funciona [6]. Entretanto,
como a maioria dos algoritmos utilizados para processamento de imagens re-
quer um conjunto de parametros, frequentemente isso se torna um problema
quando, por alguma razao, ha mudangas no processo de aquisi¢do da imagem,
que levem a necessidade de alteragdo de algum dos parametros do processa-
mento. Essa é uma das principais razoes para ndo se obter o mesmo desem-
penho de um sistema computacional com diferentes tipos de imagens [10,11],
ou mesmo redugio na performance em fun¢do de uma alteragdo da rotina de
aquisi¢do da imagem digital.

Na mamografia, em particular, em que tem proliferado no Brasil nos ul-
timos anos a utiliza¢do de sistemas CR na aquisi¢ao das imagens, a falta de
uma melhor padronizacdo dessa imagem - alvo da anilise das ferramentas
computacionais de um esquema CAD - dificulta a aplica¢do das técnicas. Com
frequéncia, o que ocorre é que a etapa de detecgdo e segmentagdo dos sinais
suspeitos acaba, na verdade, atuando apenas na “limpeza” dos ruidos e artefa-
tos introduzidos no processo de aquisiciao da imagem, em vez de fazer o traba-
lho efetivo de buscar aqueles sinais de interesse entre as diferencas de tecidos
inerentes a diferentes pacientes [12]. Assim, ainda que técnicas de pré-proces-
samento sejam implementadas com o intuito de melhorar contraste e reduzir
ruido, sem uma avaliagdo prévia do comportamento do processo de aquisi¢do
daimagem (desde o tubo de raios X até a sua formagao em um arquivo digital),
esse trabalho pode ser inutil [13].

Dai que é necessario verificar como o uso de um esquema CAD (em qual-
quer das versdes, CADe ou CADx) pode influenciar o comportamento médico
do ponto de vista do diagndstico. E, a partir do relato das diferentes experién-
cias nesse contexto, é que se deve direcionar o foco das pesquisas nessa area a
fim de tornar tal ferramenta um auxiliar importante na avaliagdo dos casos em
busca da detecgdo precoce do cancer de mama.
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A influéncia do CAD na atuacao do médico radiologista

Apesar de ser considerado o tipo de exame mais eficiente e bem aceito no
rastreamento do cancer de mama(14], ¢ consideravel ainda a porcentagem de ca-
sos desse tipo de cancer que passam despercebidos: aproximadamente 50% dos
casos de cincer de mama em estagios muito iniciais nao sio detectados pelos
radiologistas nas imagens mamograficas [15] como verificado no Digital Mam-
mographic Imaging Screening Trial (DMIST) [16]. Na Australia, por exemplo, em
que mais de 800 mil mulheres por ano tém as mamas radiografadas, cerca de
30% dos casos de cancer de mama néo sio detectados pela mamografia [17].

Muitas dessas perdas se devem ao fato de que a avaliagio mamografica é
sujeita a variagdes pessoais de interpretacdo, susceptivel a interferéncias de-
correntes de distracdo e de fadiga do examinador e, considerando mais o ras-
treamento mamografico, ha um grande volume de exames a ser analisado num
tempo limitado, o que pode levar a perda de detec¢ao de anormalidades [18]. Por
isso, muitos servigos de diagndstico por imagem utilizam-se da pratica da dupla
leitura, isto é, a reanalise de cada exame por um segundo médico radiologista,
dadas as variagdes de performance do ser humano.

Embora exigida por normas relativas a garantia de qualidade na Europa, a
dupla leitura nem sempre é praticada em outros paises, EUA incluidos, possi-
velmente por exigir disponibilidade de tempo de trabalho nao remunerado por
parte de mais do que um radiologista para a execugdo do trabalho [19]. Além
disso, os beneficios da dupla leitura dependem da forma como a informagéo do
segundo radiologista é obtida e utilizada (se é independente da primeira avalia-
¢do, se o processo final de decisao médica requer consenso entre os dois radio-
logistas para determinar a conduta).

Muito em funcao de aspectos como esses, esquemas CAD foram desenvol-
vidos e propostos para melhorar a interpretagdo na detec¢do mamografica do
cancer de mama na triagem, e, embora planejados inicialmente como auxilio
para reduzir o numero de bidpsias desnecessarias, na pratica se mostraram mais
eficazes na redugao das taxas de falso-negativo na interpretagéo, causadas co-
mumente pela sutileza dos achados radioldgicos e pela arquitetura complexa da
mama [20]. Entre as vantagens de seu emprego, estariam um possivel aumento
na precisio da analise mamografica, ndo interferéncia de fatores subjetivos, e
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ndo necessidade mais do trabalho de um segundo profissional para obtengdo de
uma segunda opinido [21].

Desde sua aprovagao pelo FDA nos EUA em 1998 [3], a utilizagdo da detec-
¢do assistida por computador (CADe) tem-se difundido na pratica clinica da ma-
mografia, embora verifique-se que seu desempenho ¢ muito influenciado pela
quantidade de falsos-positivos indicados [22]. Na verdade, ainda que a quanti-
dade de casos de existéncia de tumores de mama seja alta e crescente entre os
tipos de cancer existentes, é baixa a taxa de casos de malignidade se considerada
a populagdo em geral que se submete anualmente a exames mamograficos (esti-
ma-se que seja de 6 ocorréncias a cada 1000 pacientes submetidas ao rastreamen-
to). E ndo apenas isso afeta a forma e persisténcia no emprego dessa ferramenta
como coadjuvante na detec¢ao de lesdes suspeitas, mas também o padrao tipico
de abordagem do profissional médico em funcdo das praticas de cada servigo
radiolégico. De fato, a pratica clinica tem mostrado, por exemplo, que, enquanto
nos EUA ha uma tendéncia a se enfatizar um potencial sinal de anormalidade -
como, alids, normalmente, também ocorre no Brasil -, na Gra-Bretanha ha mais
zelo pela nao realizagdo de bidpsias que se comprovem desnecessarias[23].

O fato é que estudos que tém sido publicados a respeito do tema em geral
mostram que o uso do CADe - essencialmente o emprego dos esquemas comer-
ciais disponiveis — tendem a aumentar as taxas de reconvocag¢ao das pacientes,
revelando menor especificidade, embora com melhora na questao da sensibili-
dade [18]. Mesmo que as informagdes sobre vantagens do CADe em mamogra-
fia sejam limitadas e muitas vezes contraditérias, tém sido apresentados dados
quanto a uma melhora na sua eficacia em rastreio mamografico, com uma cres-
cente redugao da taxa de perda de casos positivos [15, 24, 25].

Muito, porém, da eficicia que um esquema desse tipo pode apresentar para
auxilio efetivo ao diagndstico em mamografia passa por um conjunto de fatores
[26], como a formagao do médico radiologista, sua experiéncia prévia e nimero
de casos ja detectados por ele, a experiéncia que ele tem com o uso do CAD
[27], a versdo e a interatividade do software usado e quanto foram feitas andlises
comparativas dos exames com e sem o uso do CAD sem que se soubesse o re-
sultado do primeiro. Além, é claro, da qualidade da imagem a ser analisada [12].

Pelo fato de esquemas CADe voltados a mamografia fazerem parte da pra-
tica clinica em diversos centros radiolégicos pelo mundo, pode-se avaliar sua
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interagao com os radiologistas com varios diferentes enfoques. E alguns desa-
fios se colocam. Por exemplo, os casos de mamas densas, que comprovadamen-
te apresentam maior dificuldade na detecgdo diagnostica por conta de muitas
superposi¢oes de estruturas similares [28] e baixo contraste. Nesses casos, é
possivel verificar-se uma redugdo de até quase 10% no desempenho do esque-
ma computacional quando confrontado com imagens extraidas de regides ra-
diograficamente mais densas (categoria 4 do BI-RADS"®), em comparagdo com
outras de regides menos densas [29,30]. Por isso, técnicas de processamento de
imagens tipicas de esquemas CAD também tém sido aplicadas a imagens de res-
sondncia magnética de mama, em procedimentos do tipo “realce dinamico de
contraste”(DCE-MRI, na literatura em inglés). Nesses casos, a ressonancia tem
sido utilizada como coadjuvante as técnicas de aquisi¢do de imagem por raios X
ou ultrassom, em particular, para auxiliar na avaliagdo desses casos de mamas
densas, em cujas imagens aplicam-se técnicas, por exemplo, que fornecem es-
timativas quantitativas mais precisas da quantidade de tecido fibroglandular a
partir de analise volumétrica [31]. Ou ainda, a partir de medidas de variagdes de
simetria das mamas e parametros cinéticos do processo de DCE-MRI, indicam
se uma lesdo ¢ ou nao candidata a suspeita de malignidade [32]. Entretanto, é
forgoso reconhecer que exames complementares como esse tém um custo signi-
ficativamente maior e, mesmo associados a um esquema CADe/CADx, s6 sdo
indicados a casos particulares, em que a alta densidade da mama pode ser um
fator preocupante por alguma razio.

Mesmo assim, a literatura [4,33-36] tem apresentado um conjunto expres-
sivo de trabalhos tendendo favoravelmente & atua¢io do CAD como auxiliar
diagnostico na detecgdo de cancer de mama, sobretudo em casos iniciais e na
detecgdo de microcalcificagdes em mamografias digitais provenientes de sis-
temas DR Por isso, era de se esperar que o uso do CAD fosse ampliado a
diferentes populagdes, objetivando melhores resultados na detec¢io e criando
a possibilidade da realiza¢do de mais testes para averiguar e aperfeigoar sua
especificidade.

No entanto, como previamente mencionado, isso nao é uma realidade, par-

ticularmente no Brasil: como os esquemas CAD para mamografia comercial-

2 Essencialmente sistemas mamogréficos do tipo FFDM (Full Field Digital Mammography).
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mente disponiveis sdo de alto custo, costumam apresentar taxas consideraveis
de falsos positivos a despeito de sua alta sensibilidade, e nao proporcionam um
aprimoramento do conjunto de informagdes necessarias aos médicos radiolo-
gistas, sua difusdo na pratica clinica por aqui é praticamente inexistente (restrita
a alguns trabalhos de pesquisa cientifica, como previamente mencionado). E
isso, apesar de a maioria desses radiologistas ter conhecimento razoavel tanto
da existéncia como do funcionamento desse tipo de recurso.

Por que nao o CADx?

Apesar da “compensagao” financeira que ¢ regra hd mais de dez anos nos
EUA para servigos radioldgicos que comprovem o emprego de um esquema
CAD na avaliagdo dos exames que realiza®, observa-se uma redu¢do no niimero
de trabalhos que reportam busca de melhoria nos algoritmos nos ultimos anos
[22], pois o foco de empresas que comercializam esquemas CAD mudou do de-
senvolvimento bésico para vendas, marketing, e novas aplicagdes, como MRI
e tomossintese. Debates em congressos cientificos sobre o tema, confrontando
diferentes setores como pesquisa cientifica, médicos e empresas tém mostrado
aspectos que podem proporcionar uma significativa mudanga de rumos na for-
ma como essa ferramenta tem sido desenvolvida e, principalmente, aplicada na
pratica clinica da mamografia. Algumas dessas observagdes:

» amaioria dos radiologistas que utilizam essa tecnologia (CADe) perce-

be que ainda hd necessidade de muitas melhorias, pois, embora satis-
feitos na média com a performance do esquema para detec¢do de mi-
crocalcificacbes, tém muito menos confianga para detec¢do de massas
(principal sinal de cancer invasivo); ou seja, esta evidente a necessidade
de melhoria nos algoritmos de detec¢ao de massas, o que, por outro
lado, é um expressivo desafio no caso mais critico - e no qual o auxilio
do CADe deveria ser decisivo - as imagens de mamas densas;

3 Em dez/2000 foi aprovada no Congresso uma emenda ao Social Security Act pela qual os
exames mamograficos efetuados com comprovacdo de uso da tecnologia CAD passaram a
ser reembolsados com um valor maior do que o exame convencional. Em 2005, a taxa média
de reembolso pelo uso do CAD em mamografia estava em torno de US$ 20 por exame [8].
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« os falsos positivos: ha muita reclamagao a respeito, pois o achado falso
positivo cria sempre algum grau de confusdo no radiologista e torna a
analise visual mais demorada; mas o pior em relagdo a isso é que, por
observar muitas marcagdes irrelevantes do esquema em regides que,
para ele, sdo obviamente normais, o radiologista tende a perder a con-
fianca na ferramenta e, por conseguinte, deixa de utiliza-la;

o de fato, dados recentemente apresentados em sessdo especifica na area
(Re-thinking CAD for the next generation, por Eliot L. Siegel) no recente
simpoésio do SPIE Medical Imaging (San Diego, CA, USA, fev/2014),
comprovam essas conclusdes: pesquisas com conjuntos de médicos
sobre sua confianga nesse tipo de esquema mostraram que apenas 2%
acreditam no CADe, 49% talvez e outros 49%, ndo;

« curiosamente, radiologistas experientes parecem ser mais positivos
quanto ao CADe do que os inexperientes, 0 que nossas pesquisas ja pos-
sibilitaram comprovar [37]; a razdo disso provavelmente é uma maior
tolerancia desse grupo de radiologistas aos falsos positivos porque fa-
cilmente os desconsideram, e eventuais lapsos de percep¢io podem
ser evitados com a ajuda do esquema computacional, principalmente
quando a dupla leitura ndo é possivel por algum motivo; no entanto,
radiologistas em aprendizado ou menos experientes tém maior dificul-
dade em desconsiderar um eventual achado falso positivo, implicando
uma perda maior de tempo na interpretacdo das regides demarcadas.

Disso decorre uma questdo importante: o fato de que 0 CADe pode confundir

0 “leitor” revela — um fato bem reconhecido, alids — que radiologistas tém difi-
culdade em interpretar as regides mamograficas para tomar as decisoes corretas.

Em programas de rastreamento, deve-se decidir se uma mulher deve ser

chamada novamente ou ndo para analise mais detalhada do caso. Idealmen-
te, deveria haver uma linha nitida entre regides mamograficas suspeitas — que
requerem uma investigacdo adicional - e outros achados mamograficos. Esse
modelo simples de rastreamento de cancer de mama ¢é frequentemente defendi-
do pelos “experts” e, assim, forma a base da atual tecnologia de CAD. Ou seja,
usudrios dos programas de CAD comerciais sdo instruidos a usar a tecnologia
como um “verificador” para evitar descuidos, mas fortemente desencorajados a
usa-la como auxiliar da interpretagéo [22].
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Como a realidade ¢, no entanto, mais complexa, radiologistas frequente-
mente acham dificil decidir se um achado anormal sutil é suspeito o suficiente
para justificar um retorno da paciente. Além disso, estudos de percep¢do su-
gerem que a grande maioria dos erros parece ser devida a uma capacidade in-
suficiente do examinador em interpretar as regides suspeitas ja detectadas. O
pessoal que comercializa os produtos das empresas que produzem CAD tem
aumentado a confusdo, pois divulga mensagens conflitantes em relacido ao ob-
jetivo de seus produtos: enquanto, de um lado, recomenda-se que o usuario nao
mude suas decisoes baseado no CAD, de outro, porém, muitos sistemas sao lan-
¢ados com marcadores de tamanho varidvel, que indicam, na verdade, maior ou
menor confianca do proprio CAD quanto a presenca do cancer [22].

Nesse ponto, entra em pauta um aspecto importante dessas consideragdes: a
questdo da interpretagao — ou, em termos mais “computacionais”, a classificagdo
dos eventuais achados. Isso leva ao que, na atual literatura do tema, estd sendo
chamado de esquema CADx - que retorna a nomenclatura original dessa abre-
viatura (computer-aided diagnosis). A versao mais completa, assim, envolve nao
apenas o apontamento de sinais suspeitos, mas vai além, buscando estabelecer
um parametro de categorizagdo desses achados [10, 12, 13, 37].

Do ponto de vista pratico, porém, fica a dicotomia: é altamente provavel que
muitos radiologistas fora do Brasil realmente usem esquemas CADe (projetados
exclusivamente para detec¢do) como uma ajuda para interpretagao quando se
familiarizam mais com a técnica. Ainda assim, e agora falando em termos de
nossa experiéncia com alguns radiologistas no Brasil - que ndo utilizam essa
tecnologia no seu trabalho didrio -, percebe-se haver uma mescla entre a von-
tade de que o sistema apresente um conjunto grande de informagdes e a de que
ele se volte exclusivamente a uma marcagdo simples de um achado (como um
auxiliar de detecgdo apenas). Definitivamente, radiologistas mais experientes
tém uma tendéncia a aceitar bem a “participacdo” de um esquema desse tipo
coadjuvando sua avaliagdo. Principalmente se o0 modelo é feito realmente para
funcionar como coadjuvante, o que implica que informes 6bvios sdo dispensa-
veis, mas dados quantitativos a respeito de densidade e eventuais achados (como
a probabilidade de pertinéncia a uma dada classe) sao considerados uteis.

Tanto é que, em geral, os usuarios de esquemas CADe comerciais na Europa
e nos EUA atuam melhor quando se trata de um algoritmo interativo - isto ¢é,
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que mostra na tela, por exemplo, apenas as regides detectadas que coincidem
com indicagdes suspeitas do radiologista — do que um que faga apenas marcas
na imagem. Em outras palavras, o que trabalhos mais recentes tém demonstra-
do é que fica cada vez mais evidente que esse tipo de esquema pode efetivamente
ser util ao radiologista (e, portanto, melhor utilizado por ele) se for um auxiliar
a sua interpretacio do caso, em vez de simplesmente um detector de sinais (e
muitas vezes, falsos, como se comentou aqui).

Com base nisso é que nossa equipe de pesquisas tem focado o desenvolvi-
mento de um protdtipo de esquema CADx [38], e cujo modelo tem sido avaliado
com a participagdo de radiologistas experientes. Longe de ser um sistema com-
putacional automatico de diagndstico da mamografia, pretende-se um sistema
complementar de informagdes para o laudo. Baseado num conjunto de médu-
los que leva em consideragdo a necessidade de “padronizagao” da qualidade da
imagem a ser processada, por meio da introdugao de técnicas de pré-processa-
mento baseadas nas caracteristicas de qualidade do processo de aquisi¢ao da
imagem mamografica (incluidos ai aspectos do ruido identificado na exposigdo
radiografica e a curva caracteristica do sistema responsavel por gerar a imagem
digital), tem a finalidade de, uma vez detectada uma estrutura de interesse cli-
nico, apresentar os dados mais relevantes a respeito dela com base nos princi-
pais aspectos utilizados pelo radiologista para a interpretacdo e o diagnostico
mamografico (13, 38].

Deve-se reconhecer que a informagao do CADx sempre deve ser pondera-
da adequadamente, algo que o examinador s aprende a partir da experiéncia
na sua utilizagdo. Esse potencial do CADx tem sido demonstrado combinando
achados de radiologistas independentemente com as marcas do esquema, cujo
beneficio é comparavel ao efeito da dupla leitura. Isso se reflete também na pos-
sibilidade de apenas apontar dreas coincidentes entre o que o sistema computa-
cional detectou e aquilo que ¢ suspeito na andlise do radiologista, diminuindo
o niimero de marcagdes irrelevantes na resposta, e aproximando mais a técnica
do procedimento corriqueiro de andlise dos radiologistas.

No protétipo de esquema CADx aqui considerado, alids, um dos grandes
entraves para sua utilizacdo pratica, do ponto de vista financeiro, foi soluciona-
do, qual seja a necessidade de utilizagdo de digitalizadores de alto custo para a
varredura da imagem analdgica e sua transformagao em digital, para o caso de
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avaliagdo de imagens registradas em filme mamografico [39]. Ainda que, como
ja mencionado antes, o parque de equipamentos de mamografia no Pais este-
ja mudando rapidamente, com a substitui¢do do registro da imagem em filme
mamografico revelado pelo método tradicional (quimico) por sistemas digitais,
deve-se vislumbrar uma outra pratica muito comum nesse contexto: a utilizagdo
de IPs “descarregados” nas leitoras a laser de sistemas CR, mas com laudo sendo
dado de forma convencional, isto é, leitura de uma pelicula (impressa nas impres-
soras laser associadas aos CR) analisada em negatoscdpio, em vez da leitura em
monitores de video apropriados de alta resolugdo (que, por sua vez, sdo também
bastante caros, podendo o par atingir precos variando entre metade a 2/3 do cus-
to instalado de um sistema CR atual para mamografia). Isso significa que para
a obtengdo da imagem em formato digital a partir da digitalizagdo da pelicula
também continua valida a metodologia [39] considerada no contexto acima.

Testes recentes quanto ao emprego desse prototipo na pratica clinica tém
produzido interessantes resultados a ponto de mostrar quanto o esquema pode
influenciar positivamente na decisio médica. Dados recentes [37] mostraram
que, numa avaliagdo da caracterizagdo de nédulos detectados em um conjunto
de imagens mamograficas selecionadas a partir de nossa base de dados [40], a
utilizacdo das informagdes proporcionadas pelo moédulo classificador do esque-
ma produziu um aumento bastante sensivel no grau de concordancia entre os ra-
diologistas colaboradores e a referéncia: foi registrado um aumento médio nessa
taxa de concordéncia da ordem de 22% para os casos benignos e de 19% para os
malignos. Isso demonstra a capacidade do esquema CADx considerado em real-
mente auxiliar o diagnéstico de achados nodulares, por conta de, diferentemente
da maioria dos esquemas voltados a detec¢do, possibilitar uma avaliagdo inter-
pretativa mais detalhada, caracterizando o achado, o que significa possibilitar
um indicativo mais aprimorado para analise por biopsia para os casos em que o
grau de pertinéncia para uma suspeita de malignidade for mais alto.

Em complemento aos dados descritos no paragrafo anterior, avaliagao pos-
terior, utilizando outro conjunto de imagens - da base de dados DDSM [41]
- referenda de forma mais categdrica as observagdes acima: utilizando 147 ca-
sos com presenga de nddulos nas imagens mamograficas, sendo 78 malignos
e 69 benignos, conforme comprovados pelos dados da base, foram registrados
os resultados da avaliagdo médica isoladamente, do processamento do CADx
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e, em seguida, da nova avaliagao médica (final) apos tomar conhecimento do
resultado do esquema computacional. Esses testes revelaram uma sensibilidade
de 97,4% (na interpretagdo correta dos casos malignos apds conhecimento dos
resultados do CADx) que, por sua vez, representou um aumento de 5,5% na taxa
de sensibilidade do radiologista, considerando sua primeira avaliagdo isolada.
E, além disso, também mostraram uma melhoria na especificidade (em relagdo
a primeira interpretagdo) de 18,2%, com uma consequente redugio na taxa de
falsos positivos da ordem de 32% (de 36,3% na primeira avalia¢do para 24,6%,
apds conhecimento da informagdo do CADx). Esses dados sdo bastante interes-
santes, pois indicam claramente que, uma vez familiarizado com o processo de
avaliagdo do esquema computacional, o radiologista tem condi¢des de usa-lo
como ferramenta efetiva de auxilio para dirimir duvidas na interpretagio do
achado e, com isso, melhorar a precisao diagnostica.

Conclusao

No que se refere ao aspecto de utilizagdo do esquema, uma questao polémi-
ca fica ainda em aberto, embora em debate em congressos da drea, e se refere ao
rastreamento do cancer de mama. A inversdo de aplicacdo dos esquemas CAD
- de um coadjuvante auxiliar na detec¢do ou no diagnostico durante a avaliagao
da imagem, para um método de triagem - pode ser um caminho alternativo
interessante, em termos de Brasil, particularmente para hospitais de grande vo-
lume de exames didrios. O tema, porém, é polémico; na verdade, porque muda
a propria concepgdo inicial desse tipo de metodologia, que se propds desde os
primeiros desenvolvimentos a ser um auxiliar a avaliagdo médica. Entretanto,
considerando outras utilizagdes que, conforme ji debatido anteriormente, os
esquemas CAD tém tido mundo afora (auxiliando a interpretagdo e a reconvo-
cacdo de pacientes em programas de rastreamento, por exemplo), é de se imagi-
nar a possibilidade de um sistema de triagem que auxilie o radiologista a se de-
brugar sobre os casos que efetivamente requerem uma analise mais minuciosa.

Testes com o prototipo de um esquema CADx desenvolvido em nosso gru-
po [39], alguns dos quais comentados na se¢do anterior, mostram dois aspectos
de importancia nesse contexto: (1) taxas de sensibilidade e especificidade com-
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pativeis com o que ocorre na pratica clinica podem levar a uma revisao do em-
prego desse modelo como ferramenta auxiliar no diagnostico de mamografias;
e (2) sem duavida, esse auxilio é efetivo se considerado o emprego do modelo
interpretativo de um esquema CAD (ou seja, o chamado CADx), que propor-
ciona informagoes relevantes ao radiologista, as quais podem ou néo ser por
ele descartadas, mas que, comprovadamente, tém alto potencial de influenciar
positivamente a precisao da avaliagdo diagndstica final.

H4, porém, um campo amplo aberto para a pesquisa nesse tipo de ferra-
menta no futuro. E necessario ainda pensar também nos diversos novos desen-
volvimentos dessa tecnologia como chave para melhorar e disseminar o uso do
esquema CAD. Em particular, focar na informagao quantitativa como resposta
do CAD para funcionar como um melhor previsor de existéncia ou nao de can-
cer, pois isso é o que pode torna-lo mais poderoso para ajuda na interpretagao.
Outro aspecto também que merece considerac¢do é o estabelecimento de uma
andlise temporal do caso, ou seja, a comparagdo entre mamografias obtidas em
épocas diferentes da mesma paciente. O uso de esquemas computacionais de
recuperagdo de imagens por contetido, implantagdo de esquemas com maior
facilidade de interacdo e de compreensdo pelos usuarios médicos, introdugdo
de recursos relativos a uma maior aproximag¢do com o método de avaliagdao do
sistema visual humano, provisao para padronizagdo da imagem a ser processa-
da a partir das informagdes relativas ao procedimento de aquisi¢do da imagem
mamografica digital, redugdo dos custos associados ao equipamento necessario
ao processo, além de novos desenvolvimentos em termos de técnicas de proces-
samento de imagens, sdo alguns dos aspectos que devem ser alvo da atengdo de
pesquisadores dessa drea desde ja.

E preciso, portanto, que o desenvolvimento desses aspectos na linha de
pesquisa em CAD permitam uma efetiva utilizacdo da tecnologia na pratica
da avaliagdo da imagem mamografica no Brasil, assim como possibilite um
melhor nivel de eficiéncia na interpretacdo de imagens em que mais os radio-
logistas precisam desse tipo de ajuda, como os cada vez mais numerosos casos
de mamas densas.
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Introducao

A 6ptica biomédica é a drea do conhecimento que explora luz em processos
terapéuticos e diagndsticos nas areas da Saude. Uma longa histéria descreve a
uso de luz como ferramenta na area médica e odontoldgica. Um marco deste
percurso foi o desenvolvimento do microscopio composto, por Hans e Zacharias
Janssen (1590). Galileo Galilei (1624) e Antonie van Leeuwenhek (1674) também
apresentaram importantes contribui¢des para o aperfeicoamento do microsco-
pio éptico. Quase dois séculos depois, em 1850, Hermann Ludwig F. Von Hel-
moltz prop6s a construgio do oftalmoscdpio para geragao de imagens in vivo de
retina. Outra importante contribuicao para a dptica biomédica foi dada por G.
Kirchhoff e RW. Bunsen, que em 1859 mostraram que é possivel avaliar quan-
titativamente componentes de uma amostra, pela andlise da radiagdo emitida
com aquecimento da mesma. Deste resultado, Henrik Lundegardh, em 1929,
desenvolve o primeiro fotometro de chama, usado para medir concentragio de
sais metdlicos em fluidos bioldgicos. Em 1960, com a construgao do primeiro
LASER (Light Amplification by Stimulated Emission of Radiation- Amplificagao
da Luz por Emissado Estimulada da Radia¢io) por Theodore H. Maiman, no-
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vas técnicas espectroscopicas de diagndstico e terapéuticas foram desenvolvidas
e aperfeicoadas. Técnicas como microscopia confocal, microscopia ndo-linear,
tomografia por coeréncia dptica, microscopia e espectroscopia Raman, pingas
opticas, biospeckle, microscopia holografica, etc, surgiram no século 20. Hoje,
técnicas opticas como turbidimetria, nefelometria, imunoensaios (reagdes an-
tigeno-anticorpo indicadas por colorimetria ou fluorescéncia) e citometria de
fluxo sdo comumente encontradas em laboratérios de analises clinicas.

O mercado mundial de equipamentos e insumos para diagnostico médico é
superior a 37 bilhdes de ddlares/ano. Esse niimero cresce quando a area de tera-
péutica é observada. Lasers cirurgicos (para dermatologia, oftalmologia, odontolo-
gia), instrumentos e insumos para terapia fotodinamica, microscopios cirtrgicos,
fontes UV para tratamento de psoriase e hiperbilirrubinemia, lasers e LEDs (Light
Emitter Diode - Diodo Emissor de Luz) para bioestimulagao 6ptica de tecidos bio-
légicos movimentam mais de 8 bilhdes de délares/ano no mercado mundial.

Inovagoes tecnoldgicas em Optica biomédica podem ser encontradas em
diversas revistas cientificas como Journal of Biomedical Optics, Optics Express
e Biomedical Optics Express, Lasers in Surgery and Medicine, Lasers in Medi-
cal Science, Photomedicine and Laser Surgery, Photodiagnosis & Photodynamic
Therapy, etc. Conferencias internacionais também divulgam novos avangos na
area e congregam pesquisadores de diversos paises, como: European Conferen-
ces on Biomedical Optics (ECBO), Biomedical Optics Conference (BIOS - SPIE),
Biomedical Optics (BIOMED), World Association for Laser Therapy (WALT) e
American Association for Lasers in Medicine and Surgery (AALMS).

No Brasil, um dos pioneiros da pesquisa cientifica na area foi o prof. Dr.
Jorge Humberto Nicola, na UNICAMP, com trabalhos de lasers aplicados & me-
dicina em cirurgia e terapia fotodinimica em meados da década de 80. Hoje,
varias institui¢coes apresentam de forma consolidada atividades de pesquisa em
oOptica biomédica, como IPEN, UFABC, UFEMG, UFPE, UNICAMP, UNICAS-
TELO, UNINOVE, UNIVAP, USP Sio Carlos, entre outras.

Em 2002, maior aten¢do é dada a area de 6ptica biomédica no Congresso
Brasileiro de Engenharia Biomédica. No CBEB VIII foi criada a segdo de “Laser
Aplicado a Medicina” coordenada pelo prof. Dr. Renato Amaro Zangaro. Duran-
te varios encontros da Sociedade Brasileira de Engenharia Biomédica as se¢oes
de “Laser Aplicado a Medicina” abordaram principalmente temas relacionados
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a terapia a laser com baixa poténcia (bioestimulagao). Em 2010, a secao de Laser
Aplicado & Medicina passou a se chamar “Optica Biomédica” no intuito de me-
lhor identificar e agregar os pesquisadores da area, além de ampliar o numero de
trabalhos submetidos incorporando as técnicas de diagnéstico dptico.

Diferentes linhas de pesquisa na drea de optica biomédica tem recebido
crescente atencdo da comunidade cientifica brasileira, como o desenvolvimento
de fontes de luz para terapia e diagnostico, técnicas avancadas de microscopia,
espectroscopia clinica e biomédica, imagem por dptica difusa, métodos acus-
tico-Opticos, tomografia por coeréncia dptica, nanobiofotonica, biossensores
opticos, que serdo comentadas neste capitulo.

Terapia 6ptica

Terapia Optica, terapia com luz ou fototerapia, é um dos métodos terapéu-
ticos mais antigos usado pelo homem. Historiadores reportam que civilizagoes
antigas, como a egipcia, a grega e a asteca, conheciam os beneficios da exposigdo
corporal a luz solar. Os egipcios usavam luz e extratos de plantas para tratar
desordens da pele, e na Grécia, Herodoto observou que a exposicao a luz solar
poderia fortalecer os 0ssos. No entanto, a agdo da luz nos tecidos animais e hu-
manos foi pouco explorada até 1903, ano em que Niels Finsen ganhou o prémio
Nobel em Fisiologia e Medicina pelo tratamento de lipus vulgaris (tuberculose
cutinea) com luz do ultravioleta proximo ao azul [1].

Outro fato que revolucionou a fototerapia foi o desenvolvimento do laser.
Apos o primeiro relato da radiagdo laser, diversas aplicagdes na area da saude
passaram a ser estudadas em todo o mundo. Particularmente no Brasil, apenas
nas duas tltimas décadas a fototerapia assumiu um papel de destaque tanto na
aplicacdo clinica como na abordagem cientifica deste tema.

De fato, a comunidade cientifica possui um grande interesse nos efeitos bio-
médicos da radiacio laser devido as suas propriedades de coeréncia, colimagédo
e monocromaticidade. Para fazer funcionar um laser, trés condi¢oes fundamen-
tais devem ser satisfeitas: em primeiro lugar é necessario dispor de um meio
ativo, ou seja, de uma cole¢do de dtomos, moléculas ou ions que sejam capazes
de emitir radiagdo quando estimulados; em segundo lugar, deve ser satisfeita

57



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

uma condi¢do conhecida como inversdo de populagio, que é gerada por um
processo de excitagdo denominado bombeamento, transformando o meio ativo
em amplificador da radiagao; finalmente, é indispensavel dispor de uma reagdo
Optica para que o sistema composto por tal reagdo e pelo meio ativo seja a sede
de uma oscilacio laser (cavidade ressonante).

O desenvolvimento de uma grande variedade de equipamentos e a possibi-
lidade de ajuste de diversos parametros fisicos ampliou as areas de investigagdo
e estabeleceu o laser como primeira ferramenta de escolha para algumas aplica-
¢Oes na area da Saude. Atualmente estdo disponiveis equipamentos de laser de
estado sélido, de corante e a gas, com emissao de radiagao do ultravioleta (UV)
ao infravermelho distante, como no caso do laser de CO,. Além disso, equipa-
mentos lasers de semicondutores (lasers de diodo) e outras fontes de luz, como
o LED, também foram desenvolvidos, impulsionando o avanco tecnoldgico na
area de terapia Optica.

Atualmente, a fototerapia é amplamente empregada nas diversas dreas da
Saude. Sua utilizagao baseia-se nos fendmenos que ocorrem quando a luz inci-
de no tecido (i.e. reflexdo, absor¢ao, espalhamento e transmissdo) e no tipo de
interacdo resultante, como a fototérmica, a fotoquimica e a fotoablagio. O tipo
de fendmeno que ocorre durante a interacdo depende das caracteristicas micro
e macroestruturais da matéria e do comprimento de onda da fonte de luz utili-
zada. Contudo, a maioria dos efeitos da fototerapia é dependente da absor¢do da
radiagao pelas substancias encontradas no tecido biologico.

De acordo com o tipo de equipamento e de interagdo luz-tecido, podemos
dividir as aplicagdes clinicas da fototerapia em duas grandes dareas: a terapia
com lasers de alta poténcia, que emitem alta irradidncia e promovem efeitos
bioldgicos pela interagdo térmica ou pela abla¢ao dos tecidos alvos, e a terapia
com lasers de baixa poténcia emitindo com baixa irradiancia, que é caracte-
rizada pela transformacdo da energia luminosa em energia quimica e desen-
cadeia uma cascata de eventos bioldgicos em nivel molecular, até a resposta
clinica macroscopica.

Na Satde, as aplicagdes do laser mais estudadas sao aquelas determinadas
pelos efeitos térmicos (quando a energia absorvida se transforma subsequente-
mente em calor), devido a possibilidade de emissao de altas poténcias focaliza-
das em pequenas dreas para coagular, vaporizar, derreter ou ablacionar tecidos
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bioldgicos. Em cirurgia, por exemplo, a radiagdo laser é aplicada com uma ir-
radiancia de algumas dezenas de watts por centimetro quadrado, equivalen-
do a um “bisturi a luz”, permitindo operag¢des seguras, com menor ocorréncia
de sangramento e boas condigoes de esterilidade. A intensa agdo térmica dada
pela radiagdo laser também auxilia a destruir tumores em oncologia, bem como
pode ser utilizada na odontologia para remogao de caries.

Estes efeitos sdo dependentes da temperatura alcangada no tecido e estao
diretamente relacionados com os pardmetros de irradiagao utilizados (compri-
mento de onda, emissao pulsada ou continua, duragao do pulso, taxa de repe-
tigdo, densidade de poténcia, densidade de energia, tempo de exposigdo) e as
caracteristicas do tecido irradiado (propriedades 6pticas e térmicas). Neste tipo
de interagdo, é necessario identificar as substancias absorvedoras do tecido e
eleger o comprimento de onda que seja absorvido por estes componentes.

Além disso, o sucesso da fototerapia baseada na interacéo térmica depende
de alcangar a temperatura desejada no tecido alvo, bem como evitar o dano
térmico aos tecidos adjacentes. Desta forma, é necessario que o aquecimento
ocorra até a temperatura almejada e que seja confinado as estruturas alvo. Este
confinamento térmico também depende da escolha dos pardmetros adequados
as caracteristicas do tecido a ser tratado [2].

As substéncias presentes no tecido possuem caracteristicas de absor¢ao que
determinario o tipo de radiagdo que sera empregada. Dentre os lasers de alta
poténcia mais utilizados nas dreas da Satde, o laser de CO, (laser a gas, | = 10600
nm) é bem absorvido pela agua e por isso é muito aplicado em cirurgia de teci-
dos moles, como a pele e mucosa. Por outro lado, o laser de argonio (laser a gas,
|1 =488 nm el = 514 nm) é mais absorvido pela hemoglobina e melanina e, por
isso, ¢ indicado para o tratamento de lesoes vasculares e lesdes pigmentadas. O
laser de Nd:YAG (laser de estado sélido, 1 = 1064 nm) também pode ser utili-
zado em tecido mole, apesar de ser menos absorvido pela 4gua, hemoglobina e
melanina. Outra indica¢do deste laser é para a remogao de pelos e tatuagens. O
laser KTP (laser de estado sélido, 1 = 532 nm) também é bem absorvido pela he-
moglobina e melanina e possui indica¢ao semelhante a do laser de argdnio. Os
comprimentos de onda dos lasers de Er:-YAG e Ho:YLF (A = 2940 nm e A = 2065
nm) sdo bem absorvidos pela dgua e pela hidroxiapatita e por isso utilizados em
tecidos duros, como o 0sso e o esmalte dentario. De fato, ambos os lasers podem
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ser usados com sucesso para remogao de tecidos cariados em odontologia. Ou-
tra indicagdo destes lasers é para peeling.

Os lasers de diodo (laser de semicondutor, 1 = 800-1440 nm) possuem ca-
racteristicas de absor¢do semelhantes ao laser de Nd:YAG e sdo indicados para
cirurgias de tecidos moles e remogéo de pelos.

Também na oftalmologia, a fotocoagula¢do tecidual causada pela intera-
¢do térmica é utilizada para tratar doengas vasculares, descolamento de re-
tina, retinopatia diabética e degeneracdo macular. Nestas situagdes, a hemo-
globina, a melanina e a xantofila sdo as principais moléculas absorvedoras e,
por isso, sdo utilizados lasers com emissao de radiagao entre a regido do azul
e vermelho, como o laser de argonio e kriptonio. A oftalmologia é uma das
dreas em que mais se utiliza a terapia Optica, sendo o tratamento de escolha
para diversas doengas.

Em dermatologia, a coagulagdo e a vaporizagdo sao dois efeitos térmicos
muito utilizados para remogdo de tatuagens, lesdes pigmentadas benignas, le-
soes vasculares e pelos. Como ja mencionado, a escolha do comprimento de
onda da radiagdo depende do tipo de tecido (substincias absorvedoras presen-
tes) e o efeito desejado.

O segundo tipo de interagdo que pode ocorrer na fototerapia de alta irra-
diéncia ¢ a fotoablagdo. Neste tipo de interagdo, a energia dos fétons absorvidos
deve exceder a energia de ligagdo entre dois dtomos para promover a quebra
destas ligagoes quimicas e promover a ablagdo do material exposto. Desta for-
ma, ocorre a remogao de tecido de forma precisa, na auséncia de danos térmicos
[2]. Para promover este tipo de efeito sdo utilizadas fontes de luz UV, cujo f6-
ton possui energia superior aquelas das ligacdes quimicas. Os lasers de excimer
com emissdo de radiagdo entre ] = 193 nm e 1 = 351 nm possuem caracteristicas
favoraveis para este tipo de efeito e sao amplamente empregados em cirurgias
refrativas de coérnea para a corre¢ao de miopia, hipermetropia e astigmatismo.

Entretanto, quando um corpo é exposto a fontes luminosas com baixas ir-
radidncia (densidades de poténcia da ordem de 1 W/cm?), a possibilidade de
manifesta¢ao dos efeitos térmicos é nula. Esta terapia é responsavel pelos efeitos
ndo térmicos (efeitos fotofisicos, fotoquimicos e fotobioldgicos), constituindo-se
num tratamento a luz no qual a irradiancia utilizada é baixa o bastante para
que a temperatura do tecido tratado ndo ultrapasse 37,5°C. A a¢édo fotoquimica
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de tal radiagdo é usada para o tratamento fotodinamico de tumores, analgesia e
para acelerar a cicatrizagdo de feridas, queimaduras, tlceras e processos infla-
matorios de origem variada [3].

A fototerapia por conversdo da energia luminosa em processos quimicos
para o tratamento de ictericia do recém-nascido é reportada na literatura desde
o final da década de 50. Nesse caso, os fétons absorvidos transformam a bi-
lirrubina IX alfa em um isdmero geométrico relativamente estavel. Em 1958,
foi construido, artesanalmente, o primeiro equipamento fototerapico que era
composto de oito lampadas fluorescentes azuis, montadas em uma calha de alu-
minio concava e refletor. A primeira tentativa de profilaxia, utilizando a foto-
terapia, ocorreu em 1968, e desde a sua descoberta, ndo s6 as indicagdes para
o seu uso mudaram consideravelmente, como novos e mais eficazes modelos
foram introduzidos no mercado. Até hoje, a fototerapia (entre 400 e 500 nm) é
a modalidade terapéutica mais utilizada mundialmente para o tratamento da
hiperbilirrubinemia neonatal [4].

No final da década de 60, Endre Mester quis testar se a radia¢io laser pode-
ria causar cancer em camundongos. Ele fez o tratamento com um laser de rubi
de baixa poténcia (1 = 694 nm) em um grupo de camundongos que teve o dorso
depilado. Para sua surpresa, ao invés de desenvolver cancer, no grupo tratado o
pelo cresceu mais rapido que no grupo ndo tratado [5]. Esta foi a primeira de-
monstragao da “bioestimulagéo laser”. Atualmente, a terapia com laser ou luz de
baixa poténcia, também conhecida como “bioestimulagdo” ou “fotobiomodula-
¢do” é praticada por profissionais da saude em muitas partes do mundo. Para
efeitos de analgesia e cicatrizagdo de lesdes de origem variada, as fontes de luz
mais utilizadas emitem na regido do vermelho e infravermelho préximo (600 a
1000 nm), como os lasers de He-Ne (I = 633 nm), GaAlAs (1 = 830 nm) e GaAs
(1 =904 nm). Estes comprimentos de onda sdo os mais utilizados por penetra-
rem mais profundamente no tecido bioldgico, ja que o sangue e a dgua (maiores
cromoforos do corpo humano) absorvem pouco estes comprimentos de onda.

Estudos sugerem que para observagao dos efeitos clinicos macroscdpicos, a
luz visivel, ao ser absorvida por uma molécula, produz mudangas fotoquimicas
nos fotorreceptores das mitocondrias, que alteram o metabolismo, conduzindo
a transdugdo (processo de transferir energia de um sistema para outro) do sinal
a outras partes da célula (incluindo membranas), que finalmente conduzem a
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fotorresposta (biomodulagao). Enquanto que a luz visivel provavelmente inicia
a cascata de eventos na cadeia respiratoria das mitocodndrias, por eventos foto-
quimicos (provavelmente a fotoativagdo de enzimas), também se sugere que,
por causa das propriedades fotofisicas e fotoquimicas da radia¢io infraverme-
lha, esta inicie a cascata de eventos metabdlicos através de efeitos fotofisicos
sobre as membranas (provavelmente nos canais Ca**), conduzindo & mesma
resposta final [6].

Mais recentemente, LEDs vem sendo utilizados em substituicdo aos lasers
por possuirem menor custo e por serem de facil manuseio. O LED ¢ um diodo
semicondutor (jun¢ao P-N) que quando ¢ energizado emite luz visivel. A luz
ndo ¢ monocromatica como a do laser, mas consiste de uma banda espectral
relativamente estreita (por exemplo, um LED de emissdo vermelha possui uma
banda de A = 630 + 20 nm) e é produzida pelas interagdes energéticas do elétron.
Em qualquer jungao P-N polarizada diretamente, dentro da estrutura, préximo
a jun¢ao, ocorrem recombinagdes de lacunas e elétrons. Essa recombinagéo exi-
ge que a energia possuida pelos elétrons seja liberada, o que ocorre na forma de
calor ou fétons de luz.

Trabalhos na literatura mostram que o LED pode ser usado com sucesso
para estimulacdo de efeitos biologicos, assim como o laser de baixa poténcia
[7-8]. No entanto, para o sucesso da terapia, é imprescindivel que os pardmetros
fisicos e clinicos sejam obedecidos.

Atualmente, a utilizacio da terapia Optica estd sendo expandida para outras
aplicagdes na Saude. Trabalhos recentes indicam que a fototerapia pode me-
lhorar o desempenho muscular de atletas bem como reduzir a fadiga muscular
durante exercicios, além de ajudar no reparo muscular [9]. Outro campo em
expansdo para novos estudos ¢ a fototerapia transcranial. A literatura sugere
que os beneficios da fototerapia em injtrias do cérebro incluem neuroprotegao,
reducdo de inflamagdo e estimulagdo de neurogénese, além de bons resultados
para acidente vascular cerebral isquémico [10].

Também é possivel usar a absor¢do da luz em baixa irradidncia por molécu-
las fotoaceitadoras ndo especializadas, isto é, moléculas que podem absorver luz
em certos comprimentos de onda, mas nio sao incorporadas em Orgaos espe-
cializados na recepgdo da luz. A molécula absorvedora pode transferir energia
para uma segunda molécula e esta ultima, estando ativada, pode entdo causar
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reagdes quimicas no tecido vizinho. Este tipo de reagao é utilizado, por exemplo,
em terapia fotodinamica (PDT - PhotoDynamic Therapy).

As primeiras experiéncias com a terapia fotodindmica datam de aproxima-
damente 110 anos atras, relatadas por Raab, que observou que a exposicio do
corante acridina e luz podia ser letal a paramécios, o protozodrio causador da
malaria. Ele postulou que este efeito era causado pela transferéncia da energia
da luz para a substancia quimica, similar ao que ocorre nas plantas pela absor-
¢ao daluz pela clorofila. Nem a luz ou o corante sozinhos tiveram qualquer efei-
to aparente sobre paramécios, mas juntos eles foram altamente citotoxicos [11].

Desde aquela época, varios exemplos do efeito fotodindmico foram obser-
vados para uma variedade de fotossensibilizadores, ambos in vitro e in vivo. As
pesquisas tomaram entdo um rumo diferente, o que levou a concentragdo de
estudos na drea de diagndstico e combate ao cincer e ao desenvolvimento de
novos fotossensibilizantes e novas fontes de luz. Em 1972, Diamond e colabora-
dores tentaram destruir células tumorais com a associagdo de hematoporfirina,
atualmente um dos mais aceitos fotossensibilizantes, com exposi¢do por raios
X, entretanto, os autores nao obtiveram sucesso, demonstrando que a fonte de
luz (ou radiagdo eletromagnética) deve ser ressonante com a absorgao do coran-
te fotossensibilizador [12].

Além disso, as primeiras fontes de luz utilizavam lampadas convencionais,
com luz ndo coerente e policromatica, com um forte componente térmico as-
sociado. Com o desenvolvimento dos lasers, esta fonte de luz se mostrou muito
mais eficiente que lampadas comuns para uso em terapia fotodinamica [12].

Para o efeito fotodindmico ocorrer, utiliza-se a a¢do combinada de irradia-
¢do com luz visivel e fairmacos que sdo fotoativados (fotossenbilizadores) para
destruir tecidos ou organismos patogénicos que possuem rapida multiplicagdo.
Moléstias, tais como degenera¢ao macular da retina, varios tipos de cancer, pso-
riase, infecgdes fungicas e bacterianas, verrugas, que tém como caracteristica
um crescimento anormal de células, estio sendo também tratadas através do
efeito fotodindmico [11-13].

O processo fotodindmico é baseado na foto-oxidagdo de matéria organica.
E necessaria a presenca do fotossensibilizador, oxigénio e irradiagio luminosa
no local a ser tratado. Quando o fotossensibilizador absorve a luz, ele vai a um
estado excitado. Ao voltar para o estado fundamental, ele pode passar pelo seu
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estado tripleto, reagindo com o substrato (reagdo tipo I) ou com o oxigénio mo-
lecular (reagéo tipo II). Espécies reativas de oxigénio (anion superoxido, radical
hidroxila, perdxido de hidrogénio e oxigénio singleto) sao geradas localmente e
ocasionam a morte celular no tecido tumoral e/ou de outros tecidos doentes ou
agentes infectantes por estresse oxidativo [12].

Diagnostico 6ptico

O campo das ciéncias bioldgicas e da Satde tem se beneficiado fortemente
com os avangos das técnicas de diagndstico empregando-se métodos pticos.
Tais técnicas permitem a diferenciacdo molecular, de células e tecidos e, com
isso, propiciam o diagndstico preciso de doengas de forma rapida e nao invasiva.
Dentre as técnicas de diagndstico mais empregadas nas dreas de ciéncias da vida
e ciéncias da saude, podem ser citadas as técnicas que envolvem o fendmeno
de fluorescéncia, tais como a técnica de espectroscopia de fluorescéncia, assim
como as técnicas de espectroscopia vibracional, de analise por padroes de speck-
le e as que empregam o fendmeno Doppler, e técnicas baseadas nas propriedades
de espalhamento da luz pelo tecido bioldgico, como por exemplo, a tomografia
por coeréncia Optica, as quais se encontram descritas a seguir.

O fenémeno de fluorescéncia surge da absor¢do do féton por um atomo e
esta relacionada com a liberagdo de energia envolvida na transigéo eletronica de
um estado excitado para o estado fundamental, a qual envolve o estado quéantico
singleto e tem duragdo da ordem de nanossegundos. Essa quantidade de energia
emitida é caracteristica de cada molécula e do ambiente em que ela se encontra,
podendo ser usada para detecta-la [14].

O sistema de espectroscopia de fluorescéncia induzida por luz (LIF) utili-
za-se, basicamente, de uma fonte de luz (lampada, LED ou laser) para excita¢do
da amostra, fibra dptica para condugao, um monocromador e detector, o qual
pode ser de diferentes tipos [14]. As vantagens de uso desta técnica para diag-
nostico é a nao invasividade e possibilidade de quantificacao dos fluoroforos
no tecido, permitindo também o monitoramento de diferentes condi¢des pato-
légicas ao longo do tempo, em tempo real. Contudo, o sistema da LIF apresenta
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a desvantagem de analisar uma pequena drea da amostra, devido a pequena
area da fibra de coleta [15].

A LIF tem sido amplamente empregada para diagndstico de patologias de
tecidos moles, tais como cancer [16], além de diferenciagdo e diagnostico de le-
soes de tecidos duros dentais, tais como lesdes de cdrie [17]. Também, trata-se de
uma ferramenta poderosa no diagndstico de lesdes cancerigenas previamente
ao tratamento com terapia fotodindmica, sendo empregadas fontes de luz que
induzem a fluorescéncia dos fotossensibilizadores empregados nesta terapéuti-
ca. Por meio da selecdo de diferentes comprimentos de onda de excitagdo, é pos-
sivel detectar os fluoréforos mais comumente encontrados no corpo humano,
tais como coldgeno, porfirinas, aminoacidos, dcidos nucleicos e diversos cons-
tituintes bacterianos [14].

Recentemente, técnicas de formagdo de imagens digitais tém sido associa-
das aos sistemas de fluorescéncia, o que permite a analise dos sinais 6pticos com
resolucdo espacial e espectral ao mesmo tempo [15], possibilitando o diagndsti-
co e monitoramento por imagem de forma rapida e ndo invasiva.

As técnicas de espectroscopia vibracional empregam a radiagdo eletro-
magnética para caracterizar os niveis de energia de dtomos ou moléculas. Tais
técnicas incluem a espectroscopia Raman e de absor¢ao no infravermelho mé-
dio (FTIR).

O espectro de absor¢ao no infravermelho tem origem quando a radiagao
eletromagnética incidente tem uma componente com frequéncia corresponden-
te a uma transi¢do entre dois niveis vibracionais. A espectroscopia de absor¢ao
no infravermelho por transformada de Fourier (FTIR) utiliza-se da radiagdo
proveniente de uma luz continua, usualmente na regido espectral de 2,5 a 25 pum
ou 4000 a 400 cm, envolvendo o uso de um interferometro de Michelson e a
posterior transformada de Fourier do interferograma [18].

A espectroscopia Raman utiliza uma fonte de luz monocromatica que, ao
ser transferida para uma molécula, induz a um espalhamento ineldstico na mes-
ma (espalhamento Raman) devido a transferéncia de energia da molécula ao f6-
ton ou vice-versa. A diferenga de energia entre a radiagdo incidente e a espalha-
da estd relacionada com a energia de vibracdo dos atomos presentes na amostra.

Como pode ser observado, as técnicas de FTIR e Raman baseiam-se em
principios fisicos diferentes e, muitas vezes, apresentam informagoes distintas
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sobre o mesmo material, sendo, portanto, técnicas complementares [19]. Uma
das vantagens que a espectroscopia Raman apresenta em relagao a técnica de
FTIR é a baixa influéncia da d4gua no espectro, tendo em vista que a dgua ¢é alta-
mente absorvedora no infravermelho.

Ambas as técnicas de espectroscopia vibracional mostraram-se como fer-
ramentas importantes para o estudo bioquimico de células e tecidos biolégicos,
sendo principalmente empregadas na literatura para diferenciagao dos diferen-
tes tipos celulares que se encontram em um mesmo tecido ou 6rgao, assim como
é possivel evidenciar o grau de metabolismo celular. Em estudos in vitro que
envolvem cultura de células, foi possivel evidenciar que as técnicas vibracionais
podem diferenciar células neoplasicas das sadias [20]. Estudos in vivo eviden-
ciam a possibilidade de diagnostico de neoplasias e tecidos inflamatérios [21],
permitem o diagnostico ndo invasivo de lesdes cutineas, além de monitoramen-
to de substancias empregadas como estratégias de tratamento de lesdes de pele,
tais como dermo-cosméticos [22].

Por serem técnicas nao destrutivas e exigirem uma preparagao de amostra
relativamente simples, o seu uso também em tecidos mineralizados vem cres-
cendo ao logo dos anos, sendo que ambas as espectroscopias vibracionais ja se
mostraram eficientes na obtencdo de informagdes sobre o contetido mineral,
cristalinidade e maturidade do colageno, indicando o potencial da técnica para
a diferenciacio de lesdes dentarias e dsseas [19].

Atualmente, a combinagdo de técnicas de espectroscopia vibracional com
técnicas de aquisiao de imagens por microscopia tem possibilitado a obtengdo
de mapas bioquimicos dos diferentes tecidos. A entdao denominada técnica de
histopatologia espectral consiste na combinagdo das técnicas de micro-espec-
troscopia vibracional e técnicas de andlise multivariada, possibilitando a de-
tecgdo da distribuicdo das diferentes vibracoes moleculares nos tecidos, com-
plementando as atuais analises histopatoldgicas. Os sistemas atuais de p-FTIR
permitem a construc¢do de imagens com resolugao espacial em torno de 6 pm; os
sistemas p-Raman, contudo, possibilitam a formagdo de imagens com maior re-
solucdo espacial por empregarem regido com menor comprimento de onda [22].

Speckle ¢ o nome dado a formagdo de uma estrutura granular no espago
livre, decorrente de um fendmeno de interferéncia tipicamente ondulatério, que
ocorre quando um feixe de luz coerente é espalhado ou transmitido por uma
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superficie com rugosidades da ordem do comprimento de onda da fonte lumi-
nosa. Considerando a rugosidade dos tecidos biologicos, e que na maioria das
vezes os centros espalhadores encontram-se em movimento (caracterizando o
speckle dindmico com flutuagdes temporais das intensidades), diz-se que, nestes
tecidos, este fenomeno é chamado de biospeckle.

Por meio da formagdo de imagens, com registro em um filme ou sensor
CCD (charge-coupled device), o fendmeno de biospeckle é empregado com suces-
so para monitoramento da atividade biolégica de um tecido em tempo real, com
as vantagens de possibilitar uma anélise nao destrutiva e ndo invasiva dos teci-
dos bioldgicos. Apresenta, também, facilidade de implementagéo, considerando
a simplicidade e o baixo custo de sua montagem experimental, a qual consiste
em um laser de baixa poténcia, um dispositivo CCD de média resolu¢io, lentes,
espelhos e polarizadores [23].

A literatura evidencia que a técnica pode ser empregada com sucesso para
andlise dindmica na area de botanica e agricultura, verificando contaminagdes
e grau de degradagao das estruturas. Considerando os tecidos biologicos, os
estudos in vivo evidenciam que trata-se de uma técnica promissora para ava-
liagdo do processo de cicatrizagdo e no monitoramento da vascularizagao em
areas lesionadas [24], proporcionando a avaliagdo da atividade de farmacos ou
de outras técnicas terapéuticas, tais como o uso da laserterapia, nos processos de
reparagdo tecidual. Estudos recentes mostram também a viabilidade da técnica
no monitoramento do tempo de coagulagdo sanguineo e no estudo de microtre-
mores oculares [25].

A fluxometria Doppler é um método nao invasivo para estudar a dinamica
de particulas espalhadoras de luz no decorrer do tempo. Para tal, é necessario
o uso de fonte de luz coerente de baixa poténcia que possa ser retroespalhada
pelos tecidos; a luz retroespalhada é coletada e guiada por fibra-optica até um
detector que gera um sinal de fotocorrente.

In vivo, esta técnica permite a medi¢do do fluxo sanguineo local, além de
detectar a velocidade e a concentragdo das hemdcias, com a vantagem da néo in-
vasividade e de monitoramento continuo e em tempo real de variagdes rapidas
de fluxo [24]. Nos tecidos bioldgicos, os equipamentos disponiveis podem de-
tectar variagdes de fluxo em até 1 mm de profundidade. Contudo, esta técnica
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apresenta-se bastante sensivel a variagdes posturais, espaciais, temporais, intra
e interindividuais.

Atualmente, as técnicas que empregam este principio sao utilizadas em es-
tudos da microcirculagdo sanguinea, principalmente nas areas de angiologia,
cirurgia plastica, reumatologia, dermatologia e em odontologia [26].

A tomografia por coeréncia 6ptica (OCT - Optical Coherence Tomography) é
uma técnica de diagnostico que produz imagens de um corte transversal, com alta
resolucdo espacial, de microestruturas internas de um tecido vivo [27] de forma
ndo invasiva. A primeira aplicagdo em medicina foi divulgada ha duas décadas
[28]. Na pele e em outros tecidos altamente espalhadores, a técnica de OCT per-
mite construir imagens de pequenos vasos sanguineos e outras estruturas numa
faixa de 1-2 mm abaixo da superficie, por sua caracteristica nao invasiva e por nio
utilizar radiagao ionizante. A técnica tem sido aplicada com sucesso em odonto-
logia, no diagnéstico precoce de lesdes de carie [29]. A tomografia por coeréncia
oOptica é baseada no processo de interferometria dptica que ocorre entre a luz que
incide em um tecido e a luz de um espelho de referencia de um interferometro de
Michelson; o sinal interferométrico ¢ detectado e decodificado para formagao das
imagens. Como a fonte de luz utilizada no interferometro possui baixa coeréncia
temporal, as estruturas internas do tecido podem também ser determinadas, for-
mando imagens morfologicas equivalentes as obtidas pelos exames de laminas
histolégicas ao microscopio. Outra caracteristica interessante desta técnica é que
ela pode fazer uso do biospeckle e da fluxometria Doppler, descritos acima, e das
caracteristicas de polarizagao para medidas de estruturas birrefringentes [30].

A termografia utiliza a regido infravermelha do espectro eletromagnético para
realizar imagens de tecidos bioldgicos e esta baseada no principio de que um corpo
emite radiacdo infravermelha proporcional a sua temperatura (radiagdo de corpo
negro). A aparéncia e o funcionamento de uma cimera termografica moderna é se-
melhante a uma cidmera de video. O termograma revela variagdes de temperatura
tao claramente que podem ser utilizados para diagndstico de varias doencas. Essas
cameras utilizam sensores matrizes que respondem a comprimentos de onda mais
longos (de médio e longo comprimento de onda infravermelho). Os tipos mais co-
muns sdo InSb, InGaAs, HgCdTe e QWIP FPA. As suas imagens sdo tipicamente
de 160x120 ou 320x240 pixels, podendo chegar até 640x512 para os modelos mais
caros [31]. Como método diagnostico na drea da Saude, ela faz uso do principio
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de que a atividade metabdlica e de circulagao vascular nos tecidos resultam em
diferentes temperaturas. Tumores cancerigenos, por exemplo, requerem um forne-
cimento maior de nutrientes e, portanto, um aumento na circulagdo de suas célu-
las, mantendo os vasos sanguineos existentes dilatados, e também dando origem a
novos vasos (neoangiogénese). Toda essa atividade acarreta em uma maior tempe-
ratura local, que pode ser detectada pelas cAmeras termograficas.

A microscopia confocal, que é uma variagdo da microscopia tradicional, é
uma técnica de imagem Optica que utiliza, para aumentar a resolugao 6ptica e
contraste de uma micrografia, a iluminagao pontual e um pinhole espacial para
eliminar a luz fora de foco em amostras que sdo mais espessas do que o plano
focal [32]. Ela permite a reconstrugao de estruturas tridimensionais a partir das
imagens obtidas em diferentes planos focais consecutivos sendo interessante
Apesar da sua longa historia, esta técnica tem se tornado um instrumento pra-
tico com aplicacdes bem definidas nas areas da Satde. Entre estas aplicagdes,
pode-se citar a obten¢do de imagens valiosas de amostras, monitoramento de
processos bioldgicos, informagao computorizada tridimensional em pesquisa
biomédica, além da analise quimica e de materiais, permitindo a localizagdo
tridimensional de estruturas e moléculas marcadas com fluoréforos [32].

O microscopio de Raman é um dispositivo baseado em microscopio optico
convencional que utiliza um laser como fonte de iluminagao e realiza espectros-
copia Raman [33]. O microscopio Raman utiliza a propriedade de espalhamento
da luz pelos materiais, quando um foton ¢ espalhado por uma molécula, existe
uma probabilidade deste sofrer um alteragdo na sua freqiiéncia, ou energia, que
¢ dependente da molécula espalhadora. Adicionando filtros, ou um espectro-
metro acoplado a uma (CCD), ou ainda um detector simples, como fotomul-
tiplicadoras, é possivel construir com sistemas de varredura, imagens espec-
troscopicas que dependem da composi¢cdo molecular do tecido analisado, sendo
uma importante ferramenta de diagnéstico nas dreas biomédicas.

Tendéncias futuras

Um campo em crescente expansdo ¢ o desenvolvimento de novas fontes
de luz para terapia com luz de baixa poténcia. Recentemente, pesquisadores
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chineses desenvolveram um “tecido luminoso” 3-D, composto de fibras dpticas
poliméricas flexiveis e LEDs, para ser usado sobre injurias do corpo humano
no tratamento de enfermidades de origem variada [34]. Capacetes, escovas de
cabelo e de dentes emissoras de luz também se encontram em prospec¢ao, além
de irradiadores para o corpo inteiro.

O campo de pesquisa em biossensores é também relativamente novo e com
grandes perspectivas, principalmente na tentativa de monitorar produtos em
diferentes tipos de anélises com aplicacdes em Satide ptiblica. Biossensores sdo
dispositivos analiticos, sem marcadores, que integram uma biocamada, um
transdutor elétrico, elementos de condicionamento e processamento do sinal
elétrico. O objetivo de um biossensor ¢ produzir um sinal elétrico que é pro-
porcional em magnitude ou frequéncia a concentragio do analito (que pode ser
gas, liquido ou solido) [35]. Ha diferentes tipos de biossensores, entre eles, os
biossensores opticos, que se baseiam em mudancas nas propriedades opticas
das substéncias, com o objetivo de monitorar a concentracido do analito. En-
tre as propriedades Opticas que podem ser utilizadas estdo a absorcéo, o indice
de refracdo, a fluorescéncia, a fosforescéncia, a refletividade e comprimento de
onda. As principais vantagens dos biossensores dpticos sao a possibilidade de
miniaturizagdo (através de circuitos micro-optofluidicos), a velocidade de res-
posta (de minutos a horas), a facilidade de integra¢do, imunidade a ruido ele-
tromagnético, boa biocompatibilidade e ndo hd necessidade de elementos ativos
definidos na biocamada, além da possibilidade de aplicago on line [35].

Pingas oOpticas sdo instrumentos cientificos que utilizam lasers extrema-
mente focalizados para manipular pequenos objetos dielétricos sem contato,
que tém sido principalmente aplicadas em experimentos de biologia celular nos
ultimos anos. As pingas dpticas sdo as Unicas ferramentas capazes de manipu-
lar amostras em escala nanométrica e realizar medigdes de forca em moléculas
individuais e organelas dentro da célula viva, sem destruir a amostra e sem a
necessidade de inser¢ao de uma sonda nao enddgena. Até hoje, relatos na lite-
ratura em experimentos in vivo foram realizados em culturas de células em 2D
ou micro-organismos unicelulares. Ja que a radiagéo laser tem a capacidade de
penetrar profundamente no tecido bioldgico na regido do vermelho e infraver-
melho préximo, espera-se que pingas Opticas possam ser utilizadas no futuro
para investigar a mecanica também de organismos pluricelulares ou em profun-
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didade de tecido, além de fundamentar o mecanismo e a mecanica que regem a
condugio nervosa e o desenvolvimento de doengas neuronais [36].

A associagdo de técnicas Opticas com outras técnicas, como ultrassom,
também se encontram em prospec¢do e o campo de pesquisa nessa area é
amplo [37].

Finalmente, com o advento da nanotecnologia, muitas questdes-chave para
os distarbios bioldgicos poderdo ser respondidas, com consequente melhoria
para a satude da populagdo, seja através de um diagndstico precoce ou de uma
terapia localizada através da libera¢ao de farmacos.

A nanotecnologia envolve a criagdo de qualquer material, sistema ou dispo-
sitivo através da manipulagdo da matéria em escala diminuta, com dimensoes
de 1 a 100 nm. Nanomateriais sio definidos como pequenos objetos que se com-
portam como uma unidade inteira com relagdo ao seu transporte e proprieda-
des. Além disso, nanomateriais apresentam propriedades eletronicas, dpticas,
quimicas e magnéticas unicas, e distintas de particulas maiores do mesmo ma-
terial. Portanto, fendmenos bioldgicos podem ser explorados por precisamente
controlar e aproveitar estas propriedades unicas dos nanomateriais.

Varios tipos de nanoparticulas (metalicas - Ag e Au), cristalinas (up conver-
sion- NaYF, dopada com terras raras) e semicondutoras- quantum dots) podem
ser funcionalizadas (marcadas com moléculas especificas) para aplicagdo na
Optica biomédica, seja como agente de contraste para melhorar a resolugdo na
captagdo de sinais e imagens, ou como veiculo para liberagdo de fairmacos em
sitios especificos [38]. Além disso, particularmente as nanoparticulas metalicas
mostram aumento de rendimento de oxigénio singleto [39], que otimizaria o
efeito fotodinamico na destruigao de células tumorais e micro-organismos.

Sem duvida, a proeza mais recente com o crescimento do campo da na-
nobiofotonica é a area da terandstica, que tem como objetivo unir a terapia e o
diagndstico em um unico scaffold [40] e se encontra em franca expansiao. No
entanto, vale ressaltar que o uso de nanoparticulas na dptica biomédica ainda
se encontra em estagio laboratorial e/ou pré-clinico. Mais estudos nessa drea
devem ser realizados antes da utilizagdo de nanomateriais na prética clinica.
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Resumo

A osteoporose ¢ uma doenga que leva a perda de massa dssea e a degradagio
da estrutura do osso trabecular, tendo como consequéncia a fragilidade mecanica
e um risco de fraturas aumentado. O estudo de vdrios aspectos do osso trabecular
se tornou muito importante para avaliagdes da resisténcia do osso a cargas e do
risco de fraturas por fragilidade ossea. Neste trabalho, apresenta-se uma introdu-
¢do a composicdo do 0sso e os principais parametros que servem de indicadores
quantitativos, os quais sio estimados a partir de imagens, para caracterizagdo da
estrutura trabecular.

Palavras-chave: Estrutura trabecular, fragilidade éssea, risco de fratura, osteo-
porose.
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Abstract

Osteoporosis is a disease that leads to bone mass loss and trabecular bone
degradation, having as a consequence mechanical fragility and an increasing in
the fracture risk. The study of several aspects of the trabecular bone became very
important to the evaluation of strength and fracture risk due to bone fragility.
This work presents an introduction to the bone composition and the main param-
eters that serve as quantitative indicators, which are estimated from images, to
characterize the trabecular bone structure.

Keywords: Trabecular structure, bone fragility, fracture risk, osteoporosis.

Introducao

A osteoporose (do grego ostoun, que significa osso, e poros, que significa
poroso) é uma doenga caracterizada, de acordo com Consenso da Conferéncia
de Amsterda de 1996, pela baixa massa dssea e pela deterioragdo da microar-
quitetura do tecido dsseo, causando fragilidade e uma redugdo da resisténcia
mecdnica, em consequéncia, um maior risco de fraturas [1]. Uma das grandes
preocupagdes clinicas com relagdo a osteoporose surge quando ha um risco
aumentado de fraturas das vértebras e dos ossos longos. Como a osteoporose
estd geralmente relacionada a pacientes idosos, o tratamento das fraturas causa
desconforto e morbidade, podendo levar o paciente a 6bito [2]. Por outro lado,
uma grande preocupagdo, em virtude do aumento da longevidade, esta no cres-
cimento vertiginoso da osteoporose e o alto impacto financeiro e social decor-
rente dos tratamentos e hospitalizacdes.

A osteoporose causa mais de 8,9 milhoes de fraturas anualmente no mundo
inteiro [3]. Uma em cada trés mulheres, acima de 50 anos, ird sofrer uma fra-
tura osteopordtica, como um em cada cinco homens [4]. Nas mulheres acima
de 45 anos a osteoporose ¢ responsavel por mais dias de hospitaliza¢ao do que
muitas outras doengas, incluindo aqui diabetes, infarto do miocardio e cincer
de mama. O custo total das fraturas por fragilidade na Franga, Alemanha, Ita-
lia, Espanha, Suécia e Gra-Bretanha juntos é de 31 bilhdes de euros por ano [5,
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6]. Estimativas recentes mostram que 2,05 milhdes de fraturas por fragilidade
ocorrem nos Estados Unidos por ano, com um custo superior a 16,9 bilhoes de
dolares e a estimativa é de que em 2025 ocorrerd mais de 3 milhoes de fraturas
por ano, a um custo da ordem de 25,3 bilhoes de ddlares [7, 8]. No Canada, es-
tima-se uma ocorréncia anual de 30.000 fraturas por fragilidade no quadril, a
um custo da ordem de 1,1 milhoes de dolares [9]. No Brasil, nio hd um estudo
sistematico atualizado sobre os custos anuais com fraturas osteopordticas. No
entanto, um estudo de 2005 jia mostrou que o custo apenas com fraturas do
quadril para o sistema suplementar de satide foi da ordem de 12 milhoes de reais
entre julho de 2003 e junho de 2004 [10, 11].

A identifica¢do de individuos com elevado risco de futuras fraturas osteo-
pordticas se tornou muito importante e passou a ser um tema mundial de pes-
quisa. Muitos estudos prospectivos tém estabelecido uma forte correlagao entre
a baixa massa Ossea e o risco de fratura. Em geral, a investigacdo diagndstica
da osteoporose ¢ realizada mediante a avaliagao clinica do paciente e da medi-
¢do da densidade mineral dssea (DMO). A densitometria por raios-X de dupla
energia (DEXA) realiza estimagoes exatas da massa dssea, mas nao fornece uma
estimativa adequada da qualidade da estrutura trabecular, de sua resisténcia
mecanica e do risco de fratura. Medicdes mais acuradas, com auxilio de outras
técnicas, podem melhorar o diagnéstico e o tratamento da osteoporose, bem
como prover recursos mais sensiveis e de resposta mais rapida na avaliagao das
intervengdes terapéuticas.

O 0sso0, visto como um 6rgdo, ¢ composto por uma parte mais externa, mais
rigida, chamada de osso cortical, e por uma parte interna chamada osso espon-
joso ou trabecular. O osso esponjoso é uma estrutura formada por uma rede
trabéculas entremeada pela medula éssea. Como a DMO ¢ uma medida global,
a mesma ndo é capaz de prover uma avaliagdo da microarquitetura trabecular,
que desempenha um papel importante na qualidade da estrutura interna, prin-
cipalmente quando essa ¢é sujeita a esforgos mecénicos. A Figura 1 ilustra um
corte transversal de uma vértebra, exibindo o osso cortical e trabecular.
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-~ Cortical
. Trabecular

Figura 1: Se¢do transversal de uma vértebra, osso cortical, trabecular e cavidades medulares.

Composicao do Osso

Do ponto de vista estrutural, o osso é composto de, aproximadamente, 60%
de mineral, 10% de agua e 30% de matriz de colageno [12]. Cerca de 70 a 80% do
esqueleto é constituido por osso cortical e 20 a 30% de osso trabecular. O osso
esponjoso é uma estrutura que se assemelha a um meio poroso (Figura 1), com
a fase solida correspondendo as trabéculas e a fase fluida correspondendo a me-
dula, sendo encontrado nos corpos vertebrais e na parte interna da diéfise e na
epifese dos ossos longos. E formado por numerosas trabéculas interconectadas,
as quais apresentam cerca de 100 a 300 mm de espessura, com espagamento de
300 a 1.500 mm, formando uma estrutura em rede no formato de hastes (rods)
e placas (plates). A Figura 2 apresenta a se¢do sagital do corpo vertebral de uma
mulher de 67 anos, mostrando uma estrutura trabecular normal para a faixa
etaria. Pode-se observar a rede trabecular com certo alinhamento na vertical e
conexdes horizontais ligadas a parede cortical. A regides vazias correspondem
ao lugar ocupado pela medula, denominadas de cavidades medulares.
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Figura 2: Corte sagital do corpo vertebral de uma mulher de 67 anos, mostrando uma estrutura

trabecular normal para a faixa etdria [13].

O 0ss0 nao é um elemento inerte, mas sim um tecido vivo, com uma hie-
rarquia complexa e continuamente em agdo. As atividades celulares do tecido
Osseo sao de trés tipos: i) atividade de modelagem (associada ao crescimento);
ii) atividade de reparo (relacionada as reparagdes dos danos causados por fadiga
ou trauma); e iii) atividade de remodelagem (relacionada a manutengao da ar-
quitetura dssea) [14].

A reposi¢ao dssea, conhecida como remodelagem 6ssea, é um processo cru-
cial de renovagido que ocorre em individuos saudéaveis, a uma taxa fisiologica-
mente equilibrada, para garantir a maxima integridade do esqueleto. O compor-
tamento dindmico do osso prolonga-se por toda a vida, caracterizando-se por
eventos continuos de absor¢des e reposigoes. Dois tipos de células desempenham
papel fundamental nesses processos: os osteoclastos, que sdo responsaveis pela
reabsor¢do Ossea, e os osteoblastos, que sdo responsaveis pela formacéo 6ssea.

Considerando que as taxas de reabsor¢do e reposi¢do dssea em um indi-
viduo saudavel sdo balanceadas, hd flutuagao fisioldgica normal entre perda e
ganho de massa dssea. Assim sendo, os osteoblastos desempenham papel im-
portante no equilibrio do processo de formagao/reabsorgédo dssea, respondendo
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pela fun¢do primaria de formagao da matriz dssea e sua posterior mineralizagao
(12, 14]. No entanto, com o envelhecimento do individuo, hda um desbalan¢o no
processo de formagao/reabsorgao dssea, o que causa fragilidade, levando a um
crescente risco de fraturas.

Osso Trabecular

A estrutura do osso trabecular depende, dentre outros fatores, do tamanho,
da forma e da orientacdo das trabéculas, que variam consideravelmente entre
os diferentes tipos de sitios 6sseos. No caso das vértebras, os segmentos trabe-
culares estdo dispostos, preferencialmente, nas dire¢des horizontal e vertical. A
degradagao trabecular afeta a microarquitetura de varias maneiras. Com a ida-
de hda um aumento de perfuragoes das placas, ruptura de conexdes e redugido da
espessura das trabéculas, associadas a perda de massa dssea (Figura 5) [15, 16].

Figura 5: Corte sagital do corpo vertebral de uma mulher de 91 anos com osteoporose [13].
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Diversos estudos relatam medicoes da espessura trabecular e da densida-
de mineral na avaliagdo da resisténcia mecanica 6ssea, tanto nos quadros de
osteopenia, como de osteoporose, mas nao hd informagao sobre as condigdes
de conectividade da rede trabecular. Mais recentemente, observou-se que a mi-
croarquitetura trabecular é fundamental na descricdo quantitativa da estrutura
Ossea de pacientes com osteoporose, com vistas a estabelecer fatores de predigdo
de risco de fratura [17, 18, 19].

As forgas a que estamos submetidos na vida cotidiana podem produzir mi-
cro-fraturas Osseas com uma distribuigdo espacialmente aleatéria. Quando o
osso ¢ submetido a cargas externas, a taxa de distribuigdo local de densidade de
forcas ativa os ostedcitos da matriz dssea, por meio da transdu¢do mecénica, a
transferir estimulos osteoblasticos de formagdo Gssea as superficies trabecula-
res. Quando os estimulos na superficie trabecular excedem a um certo limiar
ha formacéo local de osso. A quantidade de estimulos depende da densidade de
ostedcitos, da sensibilidade mecanica dos ostedcitos e do decaimento do sinal ao
longo do percurso no tecido [14].

O osso trabecular, que é constantemente submetido a diferentes tensoes,
pode suportar melhor as forcas de natureza compressiva. O colo do fémur tem
75% de osso cortical e 25% de trabecular; o ter¢o proximal do radio apresenta
95% de osso cortical; e na coluna lombar 66% é osso trabecular [12]. A perda de
massa 6ssea na mulher comega logo ap6s o término do crescimento dos ossos
longos, ou seja, entre os 20 e 30 anos de idade. O periodo da menopausa esta
associado a um aumento na fung¢do de remodelagdo 6ssea e a um aumento na
perda dssea. O crescimento da funcido de remodelacdo produz muitas cavidades
de reabsorgao na superficie 6ssea, tornando as trabéculas mais delgadas. O au-
mento de cavidades de reabsorc¢do resulta na perda de conectividade trabecular,
o que se traduz em deterioragdo da arquitetura trabecular, aumentando as cavi-
dades medulares e, como consequéncia, aumentando a tortuosidade da rede, o
que provoca, por sua vez, uma diminuicdo da resisténcia mecénica. As trabécu-
las remanescentes apresentam uma espessura reduzida, comprometendo ainda
mais a arquitetura dssea e, como consequéncia, aumenta a fragilidade estrutural
[19]. Portanto, o desenvolvimento de ferramentas direcionadas a andlise quanti-
tativa da estrutura trabecular pode melhorar a avaliagio do risco de fratura e o
acompanhamento da estrutura quando submetida a tratamentos com fairmacos.
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Histomorfometria e parametros do osso trabecular

A histomorfometria analisa, de maneira quantitativa, os componentes da
morfologia dssea, como volume, area, perimetro, espessura, entre outros. Du-
rante alguns anos as medidas de volume foram obtidas pela técnica de discri-
minagdo e contagem de pontos sobre uma imagem microscdpica [18], partindo
de uma amostra de tecido dsseo coletada por meio de bidpsia, sendo processa-
das e analisadas com o auxilio da microscopia otica.

Estereologia ¢ um conjunto de técnicas para obtengdo de informagoes quan-
titativas e qualitativas sobre um objeto 2D ou 3D, partindo-se de dados unidi-
mensionais ou bidimensionais do referido objeto, respectivamente [21, 22]. A
estereologia tornou-se uma importante ferramenta em processos de contagem
e na caracterizagdo da geometria de estruturas 3D a partir de dados de se¢des
planas finas e paralelas do objeto, os chamados disectors [23]. Entretanto, com
o advento de técnicas sofisticadas de imageamento, que permitem uma analise
mais detalhada e sem a necessidade de procedimentos invasivos, as medi¢oes de
parametros histomorfométricos por processamento de imagens passaram a ser
amplamente utilizadas.

Os principais indicadores histomorfométricos obtidos a partir da analise
bidimensional da microestrutura dssea, realizada em cortes histologicos (histo-
morfometria) ou em se¢oes de imagens tomograficas ou microtomograficas do
tecido Osseo, sio [24, 25]:

o volume trabecular [BV/TV em (%)]: é o volume ocupado pelo osso
trabecular, expresso como porcentagem do volume ocupado pela me-
dula e trabéculas. Por meio do processamento de imagens este pa-
rametro é estimado a partir da razdo entre o numero de voxels que
representam osso trabecular, dividido pelo nimero total de voxels da
amostra em questao;

o espessura cortical [CtWi (mm)]: é a espessura do osso cortical com-
preendida entre a sua superficie externa (peridsteo) e interna (endos-
teo), expressa em micra;

o espessura trabecular [Tb.Th (mm)]: ¢ a medida da espessura das trabé-
culas 6sseas definido por:
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—_— 2,000 y B.Ar
771,199 7 B.Pm

onde o fator 1,199 é usado para corrigir a obliquidade da se¢ao dssea
sob analise microscdpica, B.Ar é a drea dssea e B.Pm é o perimetro do
segmento histologico dsseo analisado;

o numero trabecular [Tb.N (mm™)]: é o numero de trabéculas dsseas por
milimetro linear de tecido. Esse indice expressa a densidade trabecular
e é definido por:

Th.N = (BV/TV) x 10/Th.Th

Alguns pesquisadores [24] também utilizam a seguinte expressao para o
namero trabecular, expresso em mm.:

que € expresso em mm.

Th.N =T.Ar x 10/Th.Th,

o separagdo trabecular [Tb.Sp (mm)]: é a distancia entre os pontos médios
das trabéculas dsseas, definida por:

Th.Sp = Th.Th x 100/(BV/TV — 1)

Alguns pesquisadores definem a separagio trabecular como sendo a dis-
tancia entre bordas em vez da medida realizada entre os pontos médios, e é
calculada de acordo com o modelo de 1aminas paralelas como Tb.Sp = 1000/
Tb.N - Tb.Th, sendo normalmente expresso em mm.

Além desses indicadores relacionados & quantidade 6ssea ha aqueles para
avaliacdo da estrutura trabecular e outros parametros de natureza topologica
ou geométrica que estimam da conectividade e tortuosidade da rede trabecular
tridimensional [25, 26]. Dentre tais indicadores, tem-se:

o Volume estrelar [V*m.space (mm?)]: é a média da extensdo das linhas
irradiadas de um ponto aleatério do espaco medular até que intercepte
uma trabécula dssea. Trata-se de uma andlise tridimensional, também
utilizada para avaliar o grau de conectividade das trabéculas dsseas;

o Fator de Forma do Osso Trabecular (Trabecular Bone Pattern Factor)
[TBPf (mm™)]: trata-se da andlise tridimensional da conectividade que
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reflete a razdo entre as superficies concavas e convexas em segoes histo-
logicas bidimensionais. Uma grande quantidade de superficies conca-
vas representa uma rede trabecular bem conectada, ao passo que uma
grande quantidade de superficies convexas indica a diminui¢do da co-
nectividade. Um valor mais alto de TBPf implica um estado pobre de
interconexdo e vice-versa, um baixo TBPf indica uma estrutura com
alto grau de conectividade estrutural;

o Indice de Interconectividade (ICI): é a conectividade das cavidades me-
dulares que podem ser avaliadas depois de aplicada a técnica de esque-
letizagdo, isto ¢, redugdo da trabécula ao seu eixo medial. As extremida-
des terminais e os nos dos ramos da esqueletiza¢ao sao identificados e
0s ramos mais curtos sio eliminados. Entdo, o numero total de nés (N),
os ramos no6 para né (NN) e os nds para pontas de ramos livres (NF) sdo
determinados. O nimero de drvores (T) também é obtido (uma arvore
¢ uma por¢ao independente do espago medular totalmente fechado por
uma estrutura trabecular). O indice de conectividade do osso esponjoso
pode ser definido como: ICI = (N * NN) /[T * (NF + 1)]. Quanto maior
a interconectividade do osso esponjoso (caracterizada por um elevado
numero de nds e ramos segmentais e poucas drvores), maiores o indice
ICI e a fragmentacdo do arranjo trabecular;

o Caracteristica de Euler-Poincaré (CEP): é expresso por volume total da
amostra e representa o nimero de espagos vazios, menos o nimero de
componentes conectados. Pode ser interpretado como o numero maxi-
mo de ramos que pode ser removido sem quebrar o arranjo em diferen-
tes partes. O nimero total de perfis trabeculares conectados ¢é indicado
por C,, enquanto que o numero das cavidades medulares (espagos va-
zios) por D,. A Caracteristica de Euler-Poincaré é, entio, definida como:

CEP = DV _CV

Baixos valores de CEP indicam uma rede mais conectada. Quanto mais ne-
gativos forem os valores melhor conectada esta a rede trabecular [27, 28, 29].

o Tortuosidade (1): a rede trabecular é formada por trabéculas com for-
matos de hastes e placas interconectadas. As trabéculas sdo como colu-
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nas e vigas, que se prendem entre si e estdo engastadas ao osso cortical.
No entanto essas nao se apresentam formando uma grade linear e sim
uma rede com sinuosidades. A tortuosidade ¢ uma medida do quanto o
comprimento de um caminho entre dois pontos conexos a e b difere do
comprimento Euclidiano entre eles. De maneira simplificada, a tortuo-
sidade ¢ definida da forma:

T—LE

onde L, é o comprimento geodésico e L, o comprimento Euclidiano.
Na literatura alguns autores consideram o comprimento Euclidiano, L,
como sendo a distincia entre dois pontos quaisquer de um poro, indepen-
dente da forma geométrica das fases. Entretanto, quando o espagamento
¢ pequeno entre os planos de varredura perpendiculares a reta que liga
os pontos, a distancia Euclidiana entre os pontos e a distancia Euclidiana
entre os planos paralelos que delimitam a estrutura podem ser conside-
radas aproximadamente iguais. Neste caso, ¢ comum assumir L,como a
distancia entre os planos [19, 30, 31], como ilustrado na Figura 5.

Planos de referéncia

Diregdo de varredura

Figura 5: [lustracdo da distancia geodésica L ; e da distancia Euclidiana L , tomada entre planos

e entre pontos.

Um parametro que tem sido utilizado para avaliagdio da DMO, a partir de

imagens radiograficas, foi proposto por M. Singh et al. [32, 33].
o Indice de Singh: é um indice para estimar massa ¢ssea a partir de ima-
gens radiogréficas. Através da analise morfométrica e correlagdo com
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achados histoldgicos, a perda na DMO resulta em uma alteragdo no pa-
drédo trabecular do fémur proximal em radiografias simples da pélvis
anteroposterior. De acordo com os achados, uma escala variando de 1 a
6 descreve as alteracdes trabeculares tipicas, em que o nivel 1 indica uma
estrutura trabecular basica com baixa DMO e o 6 uma estrutura trabe-
cular visivel em todas as dreas do fémur proximal, com elevada DMO.

Cada um dos indicadores descritos acima fornece uma informagéo distinta
para fins de andlise da microarquitetura trabecular.

Fragilidade trabecular

Com o envelhecimento, ou em alguns casos de tratamento com medica-
mentos a base de glucocorticéides, observa-se uma perda de massa 6ssea que é
acompanhada pela degradagao da estrutura trabecular. Como mencionado an-
teriormente, tais fatores, ampliados por demais fatores exégenos, como habitos
alimentares, estilo de vida, etc, levam a uma fragilidade estrutural do esqueleto
frente a estresse mecanico.

Recentemente, um estudo apontou que a competéncia mecénica da estru-
tura trabecular esta relacionada a uma baixa fracio volumétrica, baixa conec-
tividade da rede trabecular, elevado grau de tortuosidade e baixo moédulo de
Young [19, 34]. A fusdo dessas grandezas, por meio da Analise de Componentes
Principais [35], permitiu definir o parimetro de competéncia mecanica, o qual
possibilita avaliar o estado de qualidade da estrutura trabecular, indicando o
nivel relativo de fragilidade da estrutura.

Um debate vem sendo conduzido a respeito da influéncia do envelhecimen-
to relativa a distribuigdo vertical e horizontal das trabéculas. Alguns estudos
mostraram que ha, de fato, um alinhamento trabecular na dire¢ao de maior fre-
quéncia de estresse mecdanico e que este alinhamento desempenha um papel im-
portante para a resiténcia estrutural do osso [36]. Em particular, foi observado
que, com o envelhecimento, os ossos das vértebras perdem massa e elementos
trabeculares, i. e., perdem conectividade, resultando em um osso mais fragil, le-
vando a um fator de risco de fratura aumentado. A densidade mineral ¢ o prin-
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cipal determinante da resisténcia dssea, porém a microarquitetura trabecular é
também muito importante para a resposta mecénica do osso [37, 38]. A redugédo
e o afinamento das trabéculas horizontais osteopordticas fazem com que as ver-
ticais se tornem mais suscetiveis a flambagens sob forcas compressivas, as quais
ndo sao mais reforcadas pelas amarras horizontais. Entretanto, de que forma
as caracteristicas trabeculares podem influenciar a resisténcia do osso perante
carregamento é ainda uma questédo de interesse atual [39].

Na Figura 6 ilustra-se a reconstrugdo 3D de trés amostras trabeculares do
osso radio-distal. Pode-se observar que a amostra (a) apresenta uma boa es-
trutura trabecular, com boa conectividade da rede trabecular; a amostra (b)
apresenta uma degrada¢ao moderada e a amostra (c) apresenta uma estrutura
bastante deteriorada, com baixa conectividade e grandes cavidades medulares.

Figura 6: Reconstru¢do 3D da rede trabecular de amostras do radio.

A avaliagdo dos varios pardmetros, que caracterizam a estrutura trabecular,
tem sido, em sua grande maioria, realizada a partir de amostras ex-vivo (ca-
daveres), as quais sdo submetidas a imageamento em microtomografos com-
putadorizados (mCT) e posteriormente analisadas com utilizacdo de técnicas
matematicas e de processamento de imagens. Embora a mCT seja capaz de pro-
duzir imagens com alta resolucéo, capazes de discernir a estrutura trabecular,
a mesma nao ¢ diretamente utilizada em humanos por causa da grande inten-
sidade de radiagao. Mais recentemente, novas tecnologias estao possibilitando
o escaneamento de sitios 6sseos in-vivo, como a ressondancia magnética (MRI)
e a tomografia computadorizada quantitativa periférica de alta resolu¢ao (HR
-pQCT), o que levara a grandes avangos no conhecimento da estrutura trabe-
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cular. Ha, ainda, os novos microscopios atdmicos que alcangam uma resolugao
na escala nano. Isso tem proporcionado o estudo de estruturas cada vez mais
fundamentais na constitui¢ao da matriz 6ssea, facilitando a modelagem dssea
multiescala [14, 40, 41].

Conclusao

O aumento da longevidade ¢ algo bem-vindo, porém a osteoporose, que
ndo era uma doenga de grande incidéncia na populagao sénior, tornou-se uma
doenga prevalente e, por ser silenciosa, na maioria das vezes é apenas diagnos-
ticada tardiamente, em geral ap6s a ocorréncia de fraturas por fragilidade. A
DMO ¢ uma importante indicadora de fragilidade, no entanto, a mesma nao é
capaz de caracterizar a estrutura trabecular. Por isso, o estudo da microarqui-
tetura e da competéncia mecanica da mesma é fundamental para auxiliar na
predicdo do risco de fratura por fragilidade 6ssea.

Neste trabalho alguns aspectos da estrutura dssea foram descritos com par-
ticular aten¢do a microarquitetura trabecular, apresentando os principais indi-
cadores utilizados para caracterizacao qualitativa e quantitativa da estrutura
ossea. O estudo da formagdo e estrutura Ossea estd subdividido em escalas: i)
macroestrutura, onde o 0sso é visto como cortical e trabecular; ii) microestru-
tura, nivel onde os osteons (unidades estruturais basicas) constroem o 0sso cor-
tical; iii) ultraestrutura, nivel onde ocorre a formacéo de osteons e trabéculas; iv)
ultraestrutura fina, nivel de algumas centenas de nandmetros onde se distingue
dominios de colagenos e fibrilas, v) escala nano, onde os componentes elemen-
tares do tecido mineralizado, como hidroxiapatita e colageno, sdo observados.

Claramente, o trabalho apresentado aqui ndo teve a pretensao de ser deta-
lhado e completo, ndo apenas por limitagdo de espaco, mas também em virtude
dos desafios impostos pelas diferentes escalas e da enorme literatura disponivel
na drea. No entanto, a leitura do presente trabalho, acompanhada das referén-
cias, permitira aos leitores uma visdo sobre o estado da arte. E importante res-
saltar que ha alguns grupos de pesquisadores atuando nesta drea em diferentes
instituicoes académicas e centro hospitalares brasileiros.
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Resumo

O gds ozonio (O,) é uma substdncia altamente reativa e sua estabilidade de-
pende fundamentalmente da pressdo, da temperatura e do pH do meio. Apresenta
inuimeras aplicagoes na drea da Saiide Humana e Animal e do Meio Ambiente. A
ozonioterapia é uma técnica que se baseia na aplicagdo de uma mistura dos gases
oxigénio e ozonio (medicinal), por diferentes vias de administracdo e com finali-
dades terapéuticas diversas. A ozonioterapia que vem sendo cada vez mais utili-
zada na medicina humana tem despertado o interesse da medicina veterindria.
Isto se deve ao fato de ser uma técnica minimamente invasiva, apresentar poucos
efeitos colaterais quando aplicada adequadamente e apresentar excelente relagio
custo/beneficio quando comparado as técnicas tradicionais. O uso do ozdnio no
meio ambiente estd em grande parte associado a dgua. Apés a transferéncia do
o0zbnio para a dgua, os contaminantes contidos na mesma sdo oxidados a partir
do ozobnio dissolvido. O processo de ozonizagdo utilizado na desinfec¢io de dguas
de maneira isolada apresenta relagdo custo/beneficio muito superior aos demais
processos, porém, o mesmo pode ser também aplicado em conjunto com outros
processos, potencializando ainda mais seu efeito, como por exemplo, desinfec¢io
e tratamento de dgua visando obtengdo de dgua potdvel; de esgotos e efluentes
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industriais e residenciais; de dguas provenientes de hospitais, laboratorios, in-
dustria farmacéutica, alimenticia, bebidas, entre outras. Desta forma, é evidente
a grande importdncia do ozonio e a necessidade do desenvolvimento de novos
processos e tecnologias que viabilizam o uso e aplicagdo do ozénio nas dreas da
satide e meio ambiente.

Palavras-chave: Ozonio, Satvide Animal, Satide Humana, Meio Ambiente, De-
sinfecgdo.

Abstract

Ozone gas (0,) is a highly reactive substance and it is stability depends cru-
cially on the pressure, temperature and pH. Features numerous applications have
been described in the Health (human and animal) and Environment areas. Ozone
therapy is a technique that relies on mixture of oxygen and ozone gases (medical),
by different routes of administration and various therapeutic purposes. Ozone
therapy that has been increasingly used in human medicine has aroused the in-
terest of veterinary medicine. This is due to the fact that it is a minimally invasive
technique, produce few side effects when applied properly and present excellent
cost/benefit ratio compared to traditional techniques. The use of ozone in the en-
vironment is largely associated with the water. After the transfer of ozone to water,
the contaminants contained therein are oxidized from the dissolved ozone. The
ozonation process used to disinfect water in isolation presents cost/performance
ratio far superior to other processes, but it can also be applied in conjunction with
other processes, further enhancing its effect, disinfection and treatment water
aiming obtain drinking water; sewage and industrial and residential waste; wa-
ters from hospitals, laboratories, pharmaceutical, food, beverages, among others.
Thus, it is evident the importance of ozone and the need to develop new processes
and technologies that enable the use and application in the Health and Environ-
ment areas.

Keywords: Ozone, Animal health, Human health, environment, disinfection.
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Introducao

O dominio de novas tecnologias costuma com frequéncia impulsionar o uso
de substancias largamente conhecidas, e, ha muito no mercado, como é o caso
do gas ozodnio. O desenvolvimento de modelos computacionais permitindo a
otimizacdo da difusdo na interface gas-liquido, de reatores com alta performan-
ce, da produgao de difusores a partir de ligas metalicas e de diferentes polimeros
inclusive resistentes a 0zdnio, além do seu relativo baixo custo, vem impulsio-
nando o uso deste gas em varias areas do conhecimento.

Ozo6nio - Fundamentos

O géds ozodnio (O3) ¢ uma substancia altamente reativa com iniimeras aplica-
¢Oes na area da Saude e do Meio Ambiente. Seu uso é altamente eficaz na desin-
fecgdo de instrumental cirurgico, das méaos, de ambientes, e, de alimentos, além
de ser muito bem indicado no tratamento de agua e esgoto [1]. Sua molécula é
constituida por trés dtomos de oxigénio (Figura 1), e sua estabilidade depende
fundamentalmente da pressao, da temperatura e do pH do meio. A estabilidade
da molécula aumenta com o aumento da pressdo e diminui com o aumento da
temperatura e com o aumento do pH [2].

fon Oxigénio
Reativo

Molécula
Ozdnio

Molécula
Oxigénio

(@) (b)

Figura 1: Estrutura da molécula de ozonio pré (a) e pés sua dissociagdo, gerando a particula O (b).
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A dissociagao do gas gera um ion oxigénio, que combinara quimicamen-
te com a molécula compativel mais préxima. No caso de um microrganismo
haverd reacdo com a estrutura da sua membrana, lesando-a, e, acarretando a
morte do mesmo. Processos desta natureza podem ocorrer tanto no ar, elimi-
nando, por exemplo, o mau cheiro, quanto na agua, provocando a desinfec¢ao
da mesma. O gds ozdnio apresenta massa molecular igual a 48g, o que demons-
tra sua capacidade de decantagao no meio ar, nas condi¢des normais de pressao
e temperatura [3]. O principio de geragao de O, mais conhecido, depende fun-
damentalmente das condigoes de pressdo, temperatura, e, da presenga da mo-
lécula de oxigénio (O,), além da energia de excitagdo produzida pela radiagao
ultravioleta. No caso especifico da camada de 0zonio que envolve nosso plane-
ta, a radiagdo ultravioleta emitida pelo sol estimula moléculas de O, induzindo
a dissociagao dessas, resultando na liberagdo de ions O-, os quais podem se
associar a outras moléculas de oxigénio formando moléculas de ozonio [4]. A
maneira mais eficaz de produzir o gas ozonio é copiar o que a natureza faz.
Neste caso utiliza-se um reator, constituido por dois eletrodos metélicos con-
céntricos, espagados entre si por uma distancia sub-milimétrica. Aos eletrodos
¢ aplicada uma diferenga de potencial da ordem de alguns KVolts, induzindo o
efeito corona no espago inter-eletrodos, resultando na emissao de radiagao UV,
que € capaz de dissociar as moléculas de O, que passem pela regido[5]. O gds
injetado neste espago pode ser o ar ambiente contendo aproximadamente 20%
de O,, ou ainda, o oxigénio puro engarrafado. No primeiro caso, o resultado na
saida é uma mistura contendo ar+ 0,,e,no segundo caso 0,+0,. Na figura 2 é
apresentado um esquema do reator de ozonio.
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Saida:

Ar+ 0J
ou

0,+0,

Descarga
Elétrica

Eletrodo
Central

Alta Tensdo (KV)

Eletrodo
Externo

Figura 2: Principio de funcionamento do gerador de ozonio.

A concentragdo do ozonio é calculada considerando a relagdo entre a massa
do gas e o volume do meio em que ele estd disperso. As unidades mais utilizadas
sdo g/m®, mg/L, ou ainda, pug/ml. Considerando a concentragdo do ozonio no
meio ar, cuja densidade ¢ igual a 2,14 Kg/m’, tem-se que, a concentragdo deste
gas em 1m’ equivale a 467 ppm. No caso da concentragdo do 0z6nio em meio
agua, cuja densidade ¢ igual a 1000 Kg/m®, tem que, a concentragio do gas em
1mg/L equivale a 1 ppm [6].

A difusdo do ozdnio na agua, conhecida também como transferéncia de
massa, ¢ de fundamental importancia nos processos que utilizam esse veicu-
lo como meio. Esse processo depende fundamentalmente de difusores de gas
construidos a partir de 6xidos ou metais de elevada resisténcia a corrosao, que,
imersos na agua devem ser capazes de gerar bolhas de pequenas dimensdes.
Quanto menor o didmetro dessas bolhas mais eficaz é o processo de transfe-
réncia de massa, uma vez que a area de contato entre ar e 4gua aumenta com o
aumento da densidade de bolhas. A fung¢do de probabilidade de transferéncia
do gas ozonio para a dgua f(r), pode ser obtida a partir da normalizagdo da drea
com o volume da esfera, resultando na seguinte funcao, f(r) =3/r, sendo que “r”
representa a variavel independente, raio da esfera. O grafico dessa fun¢ao mos-
trado na figura 3 evidencia que, quanto menor o didmetro da bolha de gas O,
maior serd a probabilidade de transferéncia do ozonio para o meio liquido [6].
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Transferéncia Ozénio para Agua
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Figura 3: Funcdo probabilidade de transferéncia do gas ozonio para o meio liquido, cuja fung¢io

f(r) =3/r, cujo calculo utiliza area superficial, volume e raio de curvatura da bolha.

Ozobnio - Aplicacdes na area da Saude

Aplicagdes na Area da Saide Humana - A ozonioterapia é uma técnica
que se baseia na aplicagdo de uma mistura dos gases oxigénio e ozonio (me-
dicinal), por diferentes vias de administragdo e com finalidades terapéuticas
diversas. O efeito antisséptico do ozonio é conhecido desde o inicio do século
XX. No entanto, a avaliagdo e o estudo sistematico no campo da ozonioterapia
iniciaram-se em meados dos anos 70, principalmente na Alemanha, devido o
desenvolvimento de materiais (polimeros) resistente ao ozonio e de geradores
de ozonio compativeis com a utiliza¢do na pratica clinica [7]. Cabe ressaltar que
as investigagdes pré-clinicas e clinicas com um consideravel rigor cientifico tém
sido realizadas na Alemanha, Cuba, Italia, Russia e outros paises, sendo que
nestes estudos sdo avaliados o uso do ozdnio em diferentes protocolos médicos
[8]. Atualmente, a Ozonioterapia é reconhecida pelo Sistema de Saude da Ale-
manha, da Suica, Austria, da Itdlia, de Cuba, da Ucrania, da Russia, da Grécia,
Israel, do Egito e da Australia, além de ser praticada em 13 estados dos Estados
Unidos da América (Arkansas, Washington, Califérnia, Colorado, Novo Méxi-
co, Texas, Oklahoma, Geérgia, Nova York, North Carolina, Ohio, Minnesota e
Nevada). No Brasil, a Associagdo Brasileira de Ozonioterapia (ABOZ) funda-
da em 2006, intensifica suas atividades para que a pratica da Ozonioterapia no
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Brasil possa ser realizada de maneira legal, consciente, responsavel e ética. En-
tretanto, até o presente momento, ndo é uma pratica reconhecida pelo Sistema
de Satde brasileiro [9]. O interesse na ozonioterapia vem aumentando devido
o numero crescente de relatorios provenientes de diferentes clinicas de todo o
mundo sobre os efeitos bioldgicos do 0zdnio e sua utilizagdo bem sucedida no
tratamento de varias doengas [7].

Fundamentos terapéuticos - Na ozonioterapia analogamente ao que ocor-
re com a prescri¢ao de firmacos, a dosimetria deve ser rigidamente observada,
sendo que baixas doses néo sdo efetivas e altas doses podem provocar efeitos
colaterais danosos ao paciente. De uma maneira geral, recomenda-se escalonar
a dose, iniciando sempre com baixas doses até atingir a dose ideal. As excegdes
sdo as ulceras ou feridas infectadas, nestas deve-se proceder de forma inversa
(iniciar com altas concentracdes e reduzir em fun¢io da resposta clinica) [8]. A
dosimetria e 0 modo de aplicagdo variam de acordo com a afec¢do a ser tratada,
sendo que a primeira determina o tipo de efeito bioldgico e a segunda como o
ozOnio interage com o organismo. A Tabela 1 apresenta a classificacdo de doses
terapéuticas segundo seus efeitos bioldgicos.

Tabela 1: Classificagdo das doses terapéuticas de acordo com os efeitos bioldgicos.

Dose Baixa Média Alta
Efeito imunomodu- .
. Indicadas nos casos
. lador e estimulante ] .
Efeito imunomodu- . L. de ulceras ou feridas
. .. do sistema enzimatico .
Efeito lador, indicadas para o infectadas. Neste
R de defesa antioxi- . ,
Bioldgi- doencgas que com- aplica-se o 6leo ou
. dante. Apresentam . .
co prometem o sistema .1 azeite ozonizado
. . grande utilidade nas . )
imunoldgico. L. assim como a dgua
doengas cronico- .
. ozonizada.
degenarativas.

*Dose terapéutica (ug) = Concentragio de O, (ug\mL) x Volume (mL) [8].

Vias de aplica¢do — O ozo6nio pode ser aplicado por via local ou parenteral,
ou ainda combinando as duas com o objetivo de potencializar os efeitos. Cabe
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ressaltar que, a aplica¢ao de ozdnio via endovenosa nao é recomendada devido
ao risco de embolia gasosa, mesmo que se utilize bomba de infusio lenta e com
pequenos volumes [3]. Assim sendo, recomenda-se a utilizagdo de vias de apli-
cacdo mais seguras e eficazes, como por exemplo, a auto-hemoterapia maior
e menor e ainda a insuflagdo por via retal. Ja a via inalatoria é absolutamente
proibida uma vez que os pulmdes, devido suas caracteristicas anatdmicas e bio-
quimicas, sdo extremamente sensiveis aos danos oxidativos do 0z6nio, mesmo
em concentragdes muito baixas [8]. Na Figura 4 sdo apresentadas as principais
formas de aplicagao do ozonio com finalidades terapéuticas.

Principais vias de aplicacio do Ozoénio

. Caracnenm-se pela ozonizagdo de sangue venoso (50 a 100 mL) acrescido
de ant A 40 de ozonio ndo deve ultrapassar 80
ug/mL dev1do o risco de hemdlise. O sangue ozonizado ¢ injetado através
de inje¢do intravenosa [10]

* Dentre as principais indicagdes temos: desordens circulatorias arteriais;
Ang'lopatla (especialmente a angiopatia diabética; doengas causadas por
virus: hepatite B e C, herpes; Deficiéncias Imunoldgicas em geral [1] .

* Sdo coletados de 5 a 10 mL de sangue venoso em seringa de 20 mL contendo de
10 a 15 mL da mistura oxigénio\ozonio, a amostra e culdadosameme
homogeneizada ¢ injetada lar. As
variam de 10-40 ug/mL [2]. As indicagdes sao semelham,es ada AHTM.

* As concentragdes utilizadas variam de 5 a 10 ug/mL e utiliza-se um volume de
gas muito pequeno (12 mL) [2]. E eficiente no tratamento da dor neuropatica.
Pode ser empregada para fins estéticos como no caso da celulite.

« [ realizada através de uma sonda que ¢ introduzida no reto, pela qual se

aplica lentamente o gis. Devido seu efeito local, pode ser utilizado para o
tratamento da colite e proctite [11]. Além disso, devido seu efeito sisttmico
apresenta as mesmas indicagdes da ATHM. As concentragdes utilizadas
variam de acordo com a patologia a ser tratada.

Figura 4: Principais vias de aplicagdo do ozdnio terapéutico e suas indicagdes [8].

Mecanismos de a¢do - Devido ao potencial oxidante do ozonio ele é ca-
paz de reagir com a maioria das substancias orginicas e inorganicas até sua
completa oxidacao, ou seja, até a formacao de agua, xidos de carbono e outros
oxidos estaveis. Por essa razio, a sua detec¢do em tecidos biologicos apresenta
sérias dificuldades de implementagdo, fazendo com que o oxigénio que é o seu
principal produto de recombinagdo possa ser alvo dessa medida [12,13]. Em re-
lagdo a sua reatividade com substancias bioldgicas, estabeleceu-se a influéncia
seletiva de ozOnio para as moléculas que tem dupla e tripla ligagdo. Entre estas
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se encontram as proteinas, aminoacidos e acidos graxos insaturados, que cons-
tituem as lipoproteinas complexas do plasma e fosfolipidios das membranas ce-
lulares [14]. As reagdes com estes compostos sdo as bases dos efeitos biologicos
da ozonioterapia e tém importéncia na patogénese de diferentes doencas. Seus
mecanismos de a¢ao estdo intimamente ligados a produgao de quatro espécies
fundamentais, ozonideos, aldeidos, perdxidos e perdxido de hidrogénio (H,0,),
sendo que, sua interagdo ocorre principalmente com substancias com ligagdes
duplas presentes nas células, fluidos ou tecidos. Eles também interagem com as
moléculas de DNA e residuos de cisteina das proteinas. Em concentragdes tera-
péuticas, os derivados da reagio do O, com as duplas ligagdes dos constituintes
celulares desempenham diferentes fungdes bioldgicas e terapéuticas, atuando
como segundo mensageiro, com capacidade de ativar enzimas, além de atuarem
na resposta imunoldgica, entre outros (Figura 5) [15].

Melhorao
metabolismo
doOxigénio

oxidativo

Regulador
SSpeLtro metabdlico

Figure 5: Efeitos bioldgicos e terapéuticos do ozonio [15].

Quando o 0z6nio entra em contato com os fluidos bioldgicos (sangue, plas-
ma, urina, entre outros) se dissolve na agua presente nesses fluidos, reagindo
rapidamente. Em altas concentragdes ¢ capaz de esgotar os antioxidantes hidro-
tilicos e lipofilicos presentes nos liquidos organicos, portanto, a ozonioterapia
deve sempre utilizar doses na faixa terapéutica, que é capaz de produzir quanti-
dades ideais de espécies reativas de oxigénio (ERO) e produtos da lipoperoxida-
¢do (LPO), reduzindo assim danos desnecessarios ao meio. A formagdo de ERO
no plasma é extremamente rapida (inferior a 1 minuto), sendo acompanhada por
uma redugdo (5% a 25%) transitoria da capacidade antioxidante, que retorna ao
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seu nivel normal no periodo de 15 a 20 minutos. O perdxido de hidrogénio que
funciona com mensageiro intracelular [16] e outros mediadores, se difundem
para o interior das células, ativando diferentes vias metabdlicas nos eritrdcitos,
leucécitos e plaquetas, resultando em diferentes e numerosos efeitos bioldgicos.

Contraindica¢des da Ozonioterapia — As principais contra indica¢oes
para o uso do ozdnio sdo apresentadas na Figura 6.

Contraindicagoes

Portadores de uma doenga hereditdria que reduz a deficiéncia da Glicose 6 fosfato-
desidrogenase (G6PD). Devido a auséncia dos sistemas de protecdo antioxidantes pre-
sentes nas hemadcias hd risco acentuado de hemolise.

Pacientes com hipertireoidismo (tireotoxicose), condigoes hemorragicas, trombocito-
penia, intoxica¢do aguda por dlcool e pancreatite.

Estados convulsivos ou relatos de crises convulsivas.

Pacientes com grave instabilidade cardiovascular (enfarto do miocardio recente).

Primeiro trimestre de gravidez devido ao risco mutagénico, pois ndo ha estudos
clinicos de seguranga.

Durante o tratamento com o0z0nio ¢ necessario suspender todos os suplementos de
antioxidantes que contém vitamina C e vitamina E. A presenga destes compostos em
concentragdes elevadas interfere na a¢io oxidante do 0zonio e consequentemente al-
tera o curso normal da terapia.

Intolerincia e alerigia ao ozonio.

Figura 6: Principais contraindicagdes da ozonioterapia [8].

Doengas mais apropriadas para serem tratadas com ozonioterapia — De
acordo com a Declaragdo de Madri (2010) [8], as doengas sensiveis ao tratamen-
to com ozonio podem ser classificadas em trés categorias, dependendo do grau
de éxito terapéutico alcancado.

Doengas de primeira categoria — A Ozonioterapia se constitui em um im-
portante apoio no tratamento de doencas de primeira categoria, funcionando de
forma exclusiva ou adjuvante, com elevado éxito terapéutico nos casos abaixo.
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Osteomielite, enfisema pleural, abscessos com fistula, feridas infecta-
das, ulceras decubito, escaras, ulceras cronicas, pé diabético e queima-
duras.

Doengas isquémicas avangadas.

Degenerescéncia macular relacionada com a idade (forma trofica) por-
que a oftalmologia ortodoxa nao apresenta um tratamento significativo.
Doengas ortopédicas e osteoartrose localizada.

Sindrome de fadiga cronica e fibromialgia.

Odontologia relacionada com lesdes de caries primarias.
Estomatologia para infecgdes cronicas e recorrentes da cavidade oral.
Doengas infecciosas agudas e cronicas, particularmente causadas por
bactérias resistentes aos antibioticos ou aos tratamentos quimicos, vi-
rus, fungos, e protozoarios.

Doengas de segunda categoria - Nas doengas de segunda categoria a Ozo-

nioterapia deve ser associada aos tratamentos ortodoxos, com o intuito poten-

cializar os resultados, sendo considerada adjuvante ao tratamento convencional.

Fadiga relacionada com o cancro (até o presente momento nao foi de-
monstrado um efeito terapéutico no cancro.
Asma.

Doengas de terceira categoria - No caso das doencas de terceira categoria

as combinagdes de tratamentos ortodoxos e Ozonioterapia indicam bom poten-

cial para aplicagdo, porém, ha caréncia de embasamento clinico.

Doengas auto-imunes (esclerose multipla, artrite reumatoide, doenca
de Crohn, psoriase).

Deméncia senil.

Doengas pulmonares: Enfisema, doenga pulmonar obstrutiva cronica,
fibrose pulmonar idiopatica e a insuficiéncia respiratéria aguda.
Doencas da pele: psoriase e dermatite atdpica.

Metastase de cancro.

Sepsis severa e disfuncao multipla de drgaos.
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Aplicacdes na Area da Saude Animal

A ozonioterapia vem sendo cada vez mais utilizada na medicina humana,
e por isso tem despertado o interesse da medicina veterindria, devido os seus
efeitos nas doengas de origem inflamatéria, infecciosa e isquémica. Além disso,
¢ uma técnica minimamente invasiva, apresenta poucos efeitos colaterais quan-
do aplicada adequadamente e possui excelente relacao custo/beneficio quando
comparado as técnicas tradicionais, como é o caso da antibioticoterapia, uma
vez que ndo ¢ capaz de induz o fendmeno de resisténcia microbiana. Nestes ca-
sos, apesar da escassez de artigos cientificos, a maioria dos trabalhos explora as
propriedades microbicida, cicatrizante e anti-inflamatdria.

O ozonio topico [17] mostrou ser eficiente no tratamento de dermatomico-
ses, osteomielites, feridas infectadas, fistulas e doencas do ubere de bovinos e
eqiiinos [18]. Ogata e Nagahata (2000) [19] relataram que a aplicagdo intrama-
maria de gas 0zdnio em mastite clinica de vacas leiteiras apresentou bons resul-
tados clinicos. Em equinos, hd relatos da sua aplicagao em afec¢des locomotoras
como na sinovite da bursa do osso navicular, na osteoartrite da articulacéo in-
terfalangiana distal e na tendinopatia no local de inser¢ao do tendao do mus-
culo flexor digital profundo [20], em tratamento de processos isquémicos [21]
e na diminui¢do dos efeitos negativos do metabolismo aerébico/anaerébico em
condi¢des de médximo esforco em animais de corrida [22]. Neste ultimo, tem-se
utilizado um protocolo de aplicagdo a cada trés dias. Segundo Alves et al. (2004)
[21], a utilizagdo do ozdnio é alternativa possivel no tratamento de equinos aco-
metidos por abdome agudo, uma vez que as propriedades bioquimicas do 0z6-
nio induzem & modulagdo de enzimas antioxidantes, promovendo a protegdo
do trato gastrintestinal. Em um estudo mais recente, equinos sadios foram ex-
postos a uma aplicagao intravenosa de 500 e 1000 mL da mistura terapéutica de
oxigénio\ozonio. Os resultados obtidos neste estudo mostraram que nao houve
alteragdes clinicas na temperatura corporal, frequéncias cardiaca e respiratéria,
coloracio das mucosas e tempo de enchimento capilar. A ozonioterapia dimi-
nuiu discretamente os valores de gama-glutamiltransferase, entretanto, ocasio-
nou discreta diminuigio na concentragio da glicose, indicando que nestes casos
¢ importante monitorar a glicemia dos animais durante a sua administragao.
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Além disso, foi observado discreto aumento dos valores de fibrinogénio em
equinos, sugerindo um efeito benéfico nos processos de cicatrizagdo [23].

Teixeira et. al. (2013) compararam o efeito analgésico do Meloxicam (anti
-inflamatério ndo esteroidal) e do ozonio (insuflagdo retal de ozdnio e injetado
em pontos de acunpultura) em cadelas submetidas a ovariohisterectomia. Os
dados obtidos mostraram que os trés protocolos utilizados induziram analge-
sia de maneira semelhante. Além disso, a ozonioterapia nao apresentou efeito
adverso mensuravel, o que sugere que o ozdnio pode ser uma alternativa para
promover o alivio da dor [24].

Entre diversos relatos de casos realizados na Coréia, destaca-se o trata-
mento de hérnia discal em cées utilizando o guia fluoroscopico para a apli-
cagdo do gas [25].

A ozonioterapia em Cuba é bastante desenvolvida com varios estudos publi-
cados, incluindo o efeito gastroprotetor e o tratamento da giardiase a partir da
ingestao de 6leo ozonizado [26,27]. Além disso, a aplicagdo via retal de ozdnio
foi capaz de reverter o desequilibrio pro-oxidante renal induzido pela Cisplati-
na (imunossupressor), por meio da ativagdo de alguns componentes do sistema
antioxidante renal, e desse modo induziu diminui¢do no dano renal [28].

Os indicadores de produgio cientifica atual evidenciam que a ozoniotera-
pia veterindria vem apresentando um aumento gradual e constante em diver-
sos paises, se constituindo em uma importante alternativa ou complemento aos
protocolos terapéuticos tradicionais, porém exigindo ainda estudos consistentes
no que tange a compreensdo dos mecanismos envolvidos.

Ozénio - Aplicagc6es em Meio Ambiente

Desinfeccio e Tratamento de Aguas - A desinfeccio de dguas na atuali-
dade é realizada majoritariamente com o uso da Clorina, porém, devido a ina-
meros problemas relacionados a satde, diversos paises do hemisfério norte vem
optando pela sua substitui¢ao. Considerando os aspectos relacionados a satde,
meio ambiente e relagdo custo/beneficio, as técnicas de Ozonizagido e de Ultra-
violeta s3o as mais indicadas para o tratamento de dgua nas préximas décadas
[29]. Abaixo sdo explicitadas algumas das principais aplicagdes do ozdnio.
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o Desinfec¢do e tratamento de dgua visando obten¢iao de agua potavel;

« Desinfecgdo de esgotos e efluentes industriais e residenciais;

o Desinfec¢do e tratamento de dguas provenientes de hospitais, laborato-
rios, industria farmacéutica, alimenticia, bebidas, entre outros;

o Tratamento de agua em piscinas, viveiros e aquarios;

o Combinagido Ozonio-UV para desinfec¢do total da dgua visando apli-
cagdo na industria farmacéutica;

« Combinagao Ozonio-Cloro em agua potavel. Como a legislagao brasi-
leira exige a presenca de cloro residual, o uso do ozonio neste caso per-
mite a redu¢io de até 90% do cloro, contribuindo ainda para a redugio
da formagéo de trihalometanos.
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Figura 6: Descoloragao do Corante Téxtil RB5 (50 mg/L) sob efeito do ozdnio (2 mg/L) [30].

O uso de corantes na remog¢ao de matéria organica de efluentes pode ser
bastante interessante se considerarmos que o corante ¢ altamente adsorvido
pela matéria orgdnica, para em seguida reagir com o ozdnio. Esse efeito pode
contribuir substancialmente na efetividade do uso do ozonio no tratamento de
efluentes [31]. A figura 7, apresenta a transmissdo de luz na regido do UV-visivel
para o corante azul de metileno na concentragao igual a 2 mg/L, submetido a
a¢do do ozonio em diferentes tempos na concentragao de 14mg/L[32].
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Figura 7: Espectro de Absor¢do do Azul de Metileno (2mg/L) sob efeito do Oz6nio (14 mg/L) [32].

Estruturas alifaticas nao-saturadas também reagem diretamente com 0z0-
nio para produzir aldeidos e acidos carboxilicos, sem a formagdo de radicais
ozonizados.

A oxidagédo pelo ozonio envolve por vezes compostos orgénicos sintéticos.
As matérias orgénicas dissolvidas incluem compostos organicos naturais como
aminodacidos, carboidratos, etc, e, micropoluentes nao transformados tais como
aromaticos, hidrocarboneto alifatico, solventes clorados, fendis, pesticidas, etc,
e, ainda, micropoluentes transformados pela agao do homem, como, compostos
halogenados, aromaticos, ftalatos e pesticidas [33]. Existem ainda compostos
formados na agua devido as altas concentragdes de matéria organica, eviden-
ciando que as caracteristicas de reatividade de fato sdo muito importantes.

A acgdo do ozdnio ¢ também bastante efetiva na desinfec¢ao de aguas, ¢ ca-
paz de eliminar micro-organismos resistentes ao cloro, como ¢é o caso da Giar-
dia ssp., conforme mostram PASSOS et al, no trabalho que compara o efeito do
ultrassom e 0zonio na desinfec¢ao de agua de reuso [34].

Ozonizag¢ao de Poluentes Organicos Dissolvidos - A eficiéncia da agdo do

0z0nio na dgua ¢ diretamente proporcional a transferéncia de massa de ozonio
ao meio e também a interacao deste com os compostos organicos presentes.
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A transferéncia de massa é o fator responsavel pela desinfecgdo e oxidagdo de
compostos organicos e micro-organismos enquanto que a reagao quimica entre
0 0z0Onio e compostos organicos responde pelos subprodutos gerados, podendo
impactar positiva ou negativamente no meio.

Visando contribuir para a compreensdo destas varidveis no sistema de tra-
tamento de efluentes, a partir do modelo proposto por Sheffer and Esterson
para agua potavel [35], Farooq et al. [36] propuseram o estudo da cinética de
reagdo quimica de um sistema de esgoto secundario, empregando um modelo
matematico explicitado pela equagdo abaixo que leva em consideragéo a cinética
de ozonizacio.

QHG HG] K]HG = KZHG pm
sl +t0+—[C; + +K\V [C; + +K,V [C7.S
Sentrada [123I.Kla.V 431 LY ik KV LY ke T X2 [CL

CL = concentragdo de ozonio na fase liquida, (mg/L);
entrada = dose de ozonio, (mg/min);

G = vazdo de ozodnio, (L/min);

H = constante de Henry, (atm/mol);

K, = coeficiente de transferéncia de massa global na fase liquida, (min™);
K, = constante de decomposi¢do de 0zo6nio, (min™);

K, = constante da reagdo de ozonio, [L/mg)1/2 min’];

m, n, p = ordem de reagéo;

Q = vazéo do liquido, (L/min);

S = concentragdo de matéria organica remanescente, (mg/L);
V = volume da coluna, (L).

Asvaridveis K , K, K, foram determinadas através de programa computa-
cional. O valor médio de transferéncia de massa (K ) para efluente pré-ozoni-
zado foi igual a 1,04 min™, enquanto que para efluente sem prévia ozonizagao
foi igual a 1,243 min™. Essa diferenga se deve principalmente ao fato de que no
segundo caso a reatividade do 0zdnio ocorre de maneira mais intensa. O célcu-
lo da constante de decomposi¢do de 0zonio para efluentes sem pré-ozonizagio
evidenciou um valor de K, igual a 0,087min™. O célculo da constante de reagao
de ozonio evidenciou um valor de K, igual 0,091 (L/mg)% min™.
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A partir da equagdo acima é possivel calcular o total de 0z6nio necessario
para manter uma determinada quantidade de ozonio residual em um volume
pré- determinado de dgua residual, reduzindo assim, o desperdicio de ozonio e

conservando a energia necessaria para o tratamento exigido.

Conclusao

Com base nas informagdes apresentadas fica evidente a grande importancia
do ozdnio e a necessidade do desenvolvimento de novos processos e tecnologias
que viabilizam o seu uso e aplicagdo nas dreas da saude (humana e veterinaria)
e meio ambiente.
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Resumo

A biologia computacional é atualmente uma drea em franca expansdo, que
vem despertando o interesse de pesquisadores de diferentes campos. Seu constante
e crescente desenvolvimento depende diretamente da apropriagdo de conceitos e
conhecimentos da biologia, matematica, fisica e computagdo. No campo da enge-
nharia biomédica, a biologia computacional se apresenta como uma coadjuvante
de grande destaque na geragdo de novos conhecimentos de forte impacto cienti-
fico e social. Buscando apresentar a diversidade de linhas de atuagio no campo
da biologia computacional, o presente trabalho traz uma pequena amostra dos
recentes avangos cientificos proporcionados por estudos na drea.

Palavras-chave: Biologia computacional, bioinformdtica, gendmica computacio-
nal, biologia de sistemas

Abstract

Computational biology is currently an area in full expansion, which has
aroused the interest of researchers from different fields. His constant and increas-
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ing development directly depends on the appropriation of concepts and knowledge
of biology, mathematics, physics and computing. In the field of biomedical engi-
neering, the computational biology is presented as a supporting the generation
of new knowledge of strong scientific and social impact. Seeking to present the
diversity of lines in the field of computational biology, this work provides a small
sample of recent scientific advances provided by studies in the area.

Keywords: Computational biology, bioinformatics, computational genomics, sys-
tems biology.

Introducao

Os avancos cientificos alcancados em diversas areas do conhecimento bio-
légico conjuntamente com o aprimoramento da computagdo cientifica tém
promovido um desenvolvimento sem precedentes no campo da engenharia
biomédica. Neste desenvolvimento, destacam-se os estudos na drea da biologia
computacional.

Um dos grandes desafios da biologia computacional para o século XXI é
a producio de ferramentas que suportem todo o ciclo da pesquisa biomédica,
desde a aquisi¢ao dos dados, curadoria, analise e visualizagdo das informagoes,
assim como a integracdo de todos os resultados e dados obtidos.

Novas técnicas de processamento de dados ou informagoes bioldgicas, mo-
delagem e simulagdo computacional de sistemas bioldgicos, permitem o desen-
volvimento de inovagdes tecnoldgicas aplicadas a biologia capazes de predizer
com alto grau de confiabilidade o comportamento de sistemas biologicos frente
a perturbagdes provenientes de doengas ou intervengdes humanas. O desen-
volvimento de tais inovagdes depende, em primeiro lugar, de poder integrar
diversos grupos altamente capacitados de pesquisadores em diversas areas do
conhecimento interessados no seu desenvolvimento. Além disso, depende tam-
bém de uma adequada infra-estrutura (humana e de sistemas computacionais)
capaz de atender as necessidades requeridas por estas atividades.

Neste contexto, as pesquisas no campo da biologia computacional buscam
proporcionar a integragiao de conhecimentos interdisciplinares, com destaque
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para as dreas de computagdo avangada, biologia, genética, matematica aplicada,
tisica e biotecnologia, com o objetivo de alcangar tal desenvolvimento tecnoldgico.

Biologia Computacional

Conceitualmente, a biologia computacional pode ser vista como um cam-
po de estudo interdisciplinar que utiliza conceitos da computac¢do avangada,
matematica aplicada, fisica e estatistica para promover e auxiliar a solugio de
problemas bioldgicos.

A biologia computacional engloba estudos nas areas de bioinformatica,
modelagem e simulacdo de sistemas bioldgicos, interpretagdo e visualizagdo de
dados bioldgicos, armazenamento digital de informagdes biolégicas, mineragao
em bases de dados bioldgicos, reconhecimento e classificagdo de padroes em
dados biolégicos.

As areas da biologia mais comumente beneficiadas com os estudos da biologia
computacional incluem a gendmica, a biologia sistémica e a biologia estrutural.

A gendmica ¢ uma subdrea da genética molecular que busca avaliar o feno-
tipo de uma célula ou de um organismo em associagao com alteragdes estrutu-
rais do genoma. Depende diretamente do uso da informatica, uma vez que atua
com a analise de grande volume de dados provenientes do DNA, RNA e pro-
teinas. Trata-se de uma drea em que sio aplicadas técnicas de recombinagdo no
DNA, métodos de sequenciamento de DNA e bioinformatica para sequenciar,
montar e analisar a funcdo e a estrutura do genoma, inclusive para determina-
¢ao da seqiiéncia total de DNA de organismos e mapeamento genético. Também
estao incluidos estudos de fendmenos intragendmicos como heterose, epistasia,
pleiotropia e outras interagdes entre diferentes loci e alelos do genoma.

A biologia sistémica estuda as interagdes entre os elementos constituintes
de um sistema bioldgico desde sua caracterizacdo (RNAs, proteinas, genes), a
interconexao destes elementos, e a compreensdo do organismo como um todo.
Trata-se de um campo interdisciplinar que investiga interagdes complexas den-
tro dos sistemas bioldgicos, usando uma abordagem holistica, em vez do redu-
cionismo tradicional. Este conceito tem sido amplamente utilizado nas ciéncias
biolégicas em uma variedade de contextos com o objetivo de modelar e desco-
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brir propriedades de diferentes tipos celulares, tecidos e organismos que funcio-
nam como um sistema, cuja descrigdo teodrica s6 ¢ possivel através de técnicas
que geralmente envolvem redes metabdlicas ou redes de sinaliza¢do, fazendo
uso de modelos matematicos e computacionais.

A biologia estrutural, por sua vez, ¢ um ramo da biologia molecular, bio-
quimica e biofisica que investiga a estrutura de macromoléculas bioldgicas, es-
pecialmente proteinas e dcidos nucléicos. Trata-se do estudo de como essas es-
truturas sio formadas e de como suas alteragoes podem afetar as fungdes dessas
macromoléculas, fundamentais para o desenvolvimento da maioria das ativida-
des celulares. Essa capacidade é bastante dependente da forma tridimensional
especifica das macromoléculas que, por sua vez, esta intimamente relacionada
a sua composi¢do bésica ou estrutura primaria, sendo portanto, um assunto de
grande interesse em grande parte dos estudos bioldgicos.

Recentes Avancos em Biologia Computacional

Com o intuito de apresentar a abrangéncia dos estudos em biologia com-
putacional, destacamos alguns resultados cientificos recentes encontrados por
busca ndo exaustiva em periddicos de relevincia na 4rea.

Vlachakis et al. [1] apresentam uma interessante revisao sobre simulagao
em dindmica molecular, na qual descrevem por meio do estado da arte, o campo
da biologia computacional como responsavel por significativas mudangas nos
estudos sobre a estrutura das proteinas.

Sun et al. [2] destacam a importancia da bioinformatica e da biologia de siste-
mas para o conhecimento do mecanismo de regulagdo génica, por meio da predi-
¢ao de sequéncias de microRNAs e seus genes-alvo. Apresentam uma revisao sobre
os miRNAs voltada especificamente para as pesquisas em engenharia biomédica.

Fortney e Jurisica [3] abordam a mudanga nas pesquisas clinicas relaciona-
das ao cancer ocorridas apds a introdugéo das técnicas de analise de microarrays
e espectrometria de massa, que proporcionaram a descoberta de marcadores
moleculares de subtipos de cancer e metastase. Discutem também a importan-
cia da biologia computacional no tratamento do grande volume de dados gerado
por estas técnicas, com a cria¢do de novos softwares e métodos analiticos.
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Ridder et al. [4] apresentam os conceitos da area de reconhecimento de pa-
drdes como uma importante fonte de recursos para aplicacdes em bioinformética,
destacando a anilise de dados de microarray, espectrometria de massa, selegdo
de marcadores e predicdo de estruturas. Entretanto, analisam em profundidade
os principais problemas e armadilhas comuns na aplicagdo e interpretagdo de
resultados, quando os conceitos nao sao aplicados de forma adequada, principal-
mente pelo fato da grande diversidade na formagao dos pesquisadores da area.

Com a proposta de auxiliar na compreensio dos processos moleculares subja-
centes a progressdo de doencas, Nygard et al. [5] apresentam um novo método para
identificagdo de grupos de moléculas conectadas a partir de um conjunto de genes
diferencialmente expressos. O método apresentado utiliza a estatistica bayesiana
para identificar grupos de genes co-regulados com base em dados de microarray. O
agrupamento é realizado pela técnica de Monte Carlo e cadeias de Markov. Como
estudo de caso, o método foi aplicado a um conjunto de dados de microarray rela-
cionado a insuficiéncia cardiaca, apresentando resultados de simulagdes melhores
que os métodos tradicionais, especialmente em pequenas amostras.

Considerando que o reconhecimento automatizado de microRNAs baseado
em caracteristicas de seus precursores (pre-miRNA) é uma tarefa computacional-
mente complexa, podendo tornar-se inviavel para grandes genomas, Lopes et al.
(6] apresentam um estudo comparativo do desempenho da classificagdo obtida
por diferentes algoritmos de treinamento comumente utilizados, e propdem um
conjunto de recursos com custo computacional reduzido como base para o de-
senvolvimento de novas ferramentas de previsdo ab-initio pre-miRNA eficientes.

Reisdorph et al. [7] destacam a importéncia de um efetivo aprendizado das
técnicas da gendmica e da protedmica, por parte dos pesquisadores da area biomé-
dica. Apresentam ainda um modelo de treinamento especialmente desenvolvido
para integrar os modelos baseados em técnicas experimentais com a informatica.

Sela-Culang et al. [8] introduzem uma proposta de abordagem combinando as
técnicas experimental e computacional para o mapeamento de pontos de ligagao
de células B, proporcionando a caracterizacdo de anticorpos para fins terapéuticos.

Novos conhecimentos acerca da saude cardiaca foram proporcionados por
estudos advindos da biologia de sistemas e da bioinformatica, destacam Arrel et
al. [9], como a previsdo de insuficiéncia cardiaca, diagnéstico e terapia baseados
na modelagdo e andlise protedmica.
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Jordan et al. [10] propdem um método computacional para previsdo de va-
riantes genéticas detectadas em pacientes com cardiomiopatia hipertréfica. O
modelo é baseado na técnica de regressio vetorial e emprega padroes filogenéti-
cos e estruturais especificos de genes envolvidos nesta patologia. Os resultados
apresentados mostram um efetivo desempenho do método, indicando seu em-
prego no suporte ao uso clinico de previsoes automaticas.

Com o conceito de que a inferéncia da estrutura do operon ¢ crucial para o
entendimento das redes reguladoras de genomas procariéticos, e que as condi-
¢Oes ambientais causam mudangas nesta estrutura em diversas espécies bacte-
rianas, Fortino et al. [11] propéem um novo método de classificacdo integrando
perfis de transcriptomas baseados em sequéncias de RNA para identificar com
precisdo os operons que sdo expressos sob um condi¢do de medida.

A proposta de um ambiente computacional voltado ao estudo da reconstru-
¢do de genomas antigos ¢ apresentada por Schubert et al. [12]. A proposta busca
minimizar problemas de processamento encontrados nos estudos na area da pa-
leogendmica, como por exemplo, a necessidade de uso de diferentes ferramentas
computacionais em varias etapas do processamento.

Voltado ao estudo sobre as forgas ecoldgicas envolvidas na defini¢ao da
composi¢do do microbioma humano e sua associagao ao hospedeiro, Levy e Bo-
renstein [13] apresentam resultados de uma abordagem integrando a metageno-
mica e a biologia de sistemas para modelar espécies componentes da microbiota
humana e inferir interacdes metabolicas entre elas.

Tratando de uma técnica computacional especifica para classificagao de pa-
droes, Wang et al. [14] propdem a utilizagdo de redes bayesianas na predigdo de
interagdes proteina-proteina. Descrevem a aplicagdo da técnica na descoberta
de biomarcadores proteicos carcinoma hepatocelular, auxiliando nos estudos
sobre os mecanismos de desenvolvimento e progressdo desta patologia.

Silva et al. [15] apresentam a utilizacdo da técnica de redes neurais artifi-
ciais para previsao e reconhecimento de promotores génicos em sequéncias de
nucleotideos com resultados satisfatorios. A proposta levou em consideragdo o
bom desempenho desta técnica computacional no reconhecimento de padroes
imprecisos e incompletos, caracteristicos das sequéncias de promotores.

Wong et al. [16] propéem um novo método para identificagao do local da pro-
teina de ligagdo em um desenho de medicamento baseado em estrutura. O méto-
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do proposto baseia-se na técnica de maquinas de vetor de suporte para determinar
e agrupar os sitios de ligagdo mais susceptiveis, levando em consideragéo caracte-
risticas geométricas, potenciais de interagdo, taxa de conservagéo e propriedades
de vizinhanga. Apresentam resultados de melhora na taxa de acerto entre 60% e
80% em comparagao com métodos tradicionais, para o caso avaliado.

Silveira et al. [17] descrevem a proposta de uma ferramenta baseada na téc-
nica de aprendizagem supervisionada com o objetivo de melhorar a qualidade
e a confiabilidade das anotagdes de enzimas ao longo do tempo. O método pro-
posto foi avaliado experimentalmente, mostrando-se viavel como um método
complementar automatico a ser utilizado em conjunto com outras técnicas.

Wanderley et al. [18] apresentam estudo sobre a previsao de resposta ao tra-
tamento quimioterapico neoadjuvante que consistiu em avaliar um conjunto de
treinamento de um classificador formado por dados de expressao génica envol-
vidos em tumores de mama para determinagédo de resposta patoldgica completa.

Zang et al. [19] propéem um método computacional para inferir com pre-
cisdo as relagdes subjacentes entre um determinado fator de transcrigio e seus
genes-alvo. O método proposto ¢ indicado como ferramenta de apoio na previ-
sdo de componentes dos mddulos de regulagao em que qualquer gene candidato
esteja envolvido, proporcionando assim uma abordagem experimental mais ra-
cionalizada para a validagdo biologica.

Faccioli et al. [20] apresentam a aplicagdo de um algoritmo evolutivo para
previsdo de estrutura tercidria de proteinas, indicando resultados significati-
vos, com a obtencdo de estruturas semelhantes as nativas nos testes realizado.
A abordagem proposta apresenta-se como uma alternativa viavel em relagdo a
técnicas tradicionais.

Na drea da modelagem computacional, Galante et al. [21] apresentam estu-
do utilizando técnicas de andlise comparativa de modelos tridimensionais ge-
rados a partir da sequéncia primaria do genoma do agente causador da doenga
conhecida como vassoura-de-bruxa, que atinge plantagdes de cacau.

Meng et al. [22] apresentam um estudo sistematico sobre as aplicagdes da
andlise por transformada wavelet em questdes da bioinformatica do céncer.
Destacam a significativa relevancia desta ferramenta de andlise matematica
uma vez que, do ponto de vista da area de processamento de sinais, as unidades
biolégicas de informagdo apresentam as caracteristicas basicas de sinais unidi-
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mensionais. Neste contexto, sao discutidas varias abordagens para representar
numericamente os dados de sequéncias bioldgicas.

Pennings [23] descreve um modelo baseado em dinamica populacional e
genética populacional para avaliar a resisténcia a drogas no tratamento do HIV.
O modelo foi empregado na analise de trés situagdes: a partir da terapia tripla
de drogas, do tratamento com uma dose unica de nevirapina, e na interrupgao
do tratamento.

Vukicevic et al. [24] propdem uma arquitetura baseada na implementacao
de métodos computacionais para o acompanhamento de terapia cardiaca apos
implante de stents convencionais e estimar o risco de reestenose intra-stent. Foi
realizada uma reconstrucéo tridimensional das artérias corondrias por meio da
fusio de imagens de angiografia de raios-X e ultrassom intravascular. Com o
modelo construido, realizaram a simulagdo da progressao de placas com base
na técnica de elementos finitos com condicdes de contorno realistas. Os resulta-
dos obtidos foram comparados com medi¢oes reais, apresentando-se adequados
ao acompanhamento do progresso da doenga.

Destacando a importancia da modelagem computacional para a descoberta
de novas estruturas e formula¢io de novos conceitos, Park et al. [25] apresentam
um método desenvolvido para modelar a relagdo linear entre a expressdo génica
e as caracteristicas de seus elementos reguladores. Com a aplica¢ao do método,
indicam a descoberta de 24 fatores de transcri¢ao diferencialmente expressos
com significativa contribuicdo para o estudo da regulagdo da transcrigao de
células hematopoiéticas.

A modelagem computacional encontra grande aplicagdo em problemas
onde a andlise real é dificultada ou até impossibilitada por diferentes fatores,
como por exemplo, os experimentos de eletrofisiologia celular que sao normal-
mente realizados com midcitos ndo-humanos. O’Hara et al. [26] apresentam a
proposta e validagdo de um modelo computacional preciso do potencial de acéo
do ventriculo humano nao-doente.

Huang et al. [27] apresentam um estudo computacional com o objetivo de
quantificar e comparar as distribui¢oes de corrente elétrica e os perfis espaciais
de recrutamento resultantes da combinagio de eletrodos extra e intra-dural. No
estudo, a distribuigdo do potencial elétrica é calculada por meio de um modelo
de elementos finitos do canal espinhal humano.
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Na linha da visualizagdo cientifica, Basu et al. [28] propdem em método
automatico para detec¢do e visualizagdo de diferencas fenotipicas entre clas-
ses de células, tendo como base a imagiologia microscopica de alta definigao.
Destacam, como estudo de caso, resultados eficientes obtidos na anélise de pa-
droes de distribui¢do da cromatina periférica nos nucleos de células extraidas
de amostras de figado e da tiredide.

O aumento no uso de sistemas automaticos de aquisicdo de imagens de mi-
croscopia tem gerado um grande volume de dados, sendo a maioria dos sistemas
de analise adaptados para tipos especificos de exames, métodos e sondas. Uma
forma de minimizar este problema ¢ utilizar técnicas de reconhecimento de pa-
droes. Neste contexto, Shamir et al. [29] apresentam uma revisao conceitual das
tecnologias envolvidas no reconhecimento de padrées em imagiologia bioldgica
e biomédica, e relacionam ferramentas de software baseadas nesta técnica.

Handfield et al. [30] propdem um método de andlise ndo supervisionada
para o reconhecimento de padroes de expressdo de proteinas em um conjunto
de imagens de microscopia de alta resolugao. A anilise é baseada em sete carac-
teristicas biologicamente interpretaveis que sao avaliadas em células identifica-
das automaticamente e cuja dependéncia em estagio celular é capturada por um
modelo continuo para o crescimento celular.

Jackson et al. [31] apresentam uma proposta de construcdo de modelos de
proteinas em tempo real de aquisicdo de imagens, minimizando o tempo de
aquisicdo e os efeitos da fotodegradacdo. Destacam os resultados obtidos em es-
tudo envolvendo a classificagdo de padrdes de localizagdo subcelular de proteinas
com economia de tempo de aquisicdo e armazenamento, sem perda de precisio.

Loo et al. [32] apresentam o desenvolvimento de um framework de analise
automatizada para a construgdo e comparacio de assinaturas quantitativas de pa-
droes de localizagdo subcelular de proteinas com base em imagens de microscopia.
O conjunto de ferramentas produz mapas de localizacdo de proteinas humanas
interpretaveis que descrevem quantitativamente as semelhancgas nos padroes de
localizagdo de proteinas e grandes compartimentos subcelulares, sem a necessida-
de de atribui¢do manual ou aprendizado supervisionado destes compartimentos.

Yu et al. [33] propdem uma abordagem integrativa para o problema de mo-
delagem de padroes locais de absorgdo e retengdo de pequenas moléculas mem-
brana-permeantes empregada no desenvolvimento de agentes quimicos de agao
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direcionada para aplicagdes teraéuticas. Indicam que resultados de experiéncias in
vivo foram consistentes com os resultados das simula¢des com o modelo proposto.

Li et al. [34] abordam o problema de classificagdo de proteinas com base em
seu padrdo subcelular. Apresentam uma metodologia composta por dois mode-
los discriminativos baseados em regressao logistica, em um conjunto de ima-
gens de imunofluorescéncia confocal. Afirmam, como resultado experimental,
que os modelos propostos apresentaram maior exatiddo na classificacao da base
de teste. Descrevem também [35] os resultados da abordagem automatizada de-
senvolvida com a técnica de agrupamento hierarquico auxiliando na anotagao e
reagrupamento das proteinas.

A modelagem e simulagdo baseada em imagens bioldgicas tém por objetivo
a construgao de modelos de sistemas bioldgicos. Sbalzarini [36] introduz a drea
da modelagem baseada em imagens bioldgicas, utilizando como exemplo a si-
mulagdo por computador da difusdo no reticulo endoplasmatico.

Carvalho et al. [37] apresentam os resultados de uma analise baseada em
espectroscopia de infravermelho com transformada de Fourier associada a re-
gressdo dos minimos quadrados parciais utilizada para diagnosticar artrite reu-
matoide a partir de soro humano.

Técnicas recentes de imagens médicas de alta resolug¢do permitem signifi-
cativos avangos na representagdo geométrica de estruturas internas de drgaos e
outros elementos, como tumores, auxiliando no diagnoéstico de patologias. Sta-
matelos ef al. [38] propéem uma metodologia de andlise computacional, mine-
ragdo de dados e reconstrucdo grafica da vasculatura de tumores relacionados a
cancer de mama, permitindo maior eficiéncia no processamento computacional
das imagens geradas por tomografia computadorizada.

Yang [39] apresenta uma revisao sobre os avangos na drea de informatica de
imagens bioldgicas destinados a entender comportamentos espago-temporais
de processos celulares e mapear esta dindmica.

Uma abordagem comumente utilizada na bioinformatica é a construgdo
de sistemas computacionais extensiveis e de baixa manutencéo, capazes de su-
portar novas ferramentas e formatos de dados desenvolvidos. Nesta linha de
atuagdo, Rodrigues et al. [40] propdem a implementacéo de pipelines extensiveis
baseadas em grafos, compostas automaticamente por meio da compilagdo de
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um conjunto especializado de ferramentas sob demanda, de acordo com a fun-
cionalidade necessdria.

Um grande desafio dos sistemas automatizados de representagio, segmen-
tacdo e classificacdo de caridtipos é a sobreposi¢do de cromossomos nas ima-
gens de metafase. Neste contexto, Munot et al. [41] propéem um algoritmo ba-
seado na técnica de triangulagdo de Delaunay para identificar automaticamente
o numero de sobreposigoes em um agrupamento e determinar os pontos de
corte apropriados. O algoritmo foi testado em 240 casos de sobreposigdo, com
resultados satisfatorios na resolugao de até seis sobreposicdes.

Levando em conta a grande quantidade de dados disponibilizados em dife-
rentes bases, Sharma e Surolia [42] apresentam uma compilagdo de ferramentas
e recursos voltados a bioinformatica, utilizando como estudo de caso as ba-
ses com dados de micobactérias. Nesta mesma linha, Sundaramurthi et al. [43]
apresentam uma andlise dos recursos de bioinformadtica destinados ao auxilio
no desenvolvimento de medicamentos contra a tuberculose.

A drea de processamento de linguagem natural encontra um vasto campo
de estudo no que se relaciona ao reconhecimento automatizado de textos na li-
teratura biomédica, em especial quando tratam de informagdes genéticas. Nesta
linha, Li et al. [44] apresentam uma abordagem por métodos hibridos de classi-
ficagdo com resultados eficientes na tarefa de marcagio de genes.

Gonzalez-Nilo et al. [45] apresentam uma visao inovadora da bioinformatica
e da quimica computacional como recursos de apoio ao processamento e andlise
de informagoes geradas pela nanobiotecnologia aplicada as ciéncias da vida.

Sarkar et al. [46] abordam a perspectiva da bioinformatica translacional como
um area que se apropria dos conceitos da bioinformatica e da informatica biomédi-
ca para o estudo de doengas complexas e o conhecimento de suas bases genéticas.

Conclusao

Significativas mudangas de paradigmas foram possiveis nos tltimos anos
com o conhecimento proporcionado pelos estudos nas areas de gendmica e bio-
logia de sistemas, sendo a area da biologia computacional direta ou indireta-
mente responséavel por grande parte da geracdo desse conhecimento. Entretan-
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to, muitos conceitos ainda precisam ser aprimorados e novos conhecimentos
serem gerados.

A biologia computacional esta diante de um cendrio fértil para o desenvol-
vimento de uma biologia moderna centrada na analise de sistemas complexos,
com atuagao em duas frentes principais: a disponibiliza¢do de ferramentas com-
putacionais eficientes para analisar, integrar e interpretar grandes volumes de
dados biologicos; e a indugao da formulagdo de novos conceitos em questdes
biolégicas de alta relevancia.
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Introduction

The medical technologies have been growing since the last decades with
the launch of new generation diagnostic equipments, characterized by mobili-
ty, virtualization, homecare and costs. The electrical impedance spectroscopy
(EIS) technique has been considered one of such innovative technologies which
have contributed to decrease costs and time for characterizing biological mate-
rials, and supporting intelligence and many other relevant clinical technologies,
such as: detection of cancerous tissues, tumors, meningitis and brain cellular
oedema. EIS has also been used to analyze bovine milk quality and body com-
position, among others.

This book chapter contains the basic physics phenomena of the technique,
the measuring technique and the models for data analysis. It also contains a
quick review of the applications, explaining the technology and the clinical data
involved. The last section shows new trends on bioinstrumentation and signal
processing applied to the area and describes the concept of an intelligent imped-
ance probe for clinical applications.
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Basic concepts

Electrical bioimpedance is all about the passive electrical properties of bi-
ological materials and deals with the ability of the material to oppose (impede)
electric current [1]. Bioimpedance serves as an indirect transducing mechanism
for physiological events and, as the output of a generic impedance measuring
system is an electrical signal, one can even regard such systems as sensors.

The basis of impedance measurements is Ohm’s law: J=0E, which is a com-
mon approximation to the current density J by assuming the current simply
proportional to the electric field E and the electrical conductivity o. It can also
been written, in practice, by V=ZI, where V is the potential difference across the
two points, I is the current through the conductor in units of amperes and Z is
the impeditivity of the conductor in terms of ohms. You can use a constant am-
plitude voltage and measure the current in the circuit, which will basically give
you the electrical admittance Y=G+jB. The conductance G (Siemens) represents
the conduction of free ions at DC and low frequency AC in addition to any di-
electric loss at higher frequencies. The susceptance B (Siemens) is physically in
parallel with the conductance, and is due to capacitive or inductive currents. In
biological tissue, the susceptance will typically be dominated by capacitance.

The alternative is to use constant amplitude current and measure the volt-
age drop over the electrodes. The voltage drop will then be proportional to the
impedance of the material: Z=R+jX, which is the inverse of the admittance Y.
Here, the resistance R (ohm) is physically in series with the reactance X (ohm).

Knowing the geometry of the biomaterial makes it possible to compute ma-
terial properties like conductivity, resistivity and permittivity from the mea-
sured data. The measurements can be performed in several different ways, using
different electrode systems.

Electrodes
Whereas the charge carriers in the electronic instruments used for imped-

ance measurements are electrons, the studied biomaterials will be predomi-
nantly ionic conductors. The electrode will then be the actual region of transfer
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between electronic and ionic conduction. Since an ionic current implies trans-
port of substance, the electrolytic zone near the metal surface may be depleted
or filled with electrolyte species. A layer of ions will also build up at the metal
surface and this electric double layer will, together with the depletion zone, de-
termine the electrode polarization impedance. This impedance may often be of
the same order as that of the studied material and hence a significant source of
error. This problem can to a certain extent be overcome by the proper choice of
electrodes and electrode system.

The two-electrode system

Figure 1 shows two versions of a two-electrode system, one using constant
current and the other using constant voltage.

Figure 1: Basic two-electrode system utilizing constant current (left) or constant voltage (right).

Impedance measurements with the two-electrode system will have contribu-
tions from all layers conveying current between the metal surfaces of the two elec-
trodes. The advantages of the two-electrode system are its simplicity and the fact
that the measured volume often can be quite well defined. The latter is prerequisite
for calculating material properties like resistivity, conductivity and permittivity.

There are strategies for eliminating the contribution of electrode polariza-
tion impedance from measured two-electrode bioimpedance data: Schwan [2]
mentions four methods based on varying the distance between the electrodes,
substituting the studied material by one with known electrical properties, ex-
trapolation in the frequency domain, and using a four-electrode system, respec-
tively. Kalvoy et al. [3] suggested another method for removal of electrode polar-
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ization impedance from measured bioimpedance data. This method is based on
plotting the measured data in the complex admittance plane and then extrapo-
lating the dispersion of the biomaterial to low frequencies.

The three-electrode system

Adding a third electrode to a three-electrode system enables monopolar
measurements. Figure 2 shows a basic system for skin measurements where
constant voltage is obtained in the well-conducting, equipotential viable
skin layers [4].

Figure 2: Basic three-electrode system with measuring (M), reference (R) and counter-current
(C) electrodes.

In this setup, no current will pass through the reference electrode (due to
the high input impedance of the operational amplifier), and hence there will be
no voltage drop over the skin beneath this electrode. Consequently, the opera-
tional amplifier will produce the necessary potential to regulate the potential
picked up by the reference electrode to the same level as the input potential v. At
low frequencies, i.e. below 1 kHz where the stratum corneum has a much higher
impeditivity than the deeper, viable skin layers, viable skin can be regarded as
equipotential, and the measurement is hence effectively focused on the stratum
corneum under the M-electrode alone [5].
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The four-electrode system

Adding one more reference electrode to the three-electrode system, gives you
a four-electrode system, as shown in figure 3. This system was described for AC
measurements by Newberry in 1918 [6] and was later further developed for bio-
logical systems by Schwan [2]. It is now very commonly used and in many cases
regarded as a patent way of doing segmental impedance measurements without
the influence of elements such as electrode polarization impedance and skin.

Figure 3: Basic four-electrode system with constant current setup.

The two outer electrodes in figure 3 drive the current through the biomate-
rial. The resulting potential difference over a segment between these electrodes
is picked up by a ditferential amplifier using another set of electrodes. The gen-
eral assumption is then that only the impedance of the segment “between the
voltage pick-up electrodes” is measured, since the current through this segment
is the applied current and the voltage is measured.

It is important to realize, however, that the four-electrode system used on a
biomaterial is a two-port network and that the calculated impedance is actually
the transfer function of this network. Consequently, the calculated impedance
is the transfer impedance of the network. In other words, it is a measure of how
much of the input signal is being picked up by the pick-up electrodes.

The sensitivity field of a four-electrode system is given by the dot product
of the lead fields from the two sets of electrodes [7]. It is very important to have
some idea of the sensitivity field of the four-electrode system you are using and
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to be aware of the different possible pitfalls involved when using such a system
[8]. When the sensitivity field is multiplied with the local impedivity, one gets
the distribution of volume impedance density, which actually shows the con-
tribution of each voxel to the measured impedance. This contribution can be
positive or negative according to the corresponding sign of the sensitivity [9,
10]. Hence, an increase in the local impedivity may actually result in a decrease
in the measured impedance if the sensitivity is negative in that specific volume.
This is typically the case for parts of the volume between the current carrying
electrodes and pick-up electrodes and this must be taken into account when
designing the electrode system for a specific experimental set-up.

Be aware also that the three-electrode system is a combination of a two -
and four-electrode system, and hence may be subject to some of the same diffi-
culties. The two-electrode system, however, does not give negative sensitivity in
any parts of the measured volume.

Dispersions

The frequency of some electrical property of the tissue, e.g. permittivity, is
known as dispersion, which can be defined according to the mechanism causing
dispersion. Different generating mechanisms cause different types of dispersion
(@, B, y). The three dispersion mechanisms were introduced by Schwan [11] in
order to characterize the anomalous electric properties of biomaterials. At higher
frequencies dispersion arises from the ability of molecules to re-orient in an ap-
plied field. Dispersions also occur at lower frequencies but their origin is less clear.

Thus it is expected that the electrical impedance Z of biological materials
would be frequency-dependent over a wide range of frequencies. The origin of
the a dispersion is still not well understood but it can be associated with tissue
interfaces, such as membranes. Schwan [11] proposed that if the a dispersion is
due to surface admittance, then it should be less dependent on the intracellular
content but more dependent on the complex membrane surface structures.

Schawn [11] linked the P dispersion with the cellular structure of biological
materials with low frequency properties caused by charging of the cell mem-
branes. The y dispersion results mainly from the dielectric relaxation of free wa-
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ter. Figure 4 shows an idealized representation of these dispersions according to
the relative permittivity of most biological tissue against frequency. This shows
that the effective capacitance of tissue falls with increasing frequency.

A

Permittivity

102 10° 1010
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v

Figure 4: Theoretical impedance diagram showing a, p and y dispersions for muscle tissue.

Models

A widely used, empirical equation for describing dispersion is the so-called
Cole-equation [12]:

RO _Roo
1+ (jor)*

This equation produces a depressed circular arc in the complex impedance
plane, and R and R_ are the low and high frequency intercepts of the arc with
the real axis, respectively, T is the time constant and a (values from 0 to 1) de-
notes the angle to the real axis of the tangent of the curve at the intercept (fig. 5).
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Figure 5: The Cole equation plotted in the complex impedance plane.
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The Cole model does not comply with general relaxation theory and an al-
ternative, more general equation has later been suggested [13].

Basic hardware

There are three major methods to measure tissue impedance over a wide
frequency range: 1) changing the frequency of the drive current/voltage and
measuring the voltage/current [14, 15]; 2) applying a current with a waveform
containing multiple summed sine waves [16, 17]; 3) applying pulse or rectangu-
lar waves containing a broad spectral energy [18, 19].

Most transfer-impedance measurement systems use a constant amplitude
sinusoidal current for the driving system. Hence the most important charac-
teristic in this type of system is the accuracy of the current generators, which
should have a constant output current over a wide range of frequencies and
loads. The general principle of the system for measuring the resulting voltage in
order to calculate the transfer impedance is shown in figure 6.

Clock & [~ Sine wave [
VCCS

Logic control —» Generator Biological
material

«—| Instrumentation

Demodulator | | Amplifier
AD PC
Converter Interface

Figure 6: General concepts of a system to measure transfer impedance, where VCCS is the volt-

age-controller current source.

The VCCS circuit, also called current source, is an essential block in any
bioimpedance measurement system. The measurement is based on the tetrap-
olar technique, where it is injected a multi-frequency sinusoidal current in the
material under study by means of two electrodes and is measured a resulting
voltage across the other two electrodes. The choice of injecting a current instead
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of a voltage relies in the fact that the biological load and contact impedance are
unknown. If a constant voltage is applied, the current increases as increasing
the load and it can be harmful to patient if in vivo measurements are made.
Furthermore, the injecting system has to meet the requirements regarding on
accurately and on security.

One of its important and challenging features is to deliver constant cur-
rent for a wide range of working loads with high signal to noise ratio and large
bandwidth [20]. To ensure stable and accurate VCCS, high output impedance
is required, which can be achieved by using operational amplifiers (Howland
current sources) and transconductance amplifiers [21]. Most VCCS circuits use
a modified Howland current source due to its high output impedance and high
load voltage compliance [22, 23]. Usually, the biological load is floating and then
a mirrored modified Howland current source is required in order to get higher
output impedance and a better accuracy when measuring the differential volt-
age across the load.

The majority of the amplifiers used for measuring the potential across a
load have differential inputs and a third input used as the reference potential
for the amplifier. The reference is usually the amplifier ground and is connect-
ed to a third electrode placed on the tissue. The average of the voltage from
the two differential inputs measured with respect to the reference electrode is
called the common-mode voltage. It is very important that the instrumentation
amplifier reject common-mode voltage. There are three important characteris-
tics for a good instrumentation amplifier: high input impedance, high CMRR
(common-mode rejection ratio) and low noise. Cable capacitances, stray capac-
itances from VCCS and from the instrumentation amplifier, and the input im-
pedance of the instrumentation amplifier produce errors in the driven current
and induce common-mode voltages. There are three major approaches for the
reduction of these errors, such as: screen driving, active electrodes, and nega-
tive impedance circuits.

A demodulator is usually used to calculate the real and imaginary part of
the measured impedance. Some systems use a multiplier, together with a low
pass filter, instead of a demodulator only, if the phase shift across the load is
required. Once the data are sampled and stored, the measurements can be re-
covered, processed and the transfer impedance can be calculated.
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Applications

In practical terms, apart from the well-known medical applications, as
discussed in the following sections, the bioimpedance analyzers could also be
used to characterize virtually an unlimited number of materials. Such analyzers
may suffer, however, from a potential lack of selectivity, requiring some cus-
tomization of the used electrodes, probes or circuitry. There are computation-
al procedures which could also be used in the determination of distortions in
the acquired bioimpedance spectrum or in the improvement of selectivity. In
addition, they could also be implemented to infer missing information in the
acquired data. In this last case, for example, the systems of bioimpedance to-
mography that use multi-frequency excitation of samples can use algorithms to
reconstruct images using signals from up to dozens of electrodes surrounding
an analyzed tissue or biological material [24]. In such cases, one can infer the
electrical information or even possible distortions in the bioimpedance spec-
trum, like the artefacts associated with parasitic capacitance from cables, or
with the capacitance between electrode leads or even between different body
segments and earth [25]. Such problems also inspired computational solutions
for multi-frequency bioimpedance spectrometers, after the determination of a
proper model to represent such distortions [26]. When considering a dispersion
modeled by eq. (1), the electrical characteristics of the evaluated sample can be
represented to a certain degree of accuracy by the set of parameters in a chosen
dispersion function, for example, the Cole equation with R,R, T and a. Usu-
ally, one can use experimental data from multi-frequency bioimpedance spec-
trometers to the fitting of eq. (1), and characterize the biological tissue or sample
from the obtained parameters. Methods of performing the fitting of the Cole
function have already been published [27] showing the possibility of extracting
some of the biological sample information from the Cole function parameters.
The parameters may also be obtained by approximating the dispersion function
using partial fraction expansion, as proposed by Sun [28]. In this case, each pole
of the resulting dispersion function would correspond to an RC circuit which
would be calculated to form the function of the approximated bioimpedance
spectrum from experimental data. Such an approximation to the Cole function
can be further simplified by limiting the number of poles while truncating the
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previously mentioned partial fraction expansion [29]. The remaining RC poles
information can be determined by using general optimization methods [30] or
computational intelligence algorithms [31]. The number of RC poles and its fre-
quency distribution would correspond to an indication of the electrical charac-
teristics of the sample.

It is known that the R , R_, T and a parameters from the Cole function may
contain information to characterize the analyzed sample, biological material or
even the bioimpedance system characteristics. The Cole function to represent
the dispersion of raw milk containing different mastitis cell concentrations is an
example of the characterization of biological material content which has already
been demonstrated [32]. This application used the bioimpedance spectrum pa-
rameters to identify the presence of mastitis in raw milk. The number of cells in
the milk sample was used to validate the investigation [33] and the Cole param-
eters were used to classify the sample by computational intelligence algorithms.

In addition to the representation of the bioimpedance spectrum informa-
tion through the set of parameters from the dispersion, another idea provided
a computational intelligence tool to identify and fuse data obtained from the
impedance spectrometer and other sensors. In this idea, refractive index sensors
fabricated in optical fibers were used to measure the dispersion in the optical
spectrum together with the impedance spectrometer, which operated in the fre-
quency range up to 1 MHz. A neural network has been used to fuse data [34]
and tried the inference of more selective information while relating data from
the optical and electrical spectrum to help classify the samples [35]. In this par-
ticular case, the evaluated samples were not biological material, but commer-
cial fuel, that was tested to determine its degree of adulteration. However, the
same methodology may be applied and extended to problems involving biolog-
ical material characterization. The fusion of information allowed the frequency
range of the dispersion to be extended by using additional sensors other than
the impedance spectrometer probe.

The user of an additional sensor measuring different parameters with the
impedance probe must be careful enough such that the sensors do not interfere
with each other. In this case, a natural choice would be an optical sensor or a
sensor in a dielectric material, for which the interference with the impedance
probe could be reduced or eliminated, as well as its dimension. Those charac-
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teristics would also allow one to obtain different measurands at the same tissue
region where the bioimpedance probe is applied.

The impedance of biological material

In the evaluation of the bioimpedance as applied to human tissue inves-
tigation, some direct rules may be used. Based on the biology of sick tissue as
affected by cancerous cells, it is the case that the blood flow will increase in the
sick region [36]. In addition, this increase in blood flow will reduce the mea-
sured bioimpedance. Depending on the size of the cells, and the distribution of
different cell forms and dimensions, the frequency dependence will also be in-
fluenced [12,13]. The size distribution of the cells’ walls is part of the evaluated
characteristics in sick tissue, mainly due to the changes occurring in a certain
stage of development of a cancer, for example, and this will affect the dispersion.

Tissue cancer investigations

Most bioimpedance systems are used to characterize biological tissue by
means of an electrode impedance probe. It is necessary to understand what
properties of a tissue determine its impedance spectrum before any compar-
isons can be made between normal and pathological tissue. For the case of
esophageal tissue, for example, differences have been shown both in the con-
ductivity and permittivity of these tissues [37]. When the raw data is plotted
the curves can be representatively shown as in figure 7, where R is related to
extracellular conduction and § is related to intracellular conduction across the
membrane capacitance. Squamous epithelium is an epithelium characterized
by its most superficial layer consisting of flat and scale-like cells, whereas co-
lumnar one is a single layer of flat cells in contact with the basement membrane
of the epithelium. When normal squamous epithelium becomes columnar, this
change is called Metaplasia.
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Figure 7: Representation of the resistivity frequency response for columnar and squamous tissue.

There are changes in both the arrangement of cells and the intracellular con-
tents which may give rise to changes in the impedance spectrum. Those changes
can be used for detecting cancerous tissues [36, 38, 39, 40] tumors [41], menin-
gitis [42] and brain cellular oedema [43]. Electrical bioimpedance has also been
used for measuring the cervical ripeness [44] by extracting the Cole parameters,
as previously mentioned using equation (1). Cervical tissue has also been mea-
sured for investigating cancerous changes [45], such as cervical intraepithelial
neoplasia (CIN). Figure 8 shows the transfer impedance spectrum obtained for
4 different categories of cell to various layers in the epithelial model.
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Figure 8: Impedance spectra obtained from epithelial models representing different tissue

pathologies (epithelial depth=300 pm) [45].
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Recently, it has been shown that the probe electrodes used to measure the
impedance of tissue plays an important role in getting accurate readings. From
this situation, measurements can be improved by changing the used probe ge-
ometry [46, 47]. Furthermore, it is known that the penetration depth of the
electrical current injected into tissue increases with the space between the elec-
trodes in the probe, and this may allow one to assess deeper tissue properties
[48, 49, 50, 51]. It was also found that it is important to control the pressure
applied by the probe during measurements to correct the acquired data [52, 53].

Tomographic imaging

Imaging techniques that use electrical bioimpedance are called electrical
impedance tomography (EIT), since it would be processed by sections using
a penetrating wave, in this case, a current. EIT is a technique for imaging the
conductivity and permittivity distribution inside a volume conductor based on
the measurements made at its border. Usually, 16 or 32 electrodes are connected
to the border of the volume conductor to be imaged, as indicated by electrode
indexes in figure 9. A current or a voltage injection system can be used. The
mapping of the conductivity inside the volume conductor, which indicates its
distribution, is called image reconstruction. This is done by an image recon-
struction algorithm. The EIT images are tomographic cuts (2D) which show the
variation of the conductivity distribution by means of a scaled color map.

EIT equipments contain a current injection module, a measuring system
and a control unit for setting the electrodes, the gain, the signal generator, the
analog to digital converter and the data communication. Once the data are
stored, an image reconstruction algorithm is used for imaging the conductivity
distribution inside the volume conductor under study. Figure 9 shows a trans-
versal section of a circular volume involved by a set of 16 electrodes in a tet-
rapolar reading of impedance. The current injection (1) is switched from a

pair of electrodes to another, while the voltages (V, ) are simultaneously read in

iff
all pairs. There are N(N-1) independent voltage measurements, where N is the

number of electrodes.
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5

Figure 9: Electrode configuration of an EIT system.

The medical imaging using electrical impedance tomography considers that
different organs and tissues have different conductivities and they vary with
time during different physiological process [54]. The EIT can be used for the
imaging of a segment of the lungs and the heart during the respiration process
(55, 56]. Imaging with EIT of brain activity [57, 58] and of gynecological exams
[59] have also been demonstrated.

In the heterodox usage of electrical impedance tomography, it is worth
mentioning the soils studies that have largely used the EIT technique for in-
vestigating water content [60, 61] in the evaluated samples, whereas industrial
processes have imaging and characterizing different fluid mixtures [62, 63] and
detection of failures in metals [64].

One of the main advantages of this technique is the low cost due to the fact
that the whole system is based on electronic devices not requiring large trans-
ducers. It is also a non-invasive method allowing a subject to be monitored for
longer periods of time without requiring the transportation of the patient to a
specific room in a hospital where larger equipments are present.

New perspectives

The trends in instrumentation indicate that the automation of electronic
systems, allowing the processing and integration of several sensors into one sys-
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tem, is an inevitable path to be taken by researchers in this field. As previously
mentioned, the selectivity of sensors may be improved by using simultaneous
measurements locally or in a distributed way, while evaluating a biological tis-
sue or sample. This situation indicates that the usage of more than a probe in the
sensor system would allow the improvement of the measurement accuracy. As
an example, an algorithm would allow the correction of the acquired data if the
temperature and pressure could be interrogated at the probe application point
in the tissue. In this case, simultaneous measurements of different parameters
would allow the bioimpedance spectrum to be corrected. A consistent calibra-
tion of the probe must be fully characterized, and this resulting information
would be inserted in the algorithm to correct the impedance spectrum.

Considering other specifications that are necessary in bioimpedance sys-
tems, another tendency would be demonstrated in this research field by the at-
tempt to embed it in a low cost and sufficiently rapid hardware using simple
algorithms to drive the equipment [65].

For certain types of biological material, the concentration of hydrogen ions
(pH) should also be measured in order to better characterize it [1]. Artefacts due
to movements of the electrodes introduce noise in the measurands [66], and
therefore the impedance probe should be able to detect and cancel its effect by
means of software.

In this case, such accessories to the bioimpedance probe may add intelli-
gence to the spectrometer and will imply the development of future applica-
tions. New trends on bioinstrumentation and signal processing applied to this
field could then be mainly focused on clinical applications.
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Resumo

Biossensores sdo dispositivos que utilizam um elemento bioativo e um trans-
dutor para detecgdo e quantificagdo de moléculas. O desenvolvimento de bios-
sensores é um campo de pesquisa de grande relevancia e com amplas perspecti-
vas, principalmente na rapida detec¢do e monitoramento de biomoléculas para
diagnéstico de patologias, propiciando sua aplicagdo em andlise clinica. Os bios-
sensores apresentam caracteristicas vantajosas em relagdo aos métodos labora-
toriais convencionais, tais como, possibilidade de miniaturizagdo do dispositivo
facilitando sua portabilidade e utilizagdo em campo, menor tempo de andlise,
facilidade de manuseio por profissionais da satide e pacientes, além de menor
custo operacional. A sindrome coronariana isquémica é diagnosticada por meio
do exame clinico, alteragdes eletrocardiogrdficas e bioquimicas. Os testes para
quantificagdo das moléculas no soro sanguineo sdo relevantes devido a obtengio
de informacoes associadas a severidade e estdgio da lesdo cardiaca a partir da
quantificagdo desses biomarcadores. Dentre os biomarcadores de lesdo miocdrdi-
ca, observa-se a importancia das troponinas T e I, devido a alta sensibilidade, es-
pecificidade e importdancia clinica, assim como a relevincia da proteina C reativa
(PCR), que é considerada um biomarcador do processo inflamatorio decorrente
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de coronariopatias. Sensores para detec¢do de troponinas e PCR tém sido ampla-
mente pesquisados, tendo em vista a elevada incidéncia de doengas cardiovascu-
lares, a gravidade de lesoes cardiacas e o elevado niimero de dbitos decorrentes
principalmente do infarto do miocdrdio. A partir dos testes clinicos e validagio
do dispositivo, é possivel a obtengdo de diagndstico precoce, tratamento eficiente e
melhor progndstico dos pacientes.

Palavras-chave: biossensor, diagndstico, sindrome coronariana isquémica.

Sindrome Coronariana Isquémica

A sindrome coronariana isquémica ocorre quando ha obstru¢ao de uma
artéria corondria, provocando a isquemia ou necrose da drea miocardica supri-
da pela artéria ocluida. Essa obstrugdo geralmente estd relacionada a processos
inflamatdrios que ocasionam a formacéo de placas ateroscleroticas. A ateroscle-
rose consiste no acumulo de depdsitos de lipideos nas artérias, havendo assim,
reducdo do fluxo sanguineo [1].

O infarto do miocardio estd frequentemente associado a interrupgao do flu-
X0 sanguineo para uma determinada area, devido a obstrugao completa ou par-
cial da artéria corondria responsavel por sua irrigagdo. A extensdo da necrose
depende de varios fatores, tais como o calibre da artéria acometida e tempo de
evolugio da obstruc¢io.

O diagnostico do infarto do miocardio ¢é feito com base nas alteragoes cli-
nicas, eletrocardiograficas e bioquimicas. O sintoma mais frequente do infarto
agudo do miocardio ¢ a precordialgia, de inicio subito, intensa e constritiva. A
dor pode irradiar para o membro superior esquerdo, mandibula, dorso e epigas-
trio [2, 3]. Ja as alteragdes eletrocardiograficas incluem o supradesnivelamento
do segmento ST (maior que 1 mm em duas derivagdes contiguas), onda Q proe-
minente (duragdo maior ou igual a 40 ms ou um terco da altura do complexo
QRS) e onda T invertida [4, 5].

As alteragoes bioquimicas produzidas pelo infarto agudo do miocardio sao
oriundas da liberagao das células cardiacas necrosadas para a corrente sanguinea,
a partir da membrana sarcolemal comprometida. O aumento da concentragio de
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biomarcadores indicativos da lesdo cardiaca pode ser monitorado pela realizagdo
de testes de dosagem no soro sanguineo, fornecendo informacdes relevantes para
confirmagdo do diagnostico, bem como para determinagao da severidade e esta-
gio desta lesdo, a partir da quantificagdo desses biomarcadores [1, 6-9].

Um biomarcador ideal deve ser altamente sensivel, especifico, acessivel, padro-
nizado e de facil interpretagdo, sendo utilizado na estratificacdo de risco e no mo-
nitoramento de pacientes acometidos por patologias, tais como doencas cardiacas
isquémicas, precordialgia, suspeita de sindromes coronarianas e manifestacdes agu-
das de insuficiéncia cardiaca. Os biomarcadores podem também ser utilizados para
determinar suscetibilidade a doengas e elegibilidade para terapias especificas [10].

A alta incidéncia de cardiopatias e a importancia do diagnostico precoce do
infarto do miocardio, principalmente nas primeiras horas do inicio dos sinto-
mas sao fatores de estimulo para o aperfeicoamento dos testes de dosagem de
marcadores moleculares de lesdo miocdrdica, de tal forma que seja possivel de-
tectar niveis extremamente baixos destas biomoléculas no plasma, de maneira
rapida, eficiente e com baixo custo, caracteristicas encontradas em biossensores.

Biossensores

Um biossensor é um dispositivo que responde de forma seletiva a um ana-
lito particular, tornando possivel sua determinagdo qualitativa ou quantitativa.
Nos biossensores, o analito (alvo) é reconhecido seletivamente por um material
biolégico (sonda), o qual é imobilizado em um transdutor, produzindo um sinal
quantitativo proporcional a concentragdo do analito. Os componentes bioldgicos
sdo utilizados como elementos de reconhecimento, ligados a um sistema de de-
tecgdo, transdugdo e amplificacdo do sinal gerado na reagao com o analito [11].

Os biossensores sdo formados por um sistema de reconhecimento molecu-
lar (biorreceptor), acoplado a um transdutor e a uma unidade processadora de
sinal (Figura 1).

ANALITO — BIORRECEPTOR —_— TRANSDUTOR == | PROCESSADOR |

Figura 1: Configuragdo de um biossensor.
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O sistema de reconhecimento inclui um biocomponente (enzimas, tecidos,
anticorpos, acidos nucleicos, aptimeros, entre outros) que entram em contato
com o analito de interesse, produzindo um sinal [12, 13].

Dentre os biossensores para diagnostico de doengas, ¢ relevante destacar
os imunossensores, que se baseiam na especificidade da interagdo antigeno-an-
ticorpo. Os anticorpos e antigenos, assim como as demais biomoléculas, sdo
incorporados sobre um transdutor, mais comumente pelas seguintes metodolo-
gias: adsorcdo, ligagdo covalente, ligagdo cruzada ou encapsulamento. As meto-
dologias de incorporagdo visam reter a maxima quantidade e atividade possivel
do elemento biorreconhecedor na superficie do transdutor. Deste modo, a in-
corporagao dos componentes de reconhecimento sobre a superficie do biossen-
sor representa fator determinante para o bom funcionamento do mesmo, o que
inclui as condi¢oes adequadas de sensibilidade e especificidade [14].

O analito, ao entrar em contato com o biorreceptor imobilizado na super-
ticie do biossensor, produz uma mudanga fisico-quimica (variagdo de calor,
massa, indice de refra¢do, corrente elétrica, potencial, resisténcia elétrica, capa-
citancia, dentre outras) que pode ser identificada por um transdutor, gerando
sinal elétrico resultante, que é entdo processado. O sistema de aquisi¢do, pro-
cessamento e visualizacio dos dados fornece informacdes sobre a deteccdo e
quantificacdo de analito na amostra (Figura 2).

al V_ @
AMOSTRA = d -

VNV V V¥V
RECEPTOR [

TRANSDUTOR

SINAL

Figura 2: Principais componentes de um biossensor.
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O transdutor pode se eletroquimico (potenciométrico, amperométrico ou
condutimétrico), piezoelétrico, calorimétrico ou dptico [13, 15].

No transdutor potenciométrico, o potencial é gerado a partir da diferenga
de potencial entre um eletrodo de referéncia e o eletrodo de trabalho, o qual
varia com a atividade ou concentracio da molécula analisada. A diferenca
de potencial entre os eletrodos é relacionada a concentragdo do analito [16].
O transdutor amperométrico mede a intensidade de corrente de uma célu-
la eletroquimica a um potencial fixo, sendo a corrente gerada por reagdes de
oxidagao e reducdo na superficie do biossensor, que sdo proporcionais a con-
centrag¢do do analito [17]. J o transdutor condutimétrico é utilizado para bior-
reconhecimento do substrato pela sonda bioldgica e ocasiona modificagoes na
condutividade elétrica do sistema [18].

O transdutor piezoelétrico ou detector de massa é um dispositivo que
possui um cristal oscilante para alternar a frequéncia, sendo observada varia-
¢do da oscilacdo mecénica do cristal, de acordo com a mudanca de massa. Os
cristais sdo recobertos com biomoléculas que devem apresentar alta seletividade
para detec¢ao da molécula de interesse [19].

Os biossensores calorimétricos sdo utilizados para reagdes com importante
conversdo de entalpia. O calor ocasiona aumento de temperatura que pode ser
relacionada com a concentrac¢io do analito [20].

Os transdutores pticos atuam por meio de medidas de absor¢do ou emis-
sdo de luz a partir de uma reacédo bioldgica. Neste tipo de biossensor, ondas de
luz sdo guiadas por meio de fibras dpticas para um detector adequado [21]. Um
exemplo é a ressondncia de plasma de superficie (SPR). O principio de desen-
volvimento dos sensores de SPR envolve um feixe luminoso que atravessa um
prisma e alcanga uma superficie de ouro, de forma a excitar os plasmons de
superficie. As alteragdes nas proximidades da interface metal/ambiente propor-
cionam uma altera¢do nas condicdes de ressondncia do sistema, sendo assim,
ocorre um deslocamento no angulo. As propriedades 6pticas do sistema, como
as constantes dielétricas do metal, do prisma e da matriz, provocam mudangas
no angulo de ressondncia, o que possibilita 0 monitoramento de altera¢des na
superficie do sensor, a partir do acompanhamento do angulo de ressonéncia em
fungdo do tempo. Sendo assim, o monitoramento do indice de refra¢ao nas pro-
ximidades da superficie do sensor torna possivel a aplicagdo da técnica de SPR
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para obter informagdes em tempo real [22]. Além disso, é possivel monitorar a
refletividade em fungéo da variagdo do comprimento de onda [23].

Sistemas e tecnologias existentes

A seguir serdo analisados os métodos de quantificacdo de dois marcado-
res muito utilizados na pratica clinica para o diagnostico e acompanhamento
da evolugdo dos pacientes acometidos por infarto do miocardio, a troponina T
(TnT) e a proteina C reativa (PCR).

A troponina destaca-se entre os biomarcadores, devido a sua alta sensibili-
dade, especificidade e importéncia clinica [10]. Os métodos laboratoriais mais
utilizados para quantificagdo da troponina sdo: imunoensaio por eletroquimio-
luminescéncia, teste imunoenzimatico ELISA (Enzyme-Linked Immunosorbent
Assay) e imunocromatografia.

Ja a proteina C reativa estd relacionada a fisiopatologia de cardiopatias. Esta ¢
uma proteina de fase aguda que ¢ considerada um marcador para inflamagéo, neste
caso, para o processo inflamatorio decorrente de doengas arteriais coronarias [24].
As técnicas mais utilizadas para quantificar a PCR sdo: imunoensaio, que incluem
radioimunoensaio, ELISA, turbidimetria, aglutinagao em latex e nefelometria.

A maior eficicia dos testes com biossensores em relacdo as técnicas exis-
tentes para deteccdo destes biomarcadores é referente a otimizacio do tempo
para esta quantificacdo, que permite o diagnéstico em tempo real, propiciando
um tratamento precoce e melhor progndstico para os pacientes. Além destes
pardmetros, é relevante ressaltar também a importancia do desenvolvimento e
utilizacdo de biossensores em andlise clinica, pois apresentam tamanho redu-
zido, baixo custo e elevada sensibilidade, além de requerer pequeno volume de
amostras dos pacientes [25, 26].

Biossensores para deteccao de troponinas

Os biossensores sao desenvolvidos com a finalidade de detectar interagoes
em nivel celular e molecular em tempo real, a partir da obtengdo de dispositi-
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vos com alta sensibilidade quando comparados aos métodos convencionais [27].
Alguns biomarcadores sdo encontrados normalmente no plasma sanguineo em
baixas concentragdes, o aumento dos niveis destes biomarcadores é indicativo
de lesdo de tecidos ou 6rgaos.

O aumento dos niveis do biomarcador troponina representa risco de mor-
te ou infarto do miocardio em pacientes com sindromes corondrias agudas, é
um dos indicadores de estratégias invasivas precoces, como revascularizagio
miocardica. Além disso, hd relagdo entre a gravidade do infarto e a duragdo da
elevagdo sérica das troponinas cardiacas [28-30].

As troponinas T e I sdo consideradas um padrao-ouro para o diagndstico de le-
sdo miocardica. Estas proteinas sao conhecidas como os biomarcadores mais espe-
cificos e com maior importancia clinica para detecgio de lesdo miocardica [31-34].

Os niveis plasmaticos da troponina T, em condigdes normais, ou seja, sem
alteragdes decorrentes de isquemia miocérdica, sdo menores que 0,01 ug/ml. Na
presenca de necrose miocardica, ocorre liberagdo deste biomarcador no plasma,
com valor igual ou superior a 0,1 pg/ml [8].

A Figura 3 apresenta a comparagao entre as troponinas T e I, de acordo com
a duragdo de niveis elevados destes biomarcadores na corrente sanguinea apos
a ocorréncia da sindrome coronariana isquémica. Ressalta-se que a troponina T
permanece elevada durante maior periodo.
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Figura 3: Tempo de elevagdo das troponinas T e L.

Diversos tipos de sensores tém sido desenvolvidos e analisados para detec-
¢ao e quantificagdo das troponinas cardiacas e para o diagnostico de sindromes
coronarianas isquémicas.
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Um imunossensor piezoelétrico, com base em nanoparticulas de ouro imo-
bilizadas sobre uma superficie, foi proposto para a detecgdo de troponina T como
auxilio diagnostico de cardiopatias. O anticorpo anti troponina T humana foi
imobilizado sobre a superficie do eletrodo, para posterior interagdo com o anti-
geno, troponina T proveniente de amostras de soro humano. Estudos de volta-
metria ciclica foram utilizados. O imunossensor apresentou bom desempenho
em amostras reais. A faixa linear de resposta foi de 0,003 ng/mL a 0,5 ng/mL e
limite de detecgao de 0,0015 ng/mL (r = 0,989, p < 0,01). O imunossensor desen-
volvido pode ser utilizado no diagndstico de infarto do miocardio, demonstra
alta sensibilidade, rapida analise e facilidade de utilizagdo para os usudrios [35].

Ha ainda, pesquisas com transdutores 6pticos para detec¢ao de troponinas,
onde o desenvolvimento de imunossensores para detec¢io de troponina T pode
ser realizado com a utilizagao de um eletrodo de ouro para imobilizagdo do
anticorpo. A detecgdo da interagao antigeno-anticorpo pode ser feita por meio
da ressonancia de plasma de superficie. Uma pesquisa demonstra ligagao espe-
cifica da troponina T no dispositivo desenvolvido, limite de detecgdo de 100 ng/
ml (r = 0,991, p < 0,0009). O sensor demonstrou alta capacidade detecgao, alta
precisao e reprodutibilidade [36].

Ademais, um biossensor para detec¢ao de troponina I (TnI) foi desenvolvi-
do a partir da utilizagdo de nanoparticulas de ouro. O principio de detecgdo é
fundamentado na variagio de capacitancia a partir da reagao antigeno-anticor-
po. Esta reacio provoca varia¢do da capacitancia do sistema devido as respostas
das moléculas biologicas. Nanoparticulas de ouro foram depositadas sobre os
eletrodos impressos. O anticorpo anti Tnl foi imobilizado na matriz de ouro e
caracterizado por microscopia confocal. A troponina I foi detectada com éxito
e apresentou limite de detecgdo de 0,2 ng/mL. Este dispositivo apresenta como
principais vantagens o baixo custo e rapido tempo de resposta [37].

Além disso, eletrodos impressos (screen printed) tém sido amplamente uti-
lizados no desenvolvimento de sensores, estes eletrodos propiciam avangos na
utilizagdo de biossensores para analise clinica. Hd uma pesquisa que foi realiza-
da com a utilizagdo de microesferas de poliestireno com estreptavidina, as quais
foram incorporadas na superficie do eletrodo impresso, a fim de aumentar a
resposta analitica da troponina T. A utilizagdo do sistema estreptavidina-bio-
tina permitiu o aumento da sensibilidade e estabilidade do imunossensor para
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troponina T. A superficie do imunossensor foi caracterizada por microscopia
eletronica de varredura e voltametria ciclica. Observou-se que a utilizagdo de
microesferas de poliestireno sensibilizadas com estreptavidina aumentou sig-
nificativamente a sensibilidade analitica do eletrodo, demonstrando uma curva
com uma faixa linear de resposta entre 0,1 ng/mL e 10 ng/mL de TnT e um
limite de detecgdo de 0,2 ng/mL. O sensor proposto possui alta sensibilidade e
permite a detecgdo de TnT para aplicagdo clinica [38].

A tecnologia de eletrodos impressos possibilita o desenvolvimento de sen-
sores que podem ser fabricados em larga escala e, devido ao baixo custo podem
ser descartados ap0s a utilizagao.

Portanto, com a utilizagdo desse dispositivo, a detec¢do do biomarcador a
ser analisado pode ser realizada posteriormente a coleta de sangue da polpa
digital do paciente. Esses eletrodos possibilitam o desenvolvimento de sensores
comerciais, a partir da fabricacio de um sistema completo, o qual contém os
eletrodos de trabalho, auxiliar e referéncia impressos no mesmo suporte.

Biossensores para deteccao de proteina C reativa

A proteina C reativa é uma proteina de fase aguda, liberada em processos
inflamatérios. Estudos epidemioldgicos demonstraram uma associagdo entre o
risco de eventos cardiovasculares e concentragdes crescentes da PCR [39 - 41].

A associac¢do da PCR as sindromes coronarianas consiste em sua func¢io no
desenvolvimento de processos inflamatdrios na aterosclerose, como indugio da
expressao de moléculas de adesdo, redu¢do da produgio de dxido nitrico pelas
células endoteliais [42] e aumento da captura de lipoproteina de baixa densidade
(LDL) pelos macrofagos [41], fatores que contribuem para o desenvolvimento e
progressdo da placa aterosclerotica.

Observa-se a possibilidade de estratificagdo de categorias de risco cardio-
vascular, de acordo com a concentragdo detectada de PCR (Figura 4). Concen-
tragdes abaixo de 1 mg/L sdo associadas a baixo risco, entre 1 e 3 mg/L sdo in-
dicativas de risco moderado e acima de 3 mg/L demonstram alto risco. Valores
acima de 10 mg/L sdo considerados sugestivos de alteragdes e possivel resposta
de fase aguda [41].
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Figura 4: Estratificacdo de risco cardiaco de acordo com a concentragao de PCR.

Diversas pesquisas para deteccio e quantificagdo da proteina C reativa a
partir do desenvolvimento de biossensores tém sido descritas. Dentre elas, des-
taca-se um trabalho com a utilizagdo de nanofibras de carbono, que foram uti-
lizadas para fabricar arrays de nanoeletrodos. As técnicas de voltametria ciclica
e espectroscopia de impedancia eletroquimica foram utilizadas para a detecgdo
de PCR. Detectou-se a imobiliza¢do de anti-PCR sobre o eletrodo e a interagao
da sonda PCR com o alvo anti-PCR, sobre a superficie do transdutor. O limite
de detecgio do sensor foi de 90 pM ou 11 ng/mL, valores que sdo clinicamente
relevantes. Os testes controle confirmaram a especificidade do dispositivo [43].

Observa-se ainda, um método de alta sensibilidade para detectar PCR, a
partir da utilizacdo de uma microbalanca de cristal de quartzo e nanoparticulas
de ouro conjugadas a anticorpos anti- PCR. A proteina C reativa foi reconhecida
pelo anticorpo, o qual foi imobilizado sobre o eletrodo de ouro. A resposta da
microbalanca de cristal de quartzo é linear em relagdo a concentracio de PCR
no intervalo de 20 ng/mL - 30 pug/mL [44].

Além disso, a interagdo entre a PCR e seu anticorpo especifico (anti-PCR),
imobilizado sobre a superficie de um eletrodo de ouro, foi avaliada por meio de
técnicas eletroquimicas. O eletrodo foi funcionalizado com cisteamina e gluta-

161



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

raldeido, criando uma camada automontada que interagia covalentemente com
o eletrodo (via ligacao tiol-ouro) e com o anticorpo (via ligagao aldeido-amina).
O sistema foi capaz de detectar concentragdes de PCR de 1,15x10° mg/L [45].
Outra pesquisa, que também utilizou eletrodos de ouro e camadas automonta-
das para desenvolver um biossensor para PCR, apresentou um limite de detec-
¢do de 176 pmol/L [46].

Em outro trabalho, verificou-se a aplicacdo de eletrodo impresso para detec-
¢do da PCR. Utilizou-se um polimero e eletrodo impresso de carbono. A super-
ticie modificada foi caracterizada por microscopia de for¢a atdmica e analises de
microscopia eletronica de varredura. O limite de detec¢do foi de 0,04 ng/L. A efi-
cacia do sensor foi também realizada em soro sanguineo humano. O dispositivo
apresentou caracteristicas desejaveis, tais como seletividade e especificidade [47].

Conclusao e perspectivas

O desenvolvimento e aplicagdes clinicas de biossensores contribuem para
o avango cientifico e tecnoldgico na area de cardiologia, com destaque para as
possibilidades de inser¢do de novos dispositivos na pratica clinica e consideravel
melhoria no diagnostico da sindrome coronariana isquémica.

A nanotecnologia possibilita o desenvolvimento de dispositivos nanomé-
tricos utilizando nanoparticulas, nanofios e nanotubos em sensores biolégicos
[48-50] para detec¢do de interagdes moleculares em tempo real, por meio do
desenvolvimento dos biossensores que apresentam capacidade de detec¢do em
tempo real, especificidade, seletividade, sensibilidade e maior especificidade em
relagdo aos métodos convencionais [47]. Outros fatores importantes incluem a
reducdo do tempo de resposta do sensor, acréscimo da estabilidade e obtengao
de limite de deteccio em concentracio até zeptomolar.

O desenvolvimento e utilizagdo de biossensores apresentam importantes
avangos cientificos e possibilidade de aplicagéo clinica, ja que novos dispositivos
e materiais estdo sendo testados por diversos centros de pesquisa.

Destaca-se, portanto, a importancia de diagndstico em tempo real para que,
se necessario, a revasculariza¢ido miocardica seja realizada precocemente, 0 que
possibilita um tratamento eficaz, além de melhor progndstico dos pacientes.
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Os biossensores para detec¢do de marcadores moleculares de lesdo miocardica
sdo promissores e as pesquisas laboratoriais sdo conectadas aos testes clinicos,
para validagdo e otimizagao dos dispositivos desenvolvidos.
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Introduction

Among the earliest references in the literature to mosquitoes are certain
passages in Aristotle’s Historia Animalium. Aristotle tells that many animals
live at first in water and afterwards change their form. About 350 years after
Aristotle, the Roman author Caius Plinius Secundus, better known as Pliny the
Elder, describes the gnat as an example of the wonderfulness of nature in pro-
viding on such a small scale the organs required for the five senses and other life
requirements. Among other things he comments on the fineness and perfection
of the small and sharp sucking tube used to suck in and convey the blood [8].

Robert Hooke published in 1665 his microscopy observations in the book
Micrographia. Seemingly the first author to do so, he describes and figures
the Culex larva. The larva is depicted as having jaws rather like a crustacean,
which can be seen extracting invisible nourishment from the water. The au-
thor also shows the sequence of larva, pupa and imago. Hooke refers to spon-



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

taneous generation, but thinks it more likely that the mosquito drops its eggs
upon the water [8].

One of the earliest works to give special importance to the Aedes aegypti
mosquito species was done by Carlos Juan Finlay, who as early as 1881 had as-
sociated it with the transmission of yellow fever and made observations on its
habits. From 1900 onwards, it became “the yellow fever mosquito” and has ever
since acquired a vast literature [8].

Domestic water pots, cisterns, flower vases and shaded rooms with cup-
boards and hanging equipments and humans to feed upon provide suitable loci
for Aedes aegypti thriving. The mosquito does not find conditions so suitable
where communities are well housed with permanent water supply and good
drainage system and tidier house habits [8].

Aedes aegypti is the usual vector species for two, namely dengue and yellow
fever, among the four most important human diseases transmitted by mosqui-
toes: malaria, yellow fever, dengue and filariasis. It has also been the subject
of considerable research before it could be established that it did not play an
important role as a vector of filariasis. Whilst Aedes aegypti plays little part in
forest or sylvan yellow fever, it still remains the sole vector and cause of urban
epidemics. Indeed, it is now generally recognized as the usual vector of dengue
[8]. Figure 1 shows the geographical distribution of Aedes aegypti and the prev-
alence of dengue.

Dengue fever is a viral infection with symptoms that range from influenza
- like to haemorraghic and shock syndromes. Dengue has seen a four-fold in-
crease in incidence since 1970 and is a major public health problem threatening
an estimated 2.5 billion people worldwide, with 50 to 100 million new infec-
tions per year [41]. It is also the leading cause of infant death in Asia, and this
re-emergence is a serious burden for public health systems world wide [3, 6, 33].

Currently, control of Aedes aegypti populations is the only form of dengue
prevention, given that at present there is neither aetiological treatment, chemo-
prophylaxis, nor vaccine [30, 49].

Styer et al. (2007) [43], indeed following Ross (1910) [42], reasoned that daily
mortality is the most important determinant of a mosquito’s ability to trans-
mit pathogens. The longer a mosquito lives, the more likely it is to encounter
an infectious host, survive the incubation period, and transmit an infectious
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agent during subsequent feeding attempts. Their work has shown that mosquito
mortality was highly age dependent in both sexes. Mortality was low at young
ages (< 10 days old), steadily increased at middle ages, and decelerated at older
ages. Currently the most widely used age-grading technique for Aedes aegypti
separates mosquitoes into only two age classes

Dengue, countries or areas at risk, 2013

. 5 17
— Countries or areas where -
dengue has been reported The contour lines of the Janusry and July isotherms indicate areas et risk, defined by the geographical limits of the northem and
‘southern f Aed

for year-round | /pti, the principal mosquito vector of dengue viruses.
The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoever  Data Source: World Health Organization 475 World Health
on the part of the World Health Organization conceming the legal status of any country, territory, city or area or of its authorities, Map Production: Health Statistics and ‘ < BOrganizalion
or conceming the delimitation of ts frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines Information Systems (HSI) —

for which there may not yet be full agreement World Health Organization

©WHO 2014. Al rights reserved.

Figure 1: Map of dengue world distribution. Note that dengue is limited to the areas of winter
isothermals above 10°C, which also correlates to areas where the Aedes aegypti mosquito is
found. Source: World Health Organization (http://gamapserver.who.int/mapLibrary/Files/Maps/
Global - DengueTransmission ITHRiskMap.png).

(non-parous, < 5 days old and parous, > 5 days old).

Mathematical modelling of population dynamics of the Aedes aegypti mos-
quito, therefore, emerged as an important research topic due to the need of con-
trol of its populations at multiple localities, especially where this mosquito is a
vector of diseases leading to epidemic states.
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Aedes aegypti Population Dynamics

The Aedes aegypti mosquito life cycle presented in Figure 2 was well descri-
bed in biological terms. However, in order to produce meaningful predictions
about the dynamics of the population, it is necessary to translate the mosqui-
to life cycle into numbers. To achieve that, the life cycle has been modelled in
many ways, either lumping together two or more stages or considering them
individually. Moreover, the metamorphosis and/or evolution from one to stage
to another has been approached from many angles [24].

Terrestrial Aquatic

4. Adult

Terrestrial Aquatic

3. Pupae

Figure 2: Schematics of the mosquito life cycle. Source: U.S.A. Centers for Disease Control and

Prevention (http://www.cdc.gov/dengue/entomologyEcology/m lifecycle.html)

The earliest population dynamical models for Aedes aegypti seem to be the
time-discrete models by [16, 17] and the single-class model by [19]. This last
model was later improved with a delay-differential single-class model by [10].

Focks et al. (1993) [13,14] [13, 14] developed a life table simulation model
(CIMSiM) of the population dynamics of Aedes aegypti. They assumed life his-
tory parameters that are functions of temperature and humidity. Some param-
eters are also affected by density, such as larval mortality.

170



SHORT REVIEW ON MATHEMATICAL MODELS FOR AEDES AEGYPTI POPULATION DYNAMICS
AND ITS CONTROL — H. Schechtman, D. Villela, C. Torres Codeco and M. Oliveira Souza

Magori et al. (2009) [32] developed a modelling tool, Skeeter Buster, to pre-
dict how Aedes aegypti population dynamics and population genetics might be
affected by stochasticity and spatial variation in the mosquito habitat. Skeeter
Buster was based on CIMSiM [13, 14], while adding stochasticity, explicit spatial
structure and genetics. In Skeeter Buster, genotypes were represented as a bina-
ry sequence of loci, i.e. only two alleles were allowed for any given locus.

The Skeeter Buster tool modelled multiple geographical premises inde-
pendently. Each and every location hosted a specific set of containers both in-
side and outside of buildings, and the immature cohorts in these containers as
well as the adults emerging from those were specifically assigned to that partic-
ular place. Premises were laid out on a rectangular grid, each cell of the grid rep-
resenting a single location. Adults could disperse between promises, allowance
being made for both short and long range dispersal. However, to achieve such a
location-specific level of accuracy, Skeeter Buster requires intensive field work
to obtain a description of the container distribution and relative productivity in
any particular location. Indeed there were more than 60 required parameters
to accurately describe the mosquito biology and life history in the geographical
space. The uncertainties regarding these parameters were further investigated
by Xu et al. (2010) [51].

Otero et al. (2008) [39] extended a previously developed model [40] to an
explicit spatial model, in which the space is represented by a collection of patch-
es where homogeneous dynamics takes place, complemented with interactions
between patches. The stochastic dynamical model for the evolution of Aedes ae-
gypti was described in terms of a non-linear or state-dependent Markov chain.
It considered four mosquito life stages: egg, larva, pupa, and adult. For every
life stage, the relevant changes were modeled in terms of random events with
temperature dependent rates.

The two dimensional space was a mesh or grid of rectangular patches where
the local dynamics took place and adult mosquitoes could fly from patch to
patch. The model therefore considered six different populations: eggs, larvae, pu-
pae, non-parous adult females, migrating winged mosquitoes, and parous adult
females. The population of adult male mosquitoes was not taken into account ex-
plicitly. The model considered that one half of the emerging adults were females.
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The evolution of the six populations in each patch was affected by differ-
ent possible local events: death of eggs, egg hatching, death of larvae, pupation,
death of pupae, adult emergence, completion of gonotrophic cycles, death of
non-parous adults, oviposition by migrating mosquitoes, death of parous adults,
and death of migrating mosquitoes. Events occurred at rates that depended not
only on population sizes at the various stages, but also on temperature, which in
turn was a function of time since it changes over the course of the year.

The results of the simulations, when compared with field data, indicate that
the model reproduced the observed positivity in the ovitraps during spring and
summer, but over-estimated the fraction of positive ovitraps in fall. The model
has shown high sensitivity to the number of breeding sites.

A deterministic Aedes aegypti population dynamic model was developed by
Ferreira and Yang [12]. The model comprised four insect life stages: eggs, larvae,
pupae and winged mosquitoes. The model also considered that the parameters
oviposition, transformation and death rates were adjustable by temperature and
humidity. Two yearly climates, summer (hot and humid) and winter (cold and
dry), were imposed upon the adjustable parameters. It was found that population
control was most effective by elimination of eggs with the added benefit that there
is no saturation for this type of control. Employment of similar models allowed
those researchers to investigate the influence of sterile insect release [11], tempera-
ture [53] and entomological parameters [52] on the population dynamics.

Lana et al. (2014) [26] compared the goodness-of-fit of different determin-
istic Aedes aegypti population dynamics models using transition functions
proposed in studies by Yang [11, 12, 53], Otero [40] and Focks [13, 32]. Fitting
models to time series of mosquito trap data collected in Rio de Janeiro, Brazil,
they found that these models fail to capture the population dynamics patterns
observed at the scale of the neighbourhood. The authors conclude that models
tend to predict more seasonal structure than it is observed.

Yang et al. [52] investigated the basic off-spring number QO . QO is a key
parameter in population dynamics theory, and its mathematical expression de-
pends on many of the details considered in the development of the model. The
parameter Q0 may be explained in biological terms as the number of eggs that
will become female mosquitoes generated by a female mosquito that hatched
from an egg and survived larval and pupal stages. Therefore, QO can also be in-

172



SHORT REVIEW ON MATHEMATICAL MODELS FOR AEDES AEGYPTI POPULATION DYNAMICS
AND ITS CONTROL — H. Schechtman, D. Villela, C. Torres Codeco and M. Oliveira Souza

terpreted roughly as the mean number of viable female off-springs produced by
one female mosquito during the entire survival time. If the mean number of vi-
able female off-springs produced by one female mosquito is lower than one (Q0
< 1), the trivial equilibrium point is an attractor disregarding the initial condi-
tions, i.e. a negative semi-definite Lyapunov function can be constructed, and
from La-Salle Lyapunov theorem it is globally asymptotically stable for Q0 < 1.

Population Control

As already discussed in the Introduction, there is no current approved vac-
cine for dengue, although there are several ongoing developments, and one has
reached stage III (clinical trials). This suggests that dengue transmission is bet-
ter controlled at the vector level [37, 38]. Such control is usually done through
the use of insecticides. However, despite an early success with the use of DDT,
we are witnessing a global resurgence of dengue, with Aedes aegypti becoming
increasingly more resistant to the currently used insecticides [7, 9, 15, 20, 46].
Development of insecticide resistance might undermine a number of control
programs that exist worldwide [4]. Although regional and worldwide health or-
ganisations are trying to identify and manage such behaviour [50], alternative
approaches are needed [18].

We shall now review the work in modelling insecticide resistance, and dis-
cuss the proposals, together with some of the modeling, for biological control.

Insecticide Resistance

In order to study quantitatively the effects of resistance, Luz et al. [28] de-
veloped a deterministic age-structured model with resistance being genetical-
ly mediated by a single locus with alleles. The model considers five mosquito
life stages: eggs, larvae, pupae, non-parous and parous adults, and assumes that
the genetic evolution is in Hardy-Weinberg equilibrium. For individuals with
the resistance allele, the parameters for birth and death at each stage could be
modulated by means of cost impairments attributed to insecticide resistance.
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Moreover, in order to ensure continual existence of resistant mosquitoes, a fixed
rate of mutation was imposed. The pictorial description of the model is given
in Figure 3.

The model was then employed to determine the effects of various regimes
of insecticide application on population control. They found that the combined
application of larval and adult insecticides during the dengue transmission sea-
son only, was the optimal strategy, minimizing long term evolution of resistance
while maximizing population reduction effect.

The model was further employed as a basis for various investigations on the
impact of vector activity on dengue transmission [29] and the economic impact
of vector control [30].

b(zq)quoT C.(z4,t) Cn(zq,t)
= ! I
Eg t'EI[. (t) > I"g tLP (t) > Pq tPlv (t) ;I qu

v v v v
dg (2,) d (z,,Lyg) dp (2,) dy, (24) | Ea
—_—
| Aog
v
dlo(zg) v
Cr(z4,t)

Figure 3: The mosquito life cycle genetic model describes the five life-stages by rectangular

boxes. Source: [28]

Biological Control

Proposals of recent strategies for control involve biological methods due to
various recent advances [31]. Some of these advances involve the development
of genetically modified Aedes aegypti strains to be used in a sterile insect pest
control system in which released male mosquitoes mate with wild-type females
producing non-viable progeny [34]. Simple deterministic population dynamic
models are generally optimistic regarding the success of these techniques. The
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stochastic Skeeter Buster model [32], on the other hand, predicts that wild-type
mosquito elimination or consistent reduction is highly unlikely in complex ur-
ban settings, characterized by heterogeneous landscapes where mosquito density
varies in space and time as well as the efficacy of the intervention program [27].

Another approach for control is to use the bacteria Wolbachia, that is pres-
ent in many insects in endosymbiotic relationships §- indeed it infects around
16% of neotropical insect species [23, 48]. It has recently been artificially intro-
duced in several insect species [35, 47].

From the point of view of biological control, mosquitoes that are infected
with Wolbachia might have reduced vector capabilities in two ways: (i) the
reduced life span of infected individuals might avoid that the virus has time
to go through its extrinsic incubation period, and so the mosquito dies before
being able to transmit. (ii) transmission to the salivary gland - and hence to
human host is partially blocked by Wolbachia. The blocking efficiency de-
pends on the particular strain, but there are reports of near perfect blocking
for some strains [21, 36].

Wolbachia is transmitted vertically, and its infection affects the host fitness
usually in a negative way. In mosquitoes it reduces their survival and it might
reduce its fecundity. On the other hand, Wolbachia has an advantage in its host
reproduction [22, 44]. In Aedes aegypti, and in other mosquitoes in general, it
induces the so-called cytoplasmic incompatibility (CI): off-spring of infected
males with uninfected females are less (or not at all) viable. This gives a trans-
mitting advantage for off-spring with Wolbachia. In this scenario, one expects
that infection-free state should be stable, and that there is threshold of infected
individuals to allow for the invasion of a population infection-free.

The first model to describe the dynamics of Wolbachia-infected and Wol-
bachia-free insect population dynamics was proposed by Turelli [45], using the
naturally infected Drosophila fly as a biological example. Turelli’s model shows
that the system is bistable with a further unstable equilibrium, whose position
depends on the fitness costs versus the CI conferred advantage.

Using the same notation of Barton & Turelli (2011) [2] let p denote the fre-
quency of Wolbachia-infected flies and (1 —sf ) describe the reduced fecundity
of an infected female relative to non-infected ones. Let sh denote the intensity
of the cytoplasmic incompatibility, and let sv be the survival cost induced. It is
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shown [2] that the unstable equilibrium point is given by with the other two sta-
ble equilibrium points corresponding to p = 0 and p = 1. In particular, for initial
conditions with p > p*, then p = 1 is the attractor. The previous calculations in
[45] do not take into account survival costs, and are obtained from the above
formula by setting sv = 0.

Sp+8, —8g5,

p:
Sn

A recent mathematical model that takes into account both the mosquito
population dynamics, and the disease dynamics is [23]. They start from [10] to
construct a model with infected and uninfected mosquitoes. The system has
three equilibria: uninfected, infected only and a coexistence equilibrium. Lin-
earised analysis shows that the coexistence equilibrium is always unstable, and
the pure equilibria are always locally stable. This suggest the bi-stable behaviour
mentioned above, and it was indeed verified numerically. An interesting result
found for the authors is that for the easier introduced strain wAIbB strain, the
reduction on RO is of the order of 70%, which might not be enough to prevent
epidemics if RO is very large'. Moreover, for such large values of R0, the final size
of the epidemic is nearly unaltered.

Wolbachia infection on mosquitoes and its effect on dengue was also stud-
ied by [25]. Using a different population model, they obtain similar qualitative
results of [23]. Under some assumptions on the biological parameters — and
that approximately holds for literature values for Aedes aegypti — they obtain a
multiscale reduction that yields the bi-stable behaviour with the same thresh-
old point obtained [2]. They have also calibrated the model to the first release
of mosquitoes in the Australia experiment [21], and obtain a good agreement
with the overall field data. Furthermore, using the parameters for wMel strain,
they found that for several estimates of RO in the literature, RO should be re-
duced below unity upon the introduction by Wolbachia. This contrasts with
the results by [23] who used the parameters of wAIb, and strengths further the

1 ROis the number of infections caused by a single infection in the event of onset of potential
epidemic.
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conclusion in [23] that efforts in trying to establish more efficient strains of
Wolbachia are worthwhile.

An additional question that is now being considered is how both the virus
and the mosquitoes will evolutionary react to the introduction of Wolbachia
in Aedes aegypti. In some cases, species managed to overcome the Wolbachia
infection after long times, and one might speculate on the prognostics for the bi-
ological control of dengue using Wolbachia. Bull & Turelli (2013) [5] discuss this
issue by comparing the observation evolution of Wolbachia infections in other
insects, and also taking into account the related genetic variation. Among their
forecasts, we can single out the following: over a decade or so both life-short-
ening should be reduced, with the virus being selected for rapid maturation,
and population suppression should also be less effective. Transmission blocking
should be overcome by the virus, but partial blocking should persist indefinite-
ly. A mathematical modelling of this question remains an open problem.

While some of the experimental and theoretical results are promising, experi-
ence has shown, however, that control methods should be taken as integrated ap-
proaches [31], as multiple strategies help to achieve control in an efficient manner.

Conclusion

Dengue fever is currently one of the most modeled diseases. Still, many
questions are open to mathematical investigation. From the purely academic
perspective, some questions are: what are the evolutionary forces limiting the
number of virus serotypes to four? What forces explain the cycling of virus
serotypes between epidemics? What are the forces modulating the dynamics
of mild and severe dengue cases? Why dengue dynamics is characterized by a
succession of small and large outbreaks?

From a more pragmatic perspective, policy makers need tools to assess the
cost-benefit of new control strategies. Some of them were illustrated in this
document but many others will emerge in the next years, as result of large in-
vestment in new technologies. Many vaccine candidates are also under test and
proper use will require careful modeling. Models are also necessary to inves-
tigate the impact of climate change on dengue spread to temperate countries
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and how it will change in tropical countries in response to modifications in
precipitation regimens.

This modelling efforts require a cross-disciplinary approach as indeed
found in many of the current international projects aiming to reduced and or
eliminate dengue [1]. While the task is daunting, the stakes for the benefit of the
worldwide population are high.
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Introducao

E comum ao ser humano apresentar algumas doengas e disfungées ao en-
velhecer, devido as alteragdes do sistema neuromusculoesquelético. Dentre es-
tas, destaca-se o tremor humano, uma manifestacio clinica caracterizada por
movimento involuntdrio de carater oscilatério e ritmico, de qualquer parte do
corpo, decorrente de contragdes de musculos antagonistas [1-3]. Em alguns ca-
sos, tal problema pode causar incapacidade funcional consideravel, levando ao
afastamento social pela interferéncia nas atividades de vida didria (AVDs), como
alimentacdo, escrita, vestudrio e manutencio de cuidados pessoais [1, 4-6].

O tremor humano pode ser classificado em duas categorias: tremor fisiold-
gico e patologico [5, 7]. O fisiologico é considerado normal e decorrente da ati-
vidade mecénica do coragio, ou de processos relacionados ao envelhecimento.
Este tipo de tremor esta presente em todos os individuos, mas ndo é perceptivel
a olho nu [4, 8]. O tremor patoldgico é anormal e, geralmente, estd associado as
sindromes neurologicas [8]. Este pode acometer grupos musculares nas partes
distais dos membros, cabega, lingua, corda vocal e raramente, o tronco [4, 8, 9].
O tremor patologico pode ser subdividido em tremor de repouso e agdo. O tre-
mor de repouso manifesta-se quando a parte do corpo acometida encontra-se
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sem ativacao voluntdria e apoiada sobre uma superficie contra a gravidade. Ja o
tremor de agao ocorre durante a contragdo voluntaria dos musculos envolvidos
[4, 8]. Este pode ser subdividido em:

o Tremor postural: 0 membro se mantém em uma posi¢do contra a
gravidade;

« Tremo cinético: ocorre durante o movimento voluntario de uma ex-
tremidade;

o Tremor intencional: ocorre durante o movimento, na inten¢io de atin-
gir um alvo;

o Tremor de tarefa-especifica: manifesta-se quase exclusivamente du-
rante o ato motor especifico, como a escrita ou o manuseio de instru-
mento musical;

« Tremor isométrico: quando o segmento afetado esta contraido sem que
ocorra o deslocamento do segmento corporal.

Uma possivel causa do tremor patoldgico é a Doenga de Parkinson (DP),
sendo esta uma desordem neurodegenerativa do sistema nervoso central, com
implicagdes profundas para o individuo, causando principalmente déficits nas
fun¢des motoras [10].

O impacto negativo provocado pelo tremor tem motivado cada vez mais os
pesquisadores na busca por uma melhor compreensdo das causas e consequén-
cias dos diversos tipos de tremores.

Um tratamento totalmente eficaz para o tremor patologico ainda nio esta
disponivel, uma vez que os firmacos atuais e alternativas cirdrgicas ainda apre-
sentam limitagdes com relagdo a eficacia, riscos e custos, porém, existem alguns
métodos para o gerenciamento do tremor que tém permitido aos pacientes: (i)
uma reducdo dos sintomas, melhorando a capacidade das realizacdes de tarefas,
e ainda na habilidade de alcangar, pegar e manipular objetos; (ii) aumento da
autoestima e melhoraria do convivio social [11].

Neste contexto, afim de identificar e compreender os métodos para o geren-
ciamento do tremor humano, este capitulo tem como objetivo fornecer ao leitor
uma revisao da literatura sobre os principais métodos de controle do tremor, en-
fatizando o uso de dispositivos eletromecanicos, tais como 0 AW TS (pronuncia-
se Altis; do inglés, Active Wrist Tremor Supression) recentemente desenvolvido
pelo nosso grupo de pesquisa, na Universidade Federal de Uberlandia.
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Classificagao dos métodos para
gerenciamento do tremor humano

Estimulagéo Pro- Estimulagado Dispositivos Eletromecanicos
funda Cerebral Elétrica Funcional (Orteses Ativas)

Medicamentos

Figura 1: Principais métodos para o gerenciamento do tremor humano.

Classificacao dos métodos para gerenciamento do
tremor humano

Dentre os varios métodos para gerenciamento do tremor (Figura 1), pode-
mos citar: (i) medicamentos; (ii) pequenas cirurgias no cérebro; (iii) estimulagdo
elétrica funcional e (iv) uso de Orteses ativa.

O tratamento padrdo e rotineiro para atenuagao do tremor Parkinsoniano
¢ 0 uso de medicamentos [12, 13]. A Levodopa ¢ a principal droga utilizada no
caso da Doenga de Parkinson, o precursor da dopamina, entretanto esse trata-
mento tem inimeras desvantagens, pois nao impede a progressao da doenga,
apenas ameniza os sintomas, sendo que, no decorrer do tratamento a droga per-
de sua eficacia e muitos efeitos colaterais indesejaveis podem ocorrer [13-15].
Apesar dos avangos no tratamento neurocirurgico de outros tipos de tremores,
como o essencial, o tratamento clinico ndo tem contado com medicamentos
mais eficazes do que os tradicionalmente indicados - o propranolol e a primi-
dona [16, 17]. O uso dos beta-bloqueadores no tratamento do tremor essencial é
a principal arma terapéutica para um grande nimero de pacientes [16-18].

Outra possivel estratégia para a atenuagdo do tremor é por meio da realiza-
¢do de pequenas cirurgias no cérebro, denominadas de estimulagdo profunda
do cérebro (DBS - do inglés Deep Brain Stimulation). Este tipo de estratégia
consiste em um implante cirurgico que proporciona uma estimulagdo elétrica
focada na modulacdo do funcionamento de circuitos cerebrais [19]. Os sistemas
de estimulagao profunda cerebral foram desenvolvidos para o tratamento de
individuos diagnosticados com desordens de movimento. Recentemente, esta
técnica tem sido empregada no tratamento de vérias doengas neuropsiquidtricas
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(19, 20]. Entretanto, a estimula¢do profunda cerebral é invasiva e dependente de
ajustes (e reajustes) de parametros do estimulador para uma eficacia 6tima. O
uso da DBS visa atingir as regides primdrias no cérebro que contribuem para a
geragdo do tremor. Dependendo da causa do tremor, os usudrios podem ter um
ganho significativo nas fungdes motoras afetadas pela doenga [19, 21, 22].

Uma abordagem distinta é o uso de Estimulagdo Elétrica Funcional (FES -
do inglés Functional Electrical Stimulation) [23, 24]. A estimulagao ocorre nos
musculos antagonistas ao movimento do tremor [23]. Esses musculos antago-
nistas sdo estimulados em anti-fase em relagdo ao tremor [24]. Esta estratégia
destina-se a atenuar o tremor com o efeito minimo sobre o movimento volunta-
rio. A eletromiografia de superficie pode ser utilizada como uma ferramenta de
apoio ao ajuste de parametros de estimulagao utilizados na FES [24, 25]. Contu-
do, o uso continuo e prolongado da FES pode produzir fadiga, dor e desconforto.

Uma alternativa de atenuagdo de tremor cada vez mais investigada consiste
na utilizagdo de dispositivos eletromecanicos, como as drteses, que auxiliam o
membro na realizagdo do movimento, e ainda realizam o processo de supressdo
do tremor. No entanto, dispositivos de compensagao do tremor ativo apresen-
tam varios desafios. Tal dispositivo deve ser capaz de diferenciar o movimento
voluntario do patoldgico, e também de considerar a aleatoriedade do tremor,
visto que 0 mesmo apresenta uma dinamica caética variavel no tempo.

Alguns estudos tém demonstrado que a utilizagao de uma Ortese amortece-
dora na articulacido do punho pode reduzir a amplitude do tremor de membros
superiores, auxiliando a restaurar o controle funcional do membro acometido
(12, 13, 26]. O amortecimento pode ser gerado a partir da utilizacao de atuado-
res na ortese, como por exemplo, um fluido conhecido como Magneto- Rheolo-
gical Fluids (MRFs) ou motores de corrente continua [12].

Do ponto vista de aprendizagem, esse tipo de dispositivo pode ser ativo ou
passivo [26]. Sera ativo quando acionado por comandos elétricos que estimulardo
o sistema nervoso a reaprender os movimentos. O passivo, por outro lado, depen-
de totalmente do movimento do paciente ou ¢ usado para restringi-lo [27, 28].

A Ortese ativa (que produz forgas contrarias ao tremor dinamicamente em
fungio do tempo) deve atenuar o tremor e é ideal para pessoas alérgicas a me-
dicamentos, ou que ndo podem se submeter a uma cirurgia [29], e também que
ndo sejam tolerantes a estimulos elétricos [23].
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Novas tecnologias

O uso de tecnologia robética tem sido amplamente difundido como técni-
ca promissora no gerenciamento do tremor. Uma grande vantagem do uso da
tecnologia robdtica é que a mesma pode ser utilizada concomitantemente aos
diversos métodos discutidos na Secao II, que estdo atualmente disponiveis para
o gerenciamento do tremor.

Um dos aspectos que deve ser considerado no uso de tecnologias robdticas ¢
a avaliagdo da relagao entre robd e homem, no qual o humano possui o controle
sobre o dispositivo robotico, sendo este capaz de prover um feedback ao usudrio.
Essa interagdo intrinseca ¢é feita por meio de forgas reciprocas entre homem e
maquina [12, 13, 30, 31].

Em geral, os dispositivos roboticos utilizados no gerenciamento do tre-
mor fornecem auxilio a0 movimento voluntario e atenuagao do tremor [12]. A
principal estratégia para a atenuagdo do tremor consiste no emprego de forgas
dindmicas contrarias aquelas geradas pelo tremor. Hogan [32] analisa como di-
ferentes tipos de tremores podem responder a uma carga biomecanica aplicada.
O aumento do amortecimento ou da inércia do membro correlaciona-se com a
reduc¢do dos movimentos de tremor, sendo esta a principal abordagem eletrome-
canica para a atenuagao.

Um possivel dispositivo eletromecanico é o exoesqueleto (também denomi-
nado de drtese), que pode ser vestivel e atuar em paralelo ao membro afetado.
No caso de supressdo do tremor, o exoesqueleto aplica uma for¢a de amorteci-
mento nas articulagdes dos membros e apresenta 6timas caracteristicas estéti-
cas, cosméticas e funcionais [30-33].

A principal fungdo dos membros superiores é garantir que a méio realize
suas atividades e atinja qualquer ponto no espago, principalmente pontos na su-
perficie do corpo humano, de tal modo que a pessoa possa manipular, desenhar
e mover objetos, a partir do corpo ou para o corpo [29, 31]. O objetivo do uso de
uma Ortese é compensar alguma funcdo perdida.

Neste contexto, é possivel identificar estudos que buscam desenvolver sis-
temas ortoticos para controle e quantificagdo do tremor humano, como 0 WO-
TAS (Wearable Orthosis for Tremor Assessment and Suppression) e o DRIFTS
(Dynamically Responsive Intervention for Tremor Suppression) [28, 32, 34, 35].
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Nas proximas se¢oes sao apresentadas propostas de drteses ativas desenvolvidas
por varios grupos de pesquisa, incluindo o AWTS (lé-se como Altis em Portu-
gués) - Active Wrist Tremor Supression -, que foi desenvolvido pelo nosso grupo
de pesquisa.

Projeto WOTAS

O projeto WOTAS [28, 32, 35, 36] ¢ um sistema de medigdo experimental
e uma plataforma de teste para avaliacdo comparativa das estratégias e compo-
nentes necessarios para supressao do tremor nos membros superiores (Figura 2).

Figura 2: Prototipo ortético do projeto WOTAS. (Fonte: “Impedance control: An approach to
manipulation: Part I -theory,” Journal of dynamic systems, measurement, and control, vol. 107,
pp- 1-7,1985).

O WOTAS é capaz de simular o comportamento dindmico da 6rtese para
supressdo do tremor. Sendo assim, este sistema possibilita a especificagdo de
parametros tais como a impedéancia mecanica aplicada no punho e cotovelo do
individuo que utiliza a ortese. Os sinais de saida podem ser monitorados e con-
trolados em tempo real. Em suma, esse sistema possibilita a simula¢io do fun-
cionamento de Orteses que venham a ser fabricadas futuramente e que utilizam
atuadores e novas tecnologias [29, 36]. Um dos principais resultados do WOTAS
foi a construgdo de uma drtese baseada em atuadores mecanicos. O dispositivo
baseia-se em um exoesqueleto ativo apoiado em tecnologia robdtica, capaz de
gerar forgas para atenuar o tremor, e também recuperar informagdes relaciona-
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das a0 movimento do membro superior, que envolvem o cotovelo (flexdo-exten-
sd0), antebraco (pronagio-supinagdo) e punho (extensio-flexdo), sendo que os
dedos permanecem livres [29, 34, 36].

A supressdo do tremor por meio de cargas mecanicas aplicadas no membro
superior por exoesqueletos robéticos implica em uma interagdo entre o usua-
rio e o robo. Alguns aspectos devem ser observados com cautela nesse tipo de
aplicagdo: (i) a tolerancia do usudrio a pressdo; (ii) a caracterizagdo mecanica
dos tecidos moles dos membros superiores, visto que, a aplicacdo de uma forca
de intensidade superior a suportada pelo sujeito podera causar lesdes graves ao
mesmo [29, 36].

Projeto DRIFTS

O projeto DRIFTS compara a funcionalidade de dois sistemas distintos: (i)
uma ortese desenvolvida pelo projeto WOTAS e (ii) um sistema baseado em
fluidos capazes de modificar suas caracteristicas de viscosidade devido a varia-
¢ao dos campos magnéticos presentes. O fluido utilizado no DRIFTS é Magneto
Rheological Fluid (MRF), que fornece amortecimento viscoso [34, 35] (Figura 3).

Os MRFs sio capazes de responder a um campo magnético aplicado, cau-
sando mudanca de comportamento [26, 33, 37]. Este possui a capacidade de
passar do estado de liquido a quase sélido. Os MRFs consistem em pequenas
particulas de ferro suspensas em uma solucéo oleosa. Em seu estado inicial,
ou melhor, sem a aplicagdo do campo magnético, o MRF se comporta como
um fluido normal. Quando ha aplicagao de um campo magnético, as particulas
comegam a se movimentar com a capacidade de formar pontes nas diregdes das
linhas de fluxo magnético. Dessa forma, dependendo da concentragdo de par-
ticulas de ferro suspensas em solugéo e da forga do campo magnético aplicado,
torna-se possivel alterar o comportamento do MRF [12, 13, 33, 35, 37].
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Figura 3: Projeto DRIFTS - MRF. (Fonte: “Controllable mechanical tremor reduction. Assess-
ment of two orthoses,” Technology and Disability, vol. 19, pp. 169-178, 2007).

Projeto AWTS'

Com o intuito de desenvolvermos uma tecnologia nacional, e dedicada a
quantificagdo e atenua¢do do tremor de punho, o nosso grupo de pesquisa de-
senvolveu o AWTS (Active Wrist Tremor Supression).

LUVA INSTRUMENTADA

PACIENTE COM TREMOR ORTESE ATIVA

Microcontrolador

Tremor

Movimento |
Contrério
ao Tremor

Figura 4: Diagrama esquemético da luva instrumentada e da Ortese ativa para caracterizagéo e

atenuacdo do tremor de punho.

O AWTS é constituido por uma luva instrumentada, equipada com senso-
res de movimento e de detec¢io da ativacdo muscular, um atuador mecanico,
responsavel pelo fornecimento do torque no sentido contrario a0 movimento
produzido pelo tremor, e por fim, por uma placa microcontroladora, responsa-
vel por comandar tanto a luva quanto o atuador (Figura 4).

1 Patente depositada INPI-DIREG-MG BR 10 2014 023282 6.
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Arranjo construtivo da luva instrumentada

A luva é composta pelos seguintes componentes: (i) Sensores de movimen-
to (Sensor MinIMU e Sensor resistivo flexivel); (ii) Sensores para detec¢do da
ativagdo muscular (Eletromiografia); (iii) Placa microcontroladora e (iv) Luva
de material Neoprene (Figuras 5 e 6). Os sensores de movimento tém a fungdo
de fornecer informagdes relacionadas a qualquer movimento minimo (resolu-
¢do em torno de 0,5 mm) realizado pela mao do individuo que a utiliza; seja o
movimento voluntdrio ou involuntario (tremor). Ja os sensores para detecgdo da
ativagdo muscular fornecem informagdes relativas a atuacdo dos grupos mus-
culares flexores e extensores responsaveis pelo movimento do punho e da mao
do usudrio. A principal finalidade desse conjunto de sensores é contribuir para
a caracterizagdo e quantificagdo do tremor de punho.

Flex Vertical 1 Flex Vertical 2

MiniMU 1

W Flex Laterais
MiniMU 2

Figura 5: Luva instrumentada e posicionamento dos sensores.

Bateria

Eletrodo EMG “&'—-“

o Referéncia 8 Instrumentada
Eletromidgrafo \ A

Microcontrolador

Eletrodo EMG L Eletrodo EMG
Grupo Flexor Grupo Extensor

Figura 6: Luva instrumentada durante realizagao de testes de desempenho.
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Arranjo construtivo da értese ativa AWTS

A estrutura mecénica da ortese ativa AWTS é composta basicamente por
um atuador ou motor CC, com seu respectivo controlador e conjunto de en-
grenagens, sendo o mesmo comandado pelo microcontrolador. Além disso, o
conjunto ainda apresenta duas estruturas anatomicamente construidas: um
primeiro elemento, fixo, apoiado sob o antebraco do individuo, e uma segunda
estrutura movel, acoplada ao eixo do motor e sob a palma da mao, de forma
que o motor transfira o movimento de seu eixo para a mao do usuario da ortese
(Figura 7). Deve-se destacar que o conjunto atuador, assim como os sensores de
movimento, estdo acoplados a luva instrumentada.

Figura 7: Estrutura mecanica da oOrtese ativa.

Para controlar o funcionamento da ortese, foi desenvolvido um sistema de
controle que monitora o movimento do punho e envia sinais de ajustes ao atua-
dor com o intuito de atenuar o tremor, e também uma estratégia para um pos-
sivel apoio a0 movimento voluntério (Figura 8). O principio de funcionamento
se baseia no monitoramento do movimento real do punho, por meio de um sen-
sor de posi¢do. O sinal advindo do referido sensor passa por filtros passa baixa
(FPB) para extrair ruidos de artefato do sinal e para a separagio do movimen-
to voluntdrio do movimento do tremor. Por fim, utiliza-se um controlador PD
(Proporcional Derivativo) para a obtengao do sinal de controle necessario para
comandar o sentido e magnitude da for¢a fornecida no eixo do atuador, para se
contrapor ao movimento causado pelo tremor.
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Sinal de Controle
(supressdo do tremor)

Figura 8: Diagrama de blocos do sistema de controle da értese AWTS. Nota: FPB - Filtro passa-baixa.

Atualmente, estamos executando um estudo clinico com o intuito de ava-
liar o desempeno do AWTS e da luva instrumentada. Este estudo esta registrado
sob o numero CAAE 07075413.6.0000.5152, com pareceres favoraveis conce-
didos pelo CONEP n. 361.526 e CEP n.270.782. Este certamente sera um dos

principais estudos nesta area, tanto no contexto nacional quanto internacional.

Outros tipos de orteses ativas

Os estudos de Kotovsky and Rosen [13] (Figura 9) e do projeto DRIFTS [34],
demonstraram que a utilizacdo de uma Ortese amortecedora no punho pode
reduzir drasticamente a amplitude do tremor do tipo intencional cinético de
membros superiores, permitindo restaurar o controle funcional do membro.
Tais resultados sugeriram que a supressao mecénica do tremor por dispositivos
ortdticos pode ser uma alternativa de tratamento eficiente.

De acordo com Belda-Lois et al.[34], a redugdo do tremor depende da ampli-
tude do mesmo, sendo que com o uso da Ortese pode-se obter uma diminuigao
em 98% nos casos mais graves. Além disso, para muitas pessoas que sofrem
desta disfungio, a supressdo mecanica através de Orteses pode produzir um fee-
dback de reforco, ou seja, quando os individuos percebem uma redugdo inicial
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do tremor devido a Ortese, acabam exibindo uma diminuigdo espontanea do
mesmo. Ha também indicios de que alguns participantes com tremor podem
apresentar migragao desta disfun¢do de uma articulagao controlada para outras
articulagoes livres.

Figura 9: Ortese amortecedora para a articulagdo do punho (Fonte: “A wearable tremor-suppres-
sion orthosis,” Journal of Rehabilitation Research and Development, vol. 35, pp. 373-387, 1998).

Uma recente inovagao da ortese amortecedora que utiliza a tecnologia ba-
seada em MRF foi desenvolvida por Yang et al. [33] (Figuras 10 e 11). Esta pes-
quisa descreve uma nova técnica de amortecimento, usando um rob6 para a
reabilitagdo através de um fluido magneto rotatério (MRF Rotatério) para a su-
pressao de tremor patologico. O robo portatil para reabilitacao foi desenvolvido
para a aplicagdo pratica em terapia assistida. O projeto de amortecimento por
MREF apresenta tamanho compacto, leve e com saida para torque de cerca de 4,5
Nm, sendo eficaz na atenuagio do tremor patologico [33].

Figura 10: A configuragio do tremor para verificar o efeito de supressao tremor através do

amortecedor proposto (Fonte: “A Rotary Magnetorheological Fluid Damper for Pathological

Tremor Suppression.,” in IEEE. International Conference on Mechatronics and Automation,
Chengdu, China., August 5 - 8, 2012.).
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Figura 11: Exemplos amortecedores MR: (a) supressao de tremor de cotovelo; (b) supressdo de

tremor de pulso (Fonte: “A Rotary Magnetorheological Fluid Damper for Pathological Tremor

Suppression.,” in IEEE. International Conference on Mechatronics and Automation, Chengdu,
China., August 5 - 8, 2012.).

Gallego et al. [38] desenvolveream um robd vestivel e macio para a avalia-
¢do e supressao do tremor humano (Figura 12). O novo projeto para atenuar o
tremor foi denominado de neurorob6 TREMOR, que monitora todo o sistema
neuromusculoesquelético, com o objetivo de caracterizar tanto o movimento
voluntério quanto o tremor. E um sistema de estimulagdo elétrica funcional dos
musculos do membro superior que tem a capacidade de compensar os movi-
mentos trémulos sem impedir o usudrio de executar suas tarefas funcionais.
Os resultados demonstram o desempenho do neurorob6 TREMOR, como uma
nova alternativa de se avaliar e atenuar tremores patologicos.

Figura 12: (a) Um usudrio com o neurorobd TREMOR, incluindo o sistema de EEG e a veste ativa
com sensores. (b) Detalhe da parte interna da veste ativa mostrando a estimulagdo e gravacio
de eletrodos incorporado na mesma (Fonte: “A Soft Wearable Robot for Tremor Assessment and
Suppression,” in IEEE International Conference on Robotics and Automation Shanghai Interna-
tional Conference Center, May 9-13, Shanghai, China., 2011).
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Prés e contras das técnicas para o gerenciamento do tremor

Apesar da importéancia das técnicas aplicadas ao gerenciamento do tremor,
deve-se destacar que cada uma apresenta particularidades, e consequentemente,
algumas caracteristicas positivas e outras indesejaveis.

Neste contexto, ressalta-se que o tratamento medicamentoso, embora seja
padrao e rotineiro para atenuagao do tremor, ndo impede a progressao da doen-
¢a, e na maioria das vezes, apenas ameniza os sintomas, trazendo ainda inume-
ros efeitos colaterais passiveis de manifestagdo nos pacientes [15]. As técnicas de
cirurgias cerebrais, apesar dos grandes avangos no ramo da neurocirurgia e do
crescimento de sua utiliza¢ao, ainda sio muito invasivas e em muitos casos con-
tra indicadas [19]. O gerenciamento por meio da estimulagio elétrica funcional
¢ inovador e nao invasivo, no entanto, apresenta diversos desafios, tais como
redugio da fadiga, dor e desconforto [23]. Por fim, a drtese ativa é ndo invasiva e
ideal para pacientes alérgicos a medicamentos ou que nao podem se submeter a
uma cirurgia [29], e também nao sdo tolerantes a estimulos elétricos. Porém, as
mesmas podem ser desconfortaveis e de dificil adaptagao [23].

Tendéncias futuras

Um dos grandes desafios na drea de gerenciamento do tremor, que envolve
o processo de quantificagdo e atenuagdo do mesmo, esta no desenvolvimento de
técnicas mais eficientes para o monitoramento continuo de sua intensidade. Isto
pode se dar de inumeras formas: (i) desenvolvimento de dispositivos implan-
taveis com a capacidade de fornecer informagdes continuas sobre a contragdo
muscular e a atividade neural; (ii) desenvolvimento de sistemas dindmicos para
a atenuagdo do tremor, baseados no monitoramento continuo de individuos em
ambiente médico- hospitalar e no lar. Informagdes obtidas por meio do monito-
ramento continuo do tremor podem contribuir para o aprimoramento de todos
os métodos utilizados em seu gerenciamento, sejam medicamentosos ou ndo.

A principal critica que podemos fazer a todos os estudos analisados em nos-
sa revisdo é a falta de evidéncias clinicas, que possam sugerir o verdadeiro su-
cesso das tecnologias desenvolvidas fora dos laboratorios onde elas foram cria-
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das. Isto se aplica principalmente ao uso das orteses ativas, estimulacéo elétrica
funcional e cerebral. Sendo assim, ha uma grande necessidade de que pesquisas
futuras realizem testes clinicos considerando-se o ambiente médico-hospitalar

e residencial do usuario.

Conclusao

Um método completamente eficiente para o gerenciamento do tremor pa-
tologico ainda nao estd disponivel, uma vez que os farmacos, as cirurgias e a
estimulagio elétrica ainda apresentam limita¢des em relagao a eficiéncia, riscos
e custos. Diante disso, é preciso aprimorar e avaliar melhor o uso de técnicas
alternativas nao-invasivas, como as tecnologias robéticas. Esta evolugdo sé sera
possivel com a atuagdo de equipes multidisciplinares engajadas em pesquisas
que objetivem aprimorar a eficacia do gerenciamento do tremor.
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Abstract

The objective measurement of subjective, multi-dimensionally experienced
pain is a problem to which there is as yet no adequate solution. Although ver-
bal methods (i.e., pain scales, questionnaires) are commonly used for measuring
clinical pain, they tend to lack objectivity, reliability or validity when applied to
mentally impaired individuals. Biopotential and behavioral parameters (video
signals) - and many other variables — could represent a solution to recognize ro-
bust automatic pain, implemented in a modern monitoring system. In this regard,
an optimal individual adapted injection of analgesic can be ensured.

Keywords: multimodal automatic pain recognition, video signals, biopotentials.
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Conventional pain recognition

Pain is a very personal sensation that is difficult to interpret without any
communication from the patient. Consequently, a method for objective mea-
surement of pain would be beneficial, particularly in cases where the patient is
not able to describe the pain he or she is experiencing - for example neonates
(1], somnolent patients and patients suffering from dementia [2], [3], [4]. Under
certain circumstances, there is little correlation between subjectively experi-
enced pain and tissue lesions or other pathological changes; the pain may even
be completely unrelated. Therefore, the somatic pathology does not allow any
conclusions to be drawn about subjectively experienced pain [5]. Children, older
individuals and patients suffering from dementia have different pain thresholds
as well as a varying tolerance for pain relative to healthy adults [6], [7].

One central problem is the fact that there is currently no simple method that
can be used to measure pain directly. The examining physician must rely on the
patient’s qualitative description of the intensity, location and nature of the pain.
It is possible to quantify pain with the help of the visual analog scale (VAS) or the
numeric rating scale (NRS). However, these methods only work when the patient
is sufficiently alert and cooperative, which is not always the case in the medical
tield (e.g., post-surgery phases). Overall, these methods are either considered in-
adequate or still in development [6]. If conditions do not allow for a sufficiently
valid measurement of the pain, this may lead to cardiac stress in at-risk patients,
under-perfusion of the operating field, or to the chronification of pain. For ex-
ample, 30 - 70% of patients report moderate to severe pain after surgery [8].

Goal is the advancement of pain diagnosis and monitoring of pain states
in clinical settings. With the use of multimodal sensor technology and highly
effective classification methods reliable and valid automated pain recognition
will be possible.

Automatic pain recognition via video signals

Commonly, pain recognition from video is based on facial expressions. Lu-
cey et al. [9] employ Active Appearance Models to track and align the face based
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on manually labeled key-frames. They extract shape and appearance features
and apply a Support Vector Machine (SVM) to classify at frame level wheth-
er there is a facial expression of pain, i.e. whether any of the pain related ac-
tion units previously found by Prkachin [10] is present. At sequence level they
classify three intensities by fusing frame level results via majority voting. As
they try to mimic an expert observer, the ground truth pain intensity labels
were assigned by considerably trained observers. All experiments are conducted
on the UNBC-McMaster Shoulder Pain Expression Archive Database, which
is publicly available. Chen et al. [11] compare several learning algorithms for
training person-specific classifiers on the same database. Based on the land-
marks provided by Lucey et al. and Local Binary Pattern features, their Induc-
tive Transfer Learning outperforms Lucey et al. [9] on the frame level. Also on
the UNBC database, Hammal and Cohn [12] applied Log-Normal filter based
features and SVMs to classify four pain expression intensities (no pain and three
pain levels). Niese et al. [13] distinguish pain from five other expression classes
(neutral and four basic emotions) based on facial distances and angles taken as
input of an SVM. Werner et al. [14] extend their work by measuring the pain
expression intensities in a continuous scale and integrating gradient based fea-
tures for measuring facial wrinkles. Hammal and Kunz [15] utilize distances
and measure nasal wrinkles, which are automatically extracted from frontal
face. Based on the Transferable Belief Model which is designed for handling
noisy and partial input, they provide a prediction for each frame, but incorpo-
rate dynamics using a temporal evolution model to refine the prediction until
the end of the sequence. They propose the inclusion of context variables to bias
the classifier towards the most relevant expression. All above mentioned works
aim at predicting an observational measure, i.e. they employ computer vision
and pattern recognition methods for analyzing facial expressions. Werner et al.
[16] go a step further and try to predict the pain stimulus that the person was
subjected to. They reveal challenges that pain recognition research has to face
for gaining clinical relevance, most notably the diversity of individuals, e.g. in
expressiveness. Whereas some persons show strong facial reactions even for low
stimulation, others show only little or no facial expression, also during high
stimulation. The issue of pain posing is addressed by Littlewort et al. [17]. They
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use Gabor features and SVMs to classify real versus posed pain at sequence lev-
el. Their system outperforms untrained observers in this task.

Automatic pain recognition via biopotentials

In the area of pure research many studies have been carried out to find
correlations between the autonomic nervous system [18] (primary electrocar-
diogram and galvanic skin conductance) and pain stimulation [19], [20], [21],
[22]. However, these studies only examined the correlation between a single
biopotential parameter [18] and were not oriented towards applied research.
In order to receive an objective, reliable and valid diagnosis of pain, we need
a combination of multi-parameter features. To the best of our knowledge, the
study of Treister et al. [18] was the first that took a multi-parameter biopotential
approach. Tonic heat was applied to elicit pain for a duration of 1 minute, with
intensities of no pain, low, medium and high pain. The pain intensities were
calibrated individually. The biopotential measurements used were: heart rate,
heart rate variability-high frequency, skin conductance, number of skin con-
ductance fluctuations, photopleythysmography and a linear combination pa-
rameter. All features differed significantly in ‘no pain’ and the other categories,
but none of the parameters differed significantly in all 3 categories, only the
linear combination parameter. In addition, a clinical study by the same working
group [23], provided similar results to those obtained with a linear regression
and a non-linear Random Forest regression based on the same six features by
Treister et al. [18]. Like Treister et al. [18], the authors of the present chapter
represent the scientific viewpoint that extracting only six features is insufficient
for objective, reliable and valid pain recognition. A clear statement about which
features are the most innovative can only be made based on simultaneous test-
ing of a large collection of features. Furthermore, innovative applied pain recog-
nition requires the use of modern machine learning classification methods (e.g.
Neural Networks, Support Vector Machines).
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Automatic pain recognition via data fusion of video sig-
nals and biopotentials

The article writers of the present chapter take the position that a multi-mod-
al automatic pain detection leads to more robust detection rates. In this regard,
a DFG project was performed at the University of Ulm [24], [25] and Magdeburg
(Germany) [16], [26].

o Methods: Embedded into an experimental design four levels of painful
heat stimuli (independent variables) by a Medoc Pathway Cheps (Fig.
1B) were elicited on 85 participants under controlled conditions.

The dependent variables (Fig. 1A, 1D) were biopotentials and video signals.
135 features — amplitude, frequency, stationarity, entropy, linearity, variabili-
ty and similarity - derived from biopotentials such as skin conductance level
(SCL), electromyography (EMG) and electroencephalogram (ECG) were used to
measure the responses. For video recording the setup allowed the study partici-
pant to move his head freely, while ensuring that his face is fully visible even in
case of large out of plane rotations. We employed three AVT Pike F145C cam-
eras, one directly in front of the study participant and two at the side. The latter
captured a frontal face in case the participant turned his head 45° to the
left or right, respectively. The Pike cameras were triggered synchronously at a
frame rate of 25 Hz and recorded at a resolution of 1388 x 1038 colored pixels. To
synchronize the video streams and the biofeedback data, we recorded a frequen-
cy divided version of the camera trigger signal along with the biofeedback sig-
nals using a Nexus device. Afterwards we automatically analyzed the recording
of this known trigger signal to compensate for the offset and drift between the
biofeedback and the Pike video recordings. Additionally, a Kinect Sensor was
utilized from above the frontal Pike camera to record depth maps (640 x 480
pixels, ca. 30 Hz), color images (1280 x 1024 pixels, ca. 10 Hz) and the associated
timestamps provided by the Kinect. Although the depth map resolution is not
very high, the Kinect is a valuable sensor for head pose estimation that also has
shown potential for facial expression recognition. The Kinect and Pike video
streams were synchronized manually by finding a kind of clapperboard action
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in both streams. These were used to correct offset and drift assuming a constant
clock drift rate. All videos were encoded using the Huff YUV codec during the
recording and transcoded to H.264 afterwards. The depth map streams are en-
coded in a lossless format.

At the beginning of the experiment, we identified the pain (T,) and toler-
ance thresholds (T,) of every participant. From these values, a specific aver-
age was calculated for T, and T, for each individual. Two other intermediate
individual pain thresholds (T, and T,) were determined mathematically. For
about 25 minutes, we randomly stimulated the participants with the four
individual specific thresholds of pain. The baseline (B) was 32 °C. Every pain
level (T, vs. T,vs. T,vs. T,) was applied 20 times (4s), resulting in a total of 80
stimulations (Fig. 1C).

o Research questions: What kind of features and feature combinations
are most relevant for a robust pain recognition? Does the fusion of bio-
potentials and behavioral data outperform pain recognition rates only
made with biopotential or behavioral data alone? Details on feature
extraction and classification are given in Werner et al. (2014) [26], [27].

o Results: The thresholds T,T,T,T, including the effects of age and
gender effects, are consistent with the results reported in the existing
literature. The biopotential features scl_stationarity_sdz_mean, ecg_
slopeRRz_mean, emg_trapecius_variance_intrangez_mean and video
signal features inter_decile_range_of brow_to_mouth_ distance and
standard_ deviation_of _ nasal_ wrinkling were chosen as the most se-
lective. It was shown that the automatic recognition rates of the data
fusion are significantly superior compared with separate biopotential
or video signal analyses (Fig. 2). We tested also the distinction between
individual-specific models and generic models. In particular the detec-
tion rates were significantly improved with feature selection methods.
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Conclusion

Automatic pain recognition is a highly relevant topic in the area of biomed-
ical signal processing and telemedicine. With an effective automatic detection,
optimal injection of analgesic can be ensured, especially to people whose com-
munication abilities are limited. The next destination is to make multimodal
data recordings in a clinical environment. A future challenge for an optimal
automatic pain recognition system is also to determine pain quality and pain
localization!
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Abstract

The study of emotions related to the analysis of physiological signals has been
much approached, and among these signals, the brain signals are highlighted.
Electroencephalography (EEG) technique is generally used to capture electrical
brain signals through electrodes placed on the scalp. The analysis of emotions
through EEG can be beneficial for individuals suffering from stress and possibly
those connected to Autism Spectrum Disorder (ASD). Individuals with ASD have
difficulty interpreting others’ emotions and expressing them. The use of EEG to
detect emotions of individuals with ASD can play an important role in clarifying
their emotions and expressions. According to the World Health Organization, re-
cent studies indicated that the global average prevalence of ASD is 62 in 10,000
children, whereas stress affects many people in modern society, causing a cost to
American businesses up to $300 billion a year. The use of EEG involved in the
characterization of the stress level would assist in targeting the most appropriate
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treatment. In this chapter, descriptions of researches involving studies about emo-
tions and EEG techniques applied in ASD and stress will be found.

Keywords: EEG, Emotions, ASD, Stress.

Introduction

The study of emotions has become a target of many researches in the field
of psychology, physiology, computing and engineering, with the formulation of
theories and models of emotions as well as their origin, expression and char-
acterization. Although many difficulties exist in the characterization of emo-
tions, these can be evidenced by physiological signals of which brain signals
have been much studied. By the technique of EEG, such signals are captured
through electrodes placed on the skull in non-invasive and painless manner.
EEG reflects the electrical activity of the brain, becoming a tool widely used
in diagnosis of neurological diseases, sleep disorders and in research related to
the fields of neurology and emotions. The importance of studying emotions
is found in the acquisition of knowledge about their actions in the body. In
case of stress, this study can aid treatments, and help to understand feelings in
individuals who have difficulty in expressing them, as in the case of individ-
uals with ASD. Many challenges are associated in the study of the emotions,
analyzed through EEG. One of them is to ensure a good signal acquisition; the
other one is the choice of appropriate algorithms and equations that provide a
suitable feature extraction, and a correct classification with high accuracy in
the characterization of emotions.

In this chapter, to contextualize the approach to the analysis of emotions,
concepts about emotions and EEG will be addressed. Besides, applications
and recent research projects involving characterization of emotions using
EEG in ASD and stress will be mentioned as well as future trends and rec-
ommendations.
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Emotions
Theories/Models of Emotions

In the XIX and XX centuries, theories of emotions had been proposed, re-
lating emotional expression and experience, as the James-Lange Theory and
the Cannon-Bard Theory [1]. Previous to the theory proposed by the American
North psychologist and philosopher William James, and by the Danish psychol-
ogist Carl Lange, it was believed that the emotion would be evoked by a situation
and that the organism would change in response to emotion. The James-Lange
theory proposes that the emotion occurs in response to physiological changes
in the body [2]. Contradicting the theory of James-Lange, the American North
physiologist Walter Cannon and his student Philip Bard proposed that emotion
occurs from the appropriate activation of the thalamus in response to a situation
[3, 4]. In general, James and Lange claimed that different patterns of somatovis-
ceral activity can produce different emotions, and Cannon and Brand claimed
that different emotions can produce different patterns of somatovisceral activity.

The emotional state can be defined as specific sets of changes in the so-
matic and/or neurophysiological activity, involving changes in the neurophys-
iological and hormonal responses as well as in the facial, body and vocal be-
havior [5]. Freud’s research in clinical psychology has shown that some aspects
of emotional states can be reported and that others cannot. Emotions are usu-
ally directed to certain objects, unlike humor, which tend to be more diffuse.
Emotions also tend to be of short duration, lasting in the order of seconds or
minutes, however, other emotional reactions such as humor and especially the
attitudes tend to be longer [6].

It is very difficult to define and characterize emotions. Psychologists them-
selves have trouble to agreeing what is an emotion, and how many emotions there
are [7]. It has been a great challenge to find which brain area is responsible for
the emotions. Also, there is a difficulty to define a single system for the emotion.

The first “mapping” of brain functions was proposed by the neurologist
French Pierre Paul Broca, obtained through the observation of patients with
brain injury. He identified the limbic lobe, comprising of the cortex around the
corpus callosum and cingulate gyrus mainly, as well as the cortex in the medi-
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al surface of the temporal lobe, including the hippocampus [1]. The neurologist
North-American James Papez proposed the existence of an “emotion system” in
the medial wall of the brain, that would connect the cortex with the hypothala-
mus. He believed that the emotional experience was determined by the activity
in the cingulate cortex, and that the emotional expression was directed by the hy-
pothalamus. Although the limbic system is the term more used to date, the idea
of an existence of a single emotion system is questioned, when it is identified that
different regions of central nervous system are connect to emotional states [1].

Emotion Representation Categories

In the emotions approach, Paul Ekman categorizes six basic emotions: hap-
piness, sadness, anger, fear, disgust and surprise [8] and relies on universal emo-
tional expressions to distinguish such basic emotions. On the other hand, Rus-
sell proposes a two-dimensional model of emotion with horizontal and vertical
axes [9], arguing that all emotions can be placed in the space of valence-arousal
(Figure 1), and then, be described quantitatively. Furthermore, there is a third
dimension included in the model: dominance [10]. The valence varies from neg-
ative to positive (or unpleasant to pleasant), whereas arousal varies from inactive
(or calm) to active (or excited). The dominance varies from a weak feeling (or no
control) to a competent and strong feeling (full control over the situation) [11].

Active

angry excited

afraid happy
Negative Positive

sad content
depress: calm

Passive

Figure 1: Distribution of emotions in two dimensions: Valence (horizontal axe) and Arousal

(vertical axe). Source: [12]
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The Elicitation of Emotions

There are generally two different approaches to evoke emotions: imagining
a desired emotion or using images, sounds or a combination of both [12]. As
for the selection of a stimulus, there are the visual: images/pictures, the au-
dio: songs/sounds, the audio-visual: film clips/video clips and the recalling of
past emotional events. Many researchers are using visual stimuli for eliciting
emotions, but audio-visual stimuli have more potential in elicit emotions than
visual stimuli [13].

Differentiating emotion categories is not easy and clear, and the expression
of emotions is different for each individual. Therefore, characterizing emotions
becomes a hard task [13]. In the assessment of emotion in humans, the analy-
sis of human expressions and physiological reactions can be considered. Hu-
man expressions are characterized in verbal and non-verbal cues, comprising
of speech and face recognition systems, that communicate emotions [14]. Phys-
iological pattern recognition of emotion becomes potentially useful in assess-
ing and quantifying stress, anger and other emotions that influence health, and
assumes important applications in medicine, entertainment and human-com-
puter interaction [15]. Physiological signals originate from the Central Nervous
System (CNS) and the Peripheral Nervous System (PNS) [14], and they can be
evaluated in study of emotions, consisting of skin temperature, perspiration,
respiratory and heart rates, muscle tension, brain signals and others [15]. Sig-
nals originated from the CNS have gained great interest for studying emotions,
specifically using the technique of electroencephalography (EEG) [12, 13]. Be-
sides emotions, EEG is being widely used to study cognitive processes such as
perception, memory, attention and language in normal adults and children [16].

Emotion recognition has an important role in learning and in developing
the ability to attend to what is important and is likely a key part of the difference
between healthy child development and development of autistic children, who
typically trouble in recognizing emotions [15]. Moreover, another important ap-
proach related to importance of emotion recognition is stress, as it affects many
people in modern society [17].
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Electroencephalography (EEG)

The Characteristics of EEG

The EEG is the recording of neuronal electrical activity from the cerebral
cortex through arranged electrodes on the skull. This record is featured as
potential differences over time between an active electrode and a reference
electrode placed on the scalp. EEG rhythms originate from excitatory and in-
hibitory synaptic potentials that occur in cortical neurons and are charac-
terized on several frequencies, dependent on many factors, like the state of
consciousness, the individual’s age, the location of the recording electrodes
and the presence or absence of drug or diseases [18]. Well known frequency
bands include (Table 1) [18, 19].

Table 1: EEG rhythms.

Rhythm Frequency Occurrence

They are very slow, have large amplitudes and

Delta (9) 0.5-3Hz indicate deep sleep.

Theta (8) 4-7Hz They occur during some sleep states.
They are associated to a state of wakefulness,

Alpha (o) 8- 13 Hz in calm repose. In EEG, they are present in the

parietal and occipital lobes of normal adult in
relaxed state and with eyes closed.

They signal an activated cortex. They are
Beta (B) 13 -30Hz present in the less synchronized EEG generated
when the individual opens the eyes.

They are related to higher mental activity and

Gamma(y) 30 - 100 Hz consolidation of information.

Possible measurement configurations for EEGs can range from as minimal
as three electrodes (one active, one reference and one ground electrode) to large
multi-channel configurations comprising of 128 up to 256 active electrodes [16].
Nowadays, the electrode placement on the scalp complies to standardized and
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frequently applied systems such as the 10-20 standard [20] or higher-density, yet
somewhat lesser used EEGs like 10-10 [21], or 10-5 systems [22].

EEG, whose advantages are high speed, non-invasive and painless to the hu-
man beings, is a very powerful tool in the field of neurology and clinical neuro-
physiology, being widely used in the diagnosis of certain neurological conditions,
such as epileptic crisis, and in the research and study of sleep, due to capability to
reflect both the normal and abnormal electrical activity of the brain [16].

Nowadays, brain activity can be monitored and translated into tractable
electrical signals in one of two ways: (1) electrophysiological and (2) hemody-
namic. The former refers to the inter-neuronal exchange of information through
electro-chemical transmitters to generate ionic currents flowing across neuro-
nal assemblies [23]. Electrophysiological activity can be measured non-invasive-
ly by electroencephalography (EEG) [19, 24], magnetoencephalography (MEG)
[25] or invasively through electrocorticography (ECoG) [26] or intra-cortical
neuron recording [27]. Hemodynamic responses are described as processes to
release glucose and oxygen through the blood stream to active neural regions,
which then create a local gradient of de - and oxyhemoglobin [28]. The changes
in the local ratio can be measured and quantified by means of neuroimaging
methods such as functional magnetic resonance imaging (fMRI) and near in-
frared spectroscopy (NIRS).

Because hemodynamic responses are triggered by electrophysiological ac-
tivity, they are only indirectly related neuronal activity. EEG is yet the most
commonly used neuroimaging modality due to its high temporal resolution re-
garding neural activation patterns, relative low cost, high portability and few as-
sociated risks to the user [19, 24]. The EEG has been the most widely used signal
to assess brain function. It measures directly brain electrical activity and offers
the possibility of higher temporal resolution when compared to techniques such
as PET (Positron Emission Tomography) or fMRI. Besides, it allows the study
of neural network dynamics and groups of cells that occur in typical time scales
of the order of tens of milliseconds [29]. However, the analysis of the EEG signal
and extraction of characteristics of these signals have been a difficult task, given
its complexity and variability [30].
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EEG Signal Processing

Signal contaminations, also referred to as artefacts, can be of various ori-
gin and can be broadly classified into two classes: physiological artifacts and
non-physiological (or technical) artifacts. The former is usually associated
with ocular, muscular and heart activity, hence referred to as electrooculog-
raphy (EOG), electromyography (EMG) and electrocardiography (ECG) arti-
facts, respectively [31]. EOG artifacts are caused by eye movements or blink-
ing, each of which produces distinct amplitude patterns over brain signals.
Electrocardiography artifacts result from rhythmic heart muscle contractions
and introduce cyclic signal patterns in the EEG. Finally, EMG signal distur-
bances occur with muscular activity and can have large impacts on the EEG
signal quality. Research has shown, that at particular locations of the scalp, i.e.
frontal, temporal and occipital regions, EEG signals can even be surpassed by
EOG and/or EMG activity [32].

Non-physiological artefacts can be attributed to all potential noise sources
of non-cerebral origin including power-line interference, improvident electrode
placement or changing lead impedances. Yet, there are several remedial tools
such as filters and shielding methods available to suppress technical artefacts
and focus on the reduction of physiological artefacts.

Handling noise sources can be approached in several ways and the choice
of method will often depend on the nature of the artefact aimed to be reduced.
As one of the simplest methods to use because it does not pose any computa-
tional load is trying to avoid artefacts by asking the subjects to not move or
blink throughout the experiment [33]. However, this approach is assumed to be
limitedly successful as some motoric movements may be involuntary or cannot
be circumvented, as it is the case for patients with neurological and/or motoric
impairments [33]. Alternatively, artefact rejection may become applicable when
dealing with contaminated signal epochs. This can be done either manually by
an expert selecting epochs or channels when analysing the signal or automati-
cally, by means of implemented algorithms with established rejection criteria.
Automated artefact detection is an effective way of handling epoch contamina-
tion, however, under the condition that EOG/EMG amplitudes are high enough.
Amongst recent techniques, stochastic approaches of blind source separation
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(BSS), namely independent component analysis (ICA) and canonical correlation
analysis (CCA), and deterministic methods such as Empirical Mode Decompo-
sition (EMD) and wavelet transform (WT) have been successfully utilized for
EMG and partially EOG rejection [31]. Results show that the performance of
artefact correction methods strongly depends on the level of contamination and
of the fundamental EEG signal source configurations and therefore need to be
chosen carefully. In comparison to rejection methods, artifact removal intends
to remedy contaminated signals while keeping the underlying neurological phe-
nomenon intact. In achieving this aim, numerous methods have been devel-
oped amongst which linear filtering, linear combination and regression, BSS
and principal component analysis are common [19].

Applications
Autistic Spectrum Disorder

Among the characteristics associated with Autism Spectrum Disorder
(ASD) stand out social deficit, deficits in communication and in the production
and perception of affective expressions [34]. ASD includes Autism, Asperger
Syndrome and Pervasive Developmental Disorder Not Otherwise Specified,
with variations in severity and nature of symptoms [35, 36]. The Pervasive De-
velopmental Disorder Not Otherwise Specified and Autism include conditions
that may or not be associated with mental retardation [37]. Autism signs are
the difficulty in talking about personal feelings and understand the feelings of
others, lack of engagement in interactive games, lack of eye contact and joint
attention, communication difficulties and sensitivity to physical contact [36].
On the other hand, Asperger syndrome is characterized by deficits in social in-
teraction and limitation of interests and behaviors, but it is differentiated in its
early development by the absence of delay in speech or in perception, cognitive
development, self-help skills and in curiosity about the environment [37].

According to the World Health Organization (2013) [38], recent studies
indicate that the global average prevalence of ASD is 62 in 10,000 children, i.e.,
every 160 children 1 has the disorder. Frequencies approached 1% of the popu-
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lation for the occurrence of ASD reported in recent years among North Amer-
ican and non-North Americans, with similar estimates in samples of children
and adults [39].

Although, at present, there is no known cure or universally accepted treat-
ment nor intervention for the remedial of autistic disorders, there is an in-
creasing consensus that intensive educational and behavioural intervention
programs can help to develop positive long term outcomes for both, affected
individuals and their families [40]. Nevertheless, appropriate intervention re-
sources for children with ASD and their families are mostly very costly and
not easily accessible [41]. Thus, research efforts are encouraged to identify and
develop assistive therapeutic tools in order to facilitate access and increase the
intervention quality. This need has been recognized by new research directions
embracing advanced computer technologies such as virtual realities (VR), ro-
botic systems and human-computer interfaces (HCI). Moore et al. have shown
that VR-based intervention may become a simplified, exploratory tool for chil-
dren in the autism spectrum [42] whereas other software tools attempted to
remedy specific deficits associated with autism, e.g., expression recognition
[43], attention [44], and social communication [45]. In human-robot interaction
(HRI) and mobile robotics, they have been used to teach basic social skills on
a game-based, turn-taking manner as well as getting the role of mediators to
encourage joint attention and stimulate interactions [46].

Due to difficulty to understand and express feelings that individuals with
ASD have, the characterization of emotions, using EEG, plays an important role
in the getting of acknowledgement about their emotions and expressions. Sys-
tems based on EEG signals have been used to detect emotions. However, it is
very difficult to find in literature some specific system or technique developed
to recognize emotions by EEG in people with autism. Therefore, methods here
mentioned consist of EEG techniques in some works related to autistic people
generally, and methods that can aid as a base for the development of an emotion
recognition system.

As an example, the system implemented in [47] used brain signals to en-
able a robot to recognize human emotions in three classified categories, name-
ly: pleasant, unpleasant and neutral by seeing emotional pictures. However, the
overall recognition rate was found to be 47%. Others have used similar multi-
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channel EEGs evoked by pleasant and unpleasant stimulus and several classi-
tiers such as support vector machines (SVM) and distance-based Mahalanobis
(MHYV) to achieve overall classification rates of 81.3% and 79.5% [48].

Othman and Wahab [49] have used pattern classification methods for
affective face processing of ASD children and mapping results on the 2-di-
mensional (valence/arousal) affective space model. In this study, three basic
emotions, namely fear, happy and sad have been investigated while calm was
monitored as neutral state for 6 subjects ranging between 7 to 9 years of age.
Emotional valence by showing affective faces was measured through 8 elec-
trodes placed on the frontal, temporal and parietal lobes according to the In-
ternational 10-20 system. Findings indicate an influenced emotion perception
towards matching displayed affective states in the non-autistic group, which
is conversely to the results found for autistic children watching emotionally
related stimuli. Seemingly, the autistic group exhibited positive emotions while
looking at sad faces and vice versa.

Alhaddad et al. [50] investigated in the suitability of using Fisher Linear Dis-
criminant (FLD) Analysis for EEG based Autism diagnosis. In their first work,
different pre-processing techniques, as well as different ensemble averages were
studied, yielding an average classification correctness of 92% for extracted fea-
tures. For the classification, the Regularized Fisher Linear Discriminant (RFLD)
has been utilized in comparison to their sequel study in [50] where a non-regu-
lated FLD was applied to yield a correct rate of 90% by applying similar pre-pro-
cessing and feature extraction methods. A total number of 12 subjects (8 in the
autistic group and 4 in the control group, age 10-11 years) participated in the
study and the EEG was obtained from 16 electrode based on the 10-20 system.

McPartland et al. [51] present findings for temporal characteristics for face
processing in autism with regard to their behaviour. In an experiment recording
high-density event-related brain potentials (ERPs), images of faces, inverted faces
and objects have been presented to 9 individuals with ASD (15-42 years old) and
14 typically developing individuals (16-37 years old). EEG signals were collected
by the aid of a 128 lead Geodesic sensor net, edited to reduce environmental noise
and artifacts and then analysed with regard to the face-sensitive ERP component
(N170) in terms of amplitude and latency. Analysed results reveal that N170 la-
tencies for autistic individuals were longer for presented faces than typical in-
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dividuals but similar to objects. Furthermore, typical individuals have shown
longer N170 latencies to inverted as compared to upright faces, whereas autistic
subjects did not exhibit latency differences to inverted vs. upright faces. With
regard to neural speed processing of faces, which is reflected by N170, evidence
showed a slowed processing of faces among individuals with autism as compared
to the control group with typical individuals. This finding highlights the role
and importance of neural speed processing in autism spectrum disorders.

Dufty and Als [52] evaluated the coherence differences between children
with ASD and neuro-typical healthy controls, using principal components anal-
ysis (PCA) to identify EEG spectral coherence factors, and discriminant func-
tion analysis (DFA) to determine the spectral coherence factor’s discrimination
success for the two groups.

Coben et al. [53] evaluated topographical differences in cerebral function-
ing, using estimates of absolute, relative and total power, besides intrahemi-
spheric and interhemispheric coherences, by using quantitative EEG. This study
was developed with twenty children with ASD and equally sized control group
matched for age, gender and IQ. The results suggested a dysfunctional integra-
tion of frontal and posterior brain regions in autistics along with a pattern of
neural under connectivity.

Peters et al. [54] studied the brain functional networks of EEG connectivity
through graph measures in patients with Tuberous Sclerosis Complex (TSC),
ASD and without ASD, as well as patients with non-syndromic ASD and con-
trols. EEG connectivity was characterized by the mean coherence, the ratio of
inter-over intra-hemispheric coherence and the ratio of long-over short-range
coherence. Besides, graph measures were computed and a resilience analysis
was conducted. One of results identified in ASD, both with and without a di-
agnosis of TSC, a decreased long-over short-range coherence and an increased
network resilience.

A recent important application of emotions study has been developed at
Federal University of Espirito Santo (Vitoria, Brazil), using EEG to identify feel-
ings of children with ASD during the interaction with a mobile robot [55, 56].

There are studies that focus on building robots to establish an interaction
with children with ASD and show that this interaction is satisfactory, using ro-
bots that are simple, predictable and easy to understand [57]. The development
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of mobile robots in toy form has also been employed as a pedagogical tool for
the treatment of children with ASD on social level [36]. These robots can trigger
interest in children and encourages skills of social interaction, such as eye con-
tact and imitation [57].

The robot, called MARIA, (Mobile Autonomous Robot for Interaction with
Autistics), shown in Figure 2, is a three-wheeled mobile robot PIONEER 3 DX,
equipped with a screen and speakers used for, respectively, the issuance of im-
ages and sounds to attract the child’s attention, while a video camera captures
images of the child’s face. The robot has a laser system for automatic location of
the child, and an onboard computer for signal processing and to schedule rules
for the interaction with the child.

Videocamera

Screem

Embedded
speakers

Laser sensor

PIONNER 3DX
mobile robot with
onboard computer

Figure 2: Mobile Robot MARIA of UFES/Brazil for interaction with ASD children.

The difficulty of individuals with ASD in interpreting others” emotions was
reported and this may be due to lack of social motivation and eye contact during
communication, generating little information to the brain for interpretation of
emotional faces [49]. Thus, the EEG technique is relevant to the understanding
of mental and emotional states of human being. In this technique, electrodes are

223



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

placed directly on the scalp, in a non-invasive and painless way [49], following
the 10-20 international system.

The wireless EEG device (Emotiv Epoc), used for the experiments with the
mobile robot MARIA, consists of 14 channels (AF3, F7, F3, FC5, T7, P7, O1, 02,
P8, T8, FC6, F4, F8, AF4) (Figure 3) in order to capture brain signals when the
child is exposed to the robot.

a)

Figure 3: a) Emotiv Epoc device; b) Electrodes disposition over the scalp.

Basically, after the brain signals are captured by EEG, they are processed,
feature extracted and are classified by means of various translation algorithms
using Matlab. The classification of the signal associated with the emotional
state generated by exposure to robot is based on a scale on which emotions are
mapped according to its valence (positive versus negative) and arousal (passive
versus active) [9], as shown in Figurel.

Stress

Stress is frequently defined in singular form, but with important concepts
such as the body’s reaction to the perception of a mental, physical or emotional
distress [58]. Historically, the stress was defined as a change from state of calm to
a state of heightened arousal, in order to preserve the integrity of the organism.

Stress can affect all people, regardless of age, gender or ethnicity. The hu-
man body uses stress as an adaptive response against three different situations
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that can be classified according to the pathway that generates it: physical, men-
tal or emotional stress [58].

Although it affects everyone, there are areas in which are more prone than
most, as is the case of some specific professional areas of society, such as civil de-
fense, police force, fire department, first aid, among others, because these pro-
fessionals are often more exposed to the risk of finding traumatic events during
their work. For some of these professionals it is hard to imagine, remember and
discuss such events, however for others, through conditioning and repetition
of those events, desensitization can occur through gradual exposure which is a
technique generally accepted by various area of Psychotherapy, aiming at treat-
ing phobias and disorders post-traumatic stress, besides also be useful to train
professionals who are likely to encounter traumatic events [59].

Stress has been called the “health epidemic of the 21* century” by the World
Health Organization and its estimated cost to American businesses is up to $300
billion a year (as a result of: accidents, absenteeism, employee turnover, dimin-
ished productivity, direct medical, legal, and insurance costs, and workers” com-
pensation awards). Research done by Perkins (1994) [60] cited in the Harvard
Business Review showed that 60% to 90% of doctor visits were stress-related and
insurance data indicates insurance claims for stress-related work accidents cost
nearly twice as much as non-stress-related work accidents.

Nowadays, stress affects many people in modern society. For instance, a
study carried in the United States by American Psychological Association
showed that on a scale of 1 to 10 (where 1 is “little or no stress” and 10 is “a great
deal of stress”), adults reported their stress level is 4.9, compared with 5.2 in
2011, 5.4 in 2010 and 2009, 5.9 in 2008 and 6.2 in 2007; Americans believe 3.6
is a healthy level of stress. This study reported that 72% of respondents say that
their stress level has increased or stayed the same over the past five years, and
80% say the same in relationship of the past year [17].

Half of all Americans report that stress has a negative impact on both their
personal and professional lives. Stress at work affects career decisions and re-
sults in lost productivity; 52% of employees report that they have considered
or made a decision about their career such as looking for a new job, declining a
promotion or leaving a job based on workplace stress [61].

225



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

The number of Americans reporting extreme stress is high (20%) - their
stress levels are 8, 9 or 10 on a ten point scale - which is comparable to the num-
bers reporting extreme stress in 2011 (22%), 2010 (24%) and 2009 (23%). In the
last five years, 60 % of adults have tried to reduce their stress, but only half these
(53%) are still trying to meet this goal. Most frequent cited stressors are still:
money (69 %), work (65%) and economy (61%) [17].

During stress, the activity of the sympathetic branch Autonomic Nervous
System increases preparing the body for action (fight or flight). In opposition,
the activity of the parasympathetic branch decreases during rest and relaxation,
where the inversion of activities takes place. Since the two branches always act
jointly [58], this imbalance in level of sympathetic and parasympathetic nervous
system occurs in response to stress [62].

Stress can be categorized into eustress (“positive stress”), such as joy, and
distress (“negative stress”) such as depression, tension, anxious, angry and frus-
tration [63]. The most human suffered negative stress that affects their lifestyle.
Studies showed that change of human cognitive state after performing some
mental tasks or due to stressors affects human emotion where stress is classified
as negative emotions [58].

To determine the level of stress and depression, psychologists used ques-
tionnaires based on method, such as Cohen’s Perceived Stress Scale (PSS), Life
Events and Coping Inventory (LECI), Stress Response Inventory (SRI) and
Hamilton Depression Rating Scale (HDRS) [63]. With the advance of biotech-
nology, the stress could be determined with biological markets, as cortisol, main
stress market hormone. Besides, stress can be quantified using human bio-sig-
nals, such as Electroencephalogram (EEG), Electrocardiogram (ECG), Electro-
myogram (EMG), Galvanic Skin Response (GSR), Blood Volume Pulse (BVP),
Blood Pressure (BP), Skin Temperature (ST) and Respiration [63].

Nowadays, techniques of feature extraction of EEG signals are used. For
instance, recent studies of the identification of emotions has consistently been
used to analyze the asymmetry of brain signals. Evidence suggests that the
activity of the alpha band of EEG signal (typically 8-13 Hz) can be inversely
related to underlying cortical processing, since the decrease in this band tends
to be observed when the underlying cortical systems are involved in active
processing [7, 59].

226



ANALYSIS OF EMOTIONS BASED ON EEG IN AUTISTIC SPECTRUM DISORDER AND STRESS
— C. Goulart, A.G. Pomer-Esher, M. Trauernicht, J. Castillo, M.D.P. Souza and T.F. Bastos-Filho

The analysis of several studies strengthens the consensus that a relative ac-
tivation of the brain’s left frontal region is associated with characteristic ten-
dencies of the overall approach (motivational system of behavioral activation),
while a higher activity on the brain’s right region is associated with characteris-
tics toward a withdrawal system [7].

Commonly, for the calculation of this index, it is necessary to subtract the
natural logarithm of the left hemisphere alpha power from the natural logarithm
of the right hemisphere alpha power (Equation 1). This approach results in an
one-dimensional scale representing the relative activity of the right and left hemi-
spheres, with the midpoint of equivalent scale reflecting the zero or symmetric
activity [7, 58]. In interpreting this scale, higher values indicate greater relative left
frontal activity while lower values indicate greater relative right frontal activity.

In(alpha power right) — In(alpha power left) (1)

Another way to accomplish the mathematical calculation of the asymmetry
is shown in Equation 2, where E refers to the left electrode pair and D to the
right of the homologous. The energy change of alpha power from left hemi-
sphere to the right hemisphere results in greater activation of the right side neg-
ative values of the asymmetry, which could be related to the negative emotional
state while positive values would be related to increased activity on the left side,
or positive emotions [64].

In(power a E) —In(power a D)

% Asymmetric = %100 (2)

In(power a E)+ In(power a D)
A last interesting way to conducted a study of stress is used to Alpha Asym-

metric (Equation 1) combined with Beta/Alpha ratio (Equation 3) features when

Alpha Asymmetric is a good indicator of the Valence dimension of emotion

whereas Beta/Alpha is related to the Arousal dimension of emotions [65].

Power Alpha (3)

Beta/Alpha Ratio =

Power Beta

An application of emotion recognition has been developed at the UFES/
Brazil, through the EEG to identify stress in health professionals. The studies
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based on the identification of stress use different physiological measures with
the purpose of identifying the onset of stress, relating it to the EEG signal. Var-
ious method of obtaining signals for the identification of emotions are used. A
largely used measure is the conductance of the skin (SC - Skin Conductance),
which essentially, measures the conductivity of the skin, that increases when
one experiences stress; the average value of SC is also associated with the ex-
citement level. Another physiological measure is the slow breath that is linked
to relaxation, while the irregular rhythm, quick variations and cessation of res-
piration correspond to more aroused emotions, such as anger or fear. Further-
more, blood pressure and heart rate variability are variables that correlate with
defensive reactions, pleasantness of a stimulus and basic emotions [66].

Those physical signals (electrical impedance of the skin, peripheral tem-
perature, heart rate, blood pressure and breathing rate) can be monitored
through of the utilization of devices positioned in accordance with the Figure 4.

b

Respiratory Rate

Temperature

Skin Conductance - SC

1l

Figure 4: Devices and sensors used for stress estimation: brain waves (EEG), heart rate (ECG),

respiratory rate, temperature peripheral and skin conductance.
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According to [58], several methods for stimulating the subject in order to
elicit emotions can be used, for example, the use of photos, movies, sounds,
run tests or play games. In the research developed at the UFES/ Brazil, images
belonging to International Affective Picture System (IAPS) were used to stim-
ulate the volunteers. The images selected for the tests are based on the means
and standard deviations of valence and arousal [11]. The selection of subsets
corresponding to the emotional states of interest is instrumented via empirical
thresholds on valence and arousal, according to the following rule [67]:

Group Valence Arousal
Positive >6.8 >5
Negative <3 >5

Calm 6-4 <4

EEG data are recorded using Emotiv Epoc device positioning the electrodes
in specific locations, as shown in Figure 3. For each displayed image the EEG
data are collected for 3.5 seconds, which is the same time period of the image
display. The alpha power extracted from the data for each volunteer and its anal-
ysis is focused on data from homologous pairs of electrodes AF3-AF4 and F3-F4
(Figure 5). This alpha power is then normalized by transforming the natural
logarithm. The front asymmetry is analyzed in each of the three set (negative,
neutral and positive) and individual for each image.

Channel 1 Continous data Channel 14 Continous data

Trials
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Figure 5: Asymmetry analysis; left showing Alpha activity of F3; and right F4.
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According to [68] and [7], an increase in alpha power indicates the under-
lying hemispherical activity, and there is a decrease in alpha power in the right
hemisphere, indicating increased activity in this hemisphere. The focus of this
research is to identify the stress in subjects who are working with stressful en-
vironments, in case of urgency and emergency. Therefore, the subjects of this
research are professionals from Vitoria’s Fire Department. With this study it
is expected to obtain parameters that allow evaluating the degree to which the
tirefighters are affected with stressful situations, in order to assist the develop-
ment and training of these professionals to work in emergency situation.

Future trends

The development of systems and techniques, able to identify and recognize
emotions, becomes important future trends in the context of feelings acknowl-
edgment of individuals with autism and under stress, aiding a better manner
of dealing with these people. Besides, analysing brain signals along with other
forms of emotion recognition is interesting, as the study of facial expressions
and use of robots, for example.

There are many work-related stress measures by using EEG, and we are
proposing the realization of a study that seeks to assess the level of stress in a
specific population. Although stress is able to affect anyone, there are those who
are more prone, as is the case of people that work in some specific professional
areas of the society, such as civil defense, police force, fire department, first aid,
among others. These professionals are often more exposed to the risk of finding
traumatic events during their work.

As other future trend, variations in the response to event related potential
(ERP) components, called P300 (Positive 300), is being currently studied. These
variations could be approached on cognitive process and, probably, on emo-
tional states. P300 can be elicited in the process of decision making and in the
evaluation of perception and attention.
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Recommendations

We recommend that future studies aim to investigate EEG signals, seeking
application in social context, as is the case of researches whose goal is to facili-
tate interaction with children with ASD, as well as the use of stress analysis for
professionals that develop works in the area of emergency and urgency. Howev-
er, with the arising of various devices that use broadcast technology without the
use of cables, the quality of this type of signal should be monitored and, when
possible, validated by a physiological or psychological measure. The psychologi-
cal monitoring during the tests is of paramount importance, since most of these
can cause transient changes in the emotional state of the participant.

As an aid for the treatment of individuals with ASD, robots with varied func-
tionalities are built to establish an interaction with children with ASD, in order to
get their attention and encourage their interaction with the environment around
them. Thus, a robot is able to provide a significant interaction, becoming a possi-
ble educational tool to help these children, in regard to their social development.
Due to difficulties in people with ASD to understand, express and interpret their
own and others” emotions, it is important to develop an emotional recognition
system to identify the emotional state in these individuals, leading to a better un-
derstanding of ASD and individuals affected by this disorder. It is reccommended
that the stimuli used to elicit emotions be validated prior to testing, in order to
check what feelings they really will evoke in the study group.
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Resumo

Um dos grandes desafios das pesquisas biomédicas envolve o estabelecimen-
to de métodos que permitam a recuperagdo de fungoes perdidas por individuos
acometidos por lesdes traumdticas no sistema nervoso. Um campo de pesqui-
sa bastante promissor é o desenvolvimento de préteses mecdnicas integradas a
dispositivos eletrdnicos acionados e controlados por sinais bioldgicos. Interface
cérebro-mdquina é a defini¢do dada a um conjunto de técnicas que busca in-
tegrar diferentes procedimentos de aquisi¢io, processamento e envio dos sinais
neurais para algum dispositivo artificial, seja um aparato robdtico ou um soft-
ware. Atualmente os métodos de aquisicdo mais populares sdo implantes com
multieletrodos, classificado como um método invasivo (coleta informagdo dire-
tamente de grupos neuronais), eletrocorticografia, semi-invasivo (capta sinais
diretamente sob o escalpo e sobre o cértex, mas sem penetragdo encefdlica) e a
eletroencefalografia, ndo-invasivo (coleta os sinais sobre o escalpo, sem qual-
quer tipo de cirurgia). Para os dois primeiros, um fator fundamental é a relagao
entre o material de captagio de sinal e o sistema bioldgico. Esses materiais pre-
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cisam ser biocompativeis, isto é, perfeitamente integrados ao organismo, sem
causar alteragoes indesejaveis, coletando um registro eficaz dos sinais neurais
por um longo periodo. Os principais obstdaculos para o sucesso desta técnica
sdo os eventos subjacentes ao implante dos eletrodos, especialmente a resposta
inflamatoria e alteragoes metabolicas. Para minimizar estes efeitos tanto o ma-
terial quanto a forma do eletrodo precisam ser adequados. Aqui abordamos os
aspectos gerais de alteragdo tecidual induzida pelos eletrodos bem como discu-
timos alguns métodos de andlise de sinais neurais coletados por estes aparatos.

Palavras-chave: Interface cérebro-mdquina, resposta tecidual, andlise de sinais,
biocompatibilidade.

Abstract

A major challenge of biomedical research involves the development of thera-
pies capable of ensuring a better quality of life for people suffering with traumatic
injury in the nervous system. A very promising field of research is the development
of mechanical prostheses integrated to electronic devices powered and controlled
by biological signals. Brain-machine interface is the definition given to a set of
techniques that integrates different procedures for acquisition, processing and
transmission of neural signals to a given artificial device, such as a robotic appa-
ratus or software. Currently the most popular methods of signal acquisition are
multielectrode implants - invasive method (recording information directly from
neuronal groups), electrocorticography - semi-invasive (captures the signal direct-
ly under the scalp and the cortex, but no brain penetration) and electroencepha-
lography - non-invasive (collects the signal on the scalp, precluding any surgery).
For both invasive and semi-invasive methods, a key factor is the harmonious re-
lationship between the material employed in the manufacture of the apparatus of
recording and the biological system. These materials must be biocompatible, i.e.,
perfectly integrated into the body without causing detrimental changes, collecting
an effective record of neural signals over a long period. The main obstacles to the
success of this technique are the events underlying implant electrodes, especially
the inflammatory response and metabolic changes. To minimize these effects both
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the material and the shape of the electrode need to be adequate. Here we discuss
the general aspects of tissue changes induced by electrodes as well as appraise
some methods for analyzing neural signals collected by these devices.

Keywords: Brain-machine interface, tissue response, signal analysis, biocompatibility.

Introducao

Um dos grandes objetivos das pesquisas biomédicas atualmente envolve o
desenvolvimento de métodos que permitam a recuperacéo de fungoes perdidas,
tais como a restauracao da visao, fala, movimentos e mesmo de alguns aspectos
cognitivos [1]. H4 basicamente duas formas de tentar alcangar este objetivo. A
primeira é baseada no implante de células indiferenciadas (células-tronco) que
tém potencial para originar novos tecidos, que substituiriam o tecido perdido
ou deficiente, restaurando assim a funcionalidade do 6rgao/sistema [2]. A se-
gunda envolve o desenvolvimento de proteses mecanicas integradas a dispositi-
vos eletronicos acionados e controladas por algum sinal biolégico.

Da-se o nome de Interface cérebro-maquina (ICM) ao método que integra
diferentes técnicas de aquisi¢do, processamento (hardware e software) e trans-
dugido de um sinal neural especifico para determinado dispositivo artificial [3].
Dependendo da técnica empregada, um dado tipo de sinal ¢ adquirido, gerando
um modo particular de analise e processamento. As técnicas mais populares de
aquisicdo sdo trés. Os implantes com multieletrodos so classificados como um
método invasivo (coletando informagio diretamente de grupos neuronais). A
eletrocorticografia (ECoQ), por sua vez, envolve um aparato semi-invasivo, cap-
tando sinais sob o escalpo e diretamente sobre o cdrtex, porém sem lesdo ence-
falica profunda. Ja a eletroencefalografia (EEG), ndo-invasiva, ¢ empregada com
sucesso por apresentar um baixo custo em relagdo as outras técnicas, bem como
por coletar os sinais sobre o escalpo sem qualquer tipo de cirurgia, permitindo
uma aplica¢do direta e imediata a seres humanos. No entanto, os sinais coleta-
dos a partir de EEG apresentam alto ruido e imprecisdo na leitura dos padroes
espaciais e temporais. Dessa forma, os métodos invasivos ainda se apresentam

com uma promessa de sucesso muito maior. Todavia, para os métodos invasivos
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e semi-invasivos, uma questdo fundamental é a relagdo entre o material de cap-
tacao de sinal e o sistema bioldgico com o qual estara associado. Estes aparatos,
caso permane¢am em contato com o tecido de maneira permanente ou por um
longo periodo, precisam ser perfeitamente integrados ao organismo, causando
o minimo de alteragéo fisiologica. Em outras palavras, precisam ser biocom-
pativeis. Neste contexto, uma das grandes aplicagdes da engenharia biomédica
envolve o desenvolvimento de ICMs que preencham este requisito [4].

Um dos maiores desafios médicos nos dias atuais é restabelecer os movimen-
tos de individuos acometidos especialmente por lesdo medular. Nestes casos, o
cérebro processa normalmente o comando motor, porém a via responsavel por
sua transferéncia aos membros (a medula espinhal) esta comprometida, geran-
do uma consequente restricdo de movimentos (tetra ou paraplegia, dependendo
da altura da lesdo). O emprego de ferramentas eletrofisioldgicas invasivas, fun-
damentadas no implante de eletrodos, tem permitido a extracdo dos padrdes
de atividade cerebral e sua transferéncia para modelos capazes de controlar um
aparato mecanico visando a restauracdo da funcido motora [5-9]. Este tipo de
aparato permite definir com precisdao como a atividade neural esta associada a
comportamentos especificos a partir de um posicionamento dos eletrodos na
proximidade dos grupos neuronais que se pretende registrar [10].

Desta forma, para que humanos consigam o controle eficaz de um dispo-
sitivo de neuroprotese que restaure seus movimentos, os eletrodos implantados
cronicamente devem fornecer registros neurais de alta qualidade e que sejam
vidveis por muitos anos. Os principais obstaculos para o sucesso desta técnica
sd0 os eventos subjacentes ao implante de eletrodos no tecido nervoso, especial-
mente relacionados as alteracdes metabdlicas e a reacdo inflamatoria desenca-
deada durante o processo de implante e durante sua permanéncia no tecido. A
alteracdo metabolica envolve perda de atividade neuronal e também déficit no
aporte sanguineo na drea afetada. Ja a resposta inflamatdria envolve a ativagao
de células de defesa do organismo, como microglia e macréfagos. O principal
resultado da absor¢ao destas células na interface do eletrodo ¢ uma lenta degra-
dagao na qualidade da captagdo do sinal neural, que pode inutilizar o implante
com o tempo. Uma vez que o objetivo clinico em longo prazo desta ferramenta é
desenvolver um dispositivo eficaz de alta fidelidade quanto a leitura dos eletro-

dos, que devem permanecer viaveis por muitos anos, é primordial identificar a
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configuracio 6tima, que minimize a reagdo inflamatoria no local do implante e
que também preserve o tecido nervoso contra as alteragoes metabdlicas.

Uma vez realizada a cirurgia de implante com um aparato adequado e ve-
rificada alguma captagdo de sinal neural, j& pré-processado em hardware, com
uma relagdo sinal-ruido suficientemente estavel, inicia-se outra abordagem,
focada na analise e decodificagdo do sinal gerado, associada a alguma tarefa
comportamental. E importante garantir a captagdo do sinal neural de maneira
eficiente, que por sua vez necessita ser analisado e convertido em uma lingua-
gem que possa ser interpretada pela interface mecatronica. Aqui abordamos de
maneira breve os aspectos gerais de alteragdo tecidual induzida pelos eletrodos
bem como discutimos alguns métodos eficientes de andlise dos sinais neurais
coletados pelos mesmos.

Impacto do implante cronico de eletrodos no tecido nervoso

O campo de estudo dos implantes cronicos de eletrodos tem se tornado cada
vez mais amplo. Entretanto, ainda hd muito por saber a respeito dos impactos
causados pela persisténcia prolongada dos mesmos no tecido cerebral.

Um fator primordial na funcionalidade do implante de eletrodos envolve o
tipo de material e a configuragao do arranjo. O material utilizado deve preen-
cher alguns requisitos, como ser inerte e pouco reativo quimicamente [11], além
de flexivel o suficiente para permitir a manipulagio e também rigido o bastante
para permitir o implante no tecido. Diferentes materiais tém sido empregados
para a manufatura de eletrodos visando uma configuragao biocompativel, como
por exemplo, o silicio [12], a platina [13] e o tungsténio [14], com impactos va-
riados na integridade tecidual, especialmente no que concerne ao aparecimento
de uma resposta inflamatéria em diferentes niveis. Além do material utilizado,
outros fatores devem ser levados em considera¢do na tentativa de se criar um
implante estavel e funcional, como a forma do eletrodo, sua textura, geometria
da ponta e a configuragao da matriz. Diversos estudos tém sido feitos em busca
da configuragao 6tima, apresentando resultados variados [12-17]. Outro fator
bastante relevante e que tem influéncia direta na longevidade funcional do ele-
trodo é a técnica de implante, que precisa ser a mais adequada possivel para evi-
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tar danos ao tecido. Os eletrodos precisam ser introduzidos no parénquima com
bastante cuidado para ndo induzirem compressao tecidual e nem provocarem
alteracoes fisiologicas extensas que podem comprometer sua funcionalidade.

Dentre as alteragoes relacionadas a persisténcia dos eletrodos no tecido ner-
voso, o processo inflamatério é possivelmente o mais importante. A inflamacéao
¢ uma condigdo inerente a alteragdes sutis na fisiologia normal do organismo,
atuando como a primeira linha de defesa contra a invasdo de agentes estranhos,
sendo geralmente benéfica por impedir a proliferagdao de patégenos e por pro-
mover a recuperagao do tecido lesado [18]. No entanto, quando a inflamacéo se
torna cronica acaba por contribuir para o aumento da lesdo tecidual [19].

Os dois principais grupos de células inflamatdrias ativadas no sistema ner-
voso decorrentes de uma alteragdo fisioldgica sdo a microglia e os astrdcitos
[20]. A microglia corresponde a um grupo de células residentes com fungio de
manuten¢do da homeostasia tecidual cerebral [21], sendo altamente sensiveis as
minimas alteragoes fisioldgicas [22]. No que tange ao implante de eletrodos, a
microglia é ativada localmente em resposta a presenca do eletrodo (reconhecido
como um elemento estranho ao tecido), contribuindo para um fendémeno cha-
mado de encapsulamento [23], causando uma altera¢do na impedéncia elétrica
do eletrodo ao longo do tempo, interferindo diretamente na qualidade do sinal
captado [24]. Dependendo do tipo de material utilizado na confec¢ao do eletro-
do e de sua configuragdo, esta resposta pode ser muito intensa, contribuindo
para a degradagdo do tecido a partir da liberagdo de substancias pré-inflama-
torias como o fator de necrose tumoral alfa (TNF-a), interleucina 1beta (IL-1()
e 6xido nitrico (NO), que induzem mais inflamagdo no local, caracterizando o
processo de inflamacéo cronica [25].

Os astrocitos, por sua vez, sdo os componentes principais do processo de
encapsulamento dos eletrodos [12]. Essas células, que respondem de maneira ra-
pida e vigorosa as minimas alteragdes fisiologicas [20], sdo ativadas no local de
alteracdo tecidual originando um fendmeno conhecido como cicatriz glial [26],
que tem como funcdo principal auxiliar no reparo do tecido lesado, mas por
se constituir em uma barreira fisica e quimica, acaba, em sentido mais amplo,
comprometendo a regeneragdo dos axdnios [27]. Com a persisténcia do eletro-
do no tecido nervoso os astrdcitos se depositam ao seu redor, promovendo um
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fendmeno chamado de gliose, que compromete a capacidade do eletrodo em
permanecer funcional [23] (Figura 1).

Figura 1: Ativagdo glial em resposta ao implante cronico de eletrodos. Ativagao de astrdcitos
apos o implante cronico de eletrodos de tungsténio (seta) no cértex motor do rato. Hd uma maior
reatividade nas bordas do implante, com a presenca de astrocitos com morfologia modificada

(cabegas de seta), que tem fungdo de preservar a homeostasia tecidual. Barra de escala: 100 mm.

Ao se fazer a opgdo pela ferramenta invasiva na busca da restauragio de
movimentos, pelo menos trés conceitos gerais, que definem um aparato como
biocompativel, precisam ser considerados: se o aparato é ‘biosseguro’, se é
‘bioestavel’ e se é ‘biofuncional’. O primeiro conceito (biosseguro) se relacio-
na mais especificamente aos aspectos de alteracdo fisiologica que podem ser
induzidos no tecido e que precisam ser evitados ou reduzidos a um minimo.
De modo a preservar o tecido de uma alteracdo induzida pela persisténcia
do eletrodo, algumas substancias com propriedades antiinflamatérias podem
ser administradas por via sistémica, como por exemplo, a minociclina, uma
tetraciclina sintética que tem como caracteristica impedir o alastramento da
inflamagdo em condigoes de fisiologia alterada [28, 29]. O conceito de ‘bioes-
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tavel’ esta diretamente associado ao de biosseguro, uma vez que esta relacio-
nado a capacidade do eletrodo em nio ser um indutor de inflamagdo e nem
desencadear alteracoes metabolicas acentuadas [30]. J4 o terceiro, a biofuncio-
nalidade, refere-se a capacidade do aparato em realizar sua fun¢io de maneira
eficiente pelo maior tempo possivel, qual seja: coletar o sinal neural e permi-
tir sua andlise e conversdao em uma linguagem capaz de ser interpretada pela
protese que trabalhard em conjunto com o organismo no restabelecimento
do comportamento motor. Em relacio a este ultimo ponto, discorreremos na
sequéncia do presente trabalho a respeito de algumas técnicas de analise do
sinal neural empregadas atualmente

Anadlise e processamento de sinal neural captado por
eletrodos cronicamente implantados

Uma vez registrados os sinais neurofisioldgicos, independente da técnica e
método utilizados, o proximo passo é estabelecer quais caracteristicas deste sinal
serdo utilizadas nas analises. Dentro da proposta deste compéndio, duas aborda-
gens importantes e distintas podem ser realizadas. A primeira objetiva encontrar
correlagdes entre a qualidade de certas caracteristicas do sinal com a resposta
tecidual ao implante cirurgico. A segunda destina-se a encontrar as melhores
condi¢des do sinal para acionar o circuito cérebro-maquina-agao em si.

A primeira abordagem ¢é limitada por métodos de registro neural reali-
zados com técnicas invasivas, tais como registro unitdrio [31], multiunitario
[32] e eletrocorticograma [33]. Essa analise é relativamente nova e, portanto,
aberta a diferentes métodos de correlagdo entre a resposta tecidual de deter-
minado implante com as caracteristicas do sinal adquirido. Em geral uma boa
resposta tecidual ao longo do tempo, mensurada a partir de alguma técnica
imunohistoquimica, deve estar correlacionada com uma boa resposta eletro-
fisiologica de sinal/ruido.

A segunda abordagem é extremamente vasta e estd ligada ao campo de
pesquisa que hoje se designa por Neuroinformatica, definida como o desenvol-
vimento e sistematizacao de técnicas de processamento de sinais neurais seja
para ciéncia bésica como para alguma aplicagdo especifica, como em ICM [34].
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Atualmente esse é um campo em pleno desenvolvimento e pode tomar diferen-
tes diregoes dependendo da técnica de registro, do sinal avaliado e da pergunta
que se deseja responder [35,36]. Aqui abordaremos apenas aspectos gerais de
duas técnicas de registro utilizadas e de como estas podem fornecer as respostas
necessarias para a realizacao de um sistema ICM.

ICM: estado da arte

De forma geral, toda e qualquer tecnologia para ICM segue quatro etapas
principais: aquisi¢ao do sinal, seu processamento, reconhecimento de um padréao
neural nesse sinal (assinatura) e controle de um sistema artificial externo, através
desses padroes, usando algum algoritmo de interpretagdo [37, 38] (Figura 2).

REGISTRO DA PRE-PROCESSAMENTO RECONHECIMENTO DA
ATIVIDADE I:> 'I::\ ASSINATURA NEURAL:
/ INTENCAO/ACAO
NEURAL ESCOLHA DAS
CARACTERISTICAS
/ ‘FEEDBACK' — -
:II EM TEMPO REAL TREINAMENTO E DETECGAO
ﬂ | ALGORITMO
&£ LINEAR/NAO-LINEAR

EXECUGAO
ARTIFICIAL

Figura 2: Esquema geral de um ciclo Interface cérebro-maquina (ICM). O ciclo se inicia com a
aquisi¢do de algum tipo de sinal neural associado a determinada tarefa cognitiva/motora. O se-
gundo passo é a filtragem e amplifica¢do do sinal e aplica¢do de alguma ferramenta matematico-
computacional que segregue melhor as caracteristicas do sinal avaliado, seguido da escolha de
algumas dessas caracteristicas e associadas ao padrao neuronal especifico a tarefa empregada. O
passo seguinte ¢ a aplicagdo de alguma técnica de classificago (linear ou ndo) para modelagem
e previsdo dos padroes futuros. A partir dessa classificagdo, determina-se algum tipo de resposta
artificial associada a intengdo do individuo. Este ultimo passo do ciclo se desdobra em duas
partes: a primeira é resposta artificial em si e a outra é a percep¢do dessa resposta pelo individuo,

de modo a vincular sua intengao a resposta artificial (feedback).
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Essas etapas se baseiam na premissa de que os estimulos externos que chegam
ao cérebro, através dos sentidos, sdo de algum modo representados e/ou codifica-
dos por sincronizagdes de disparos neuronais em regides especificas, com frequén-
cias e formatos também especificos. Em principio, essas sincronizagdes represen-
tam nossas memorias e todo processamento cognitivo [39]. Desse modo, para cada
tarefa e para cada estimulo sensorial haveria um tipo especifico de sincronizagao,
uma assinatura ou um cddigo neural. Essa assinatura carregaria as informagoes
sobre as possiveis respostas comportamentais, especialmente motoras [40].

A ideia central em todo sistema ICM ¢é capturar essas assinaturas neuronais
e interpreta-las, em principio, de maneira similar aquela realizada pelo cérebro,
decidindo com algum algoritmo artificial se um dado padrio contém ou néo as
informagoes de execugdo de um movimento motor (por exemplo, movimentar
um brago). Essa interpretagao ¢ entdo enviada para algum dispositivo externo
(um aparato robdtico, um cadeira de rodas, ou mesmo algum software de simu-
lagdo virtual) que executard o movimento em si [41].

Processamento e classificacao do sinal neuronal

Em geral, o sistema de processamento de sinal ¢ dividido em etapas: primeira-
mente deve haver algum hardware para um pré-processamento como amplifica-
¢ao e filtragem do sinal de modo a atenuar o ruido. Em seguida aplica-se um con-
junto de ferramentas para se analisar o sinal. As mais comuns sdo a Transformada
de Fourier ou Wavelets, para decomposi¢o espectral (poténcia, frequéncia e tem-
po), filtro de bandpass para selegao de bandas especificas de frequéncia (remogédo
de alguma frequéncia especifica ou decomposigdo nas bandas caracteristicas: del-
ta, 0-4Hz; teta, 4-8Hz; alfa, 8-12Hz; beta, 12-30Hz e gama, 30-150Hz), pr6-me-
diagdo, entre outras [42,43]. Em técnicas de registro por selecao de grupos espe-
cificos de neur6nios, como multieletrodos ou tetrodos, aplica-se também algum
procedimento para classificaao e distingdo de neurdnios como PCA (Principal
Component Analysis), ICA (Independent Component Analysis) [44,45], K-means,
ou algum outro critério de organizagao em aglomerados (clusterizagdo) [46].

A partir desse processamento, seleciona-se alguma caracteristica do sinal,
como frequéncia, tempo, fase ou outra. Em alguns casos utiliza-se também algum
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critério de selegdo de arranjo espacial dos eletrodos. Ou seja, alguns eletrodos ou
grupos neuronais podem ter maior ativagdo ou maior correlacdo com a respos-
ta final que outros. Feito isso e associando-se essas caracteristicas ao momento
aproximado de quando ocorreria a resposta cerebral para a agdo motora, a idéia é
tentar prever quando haveria a inten¢ao de movimento motor para implementa-
¢ao desse movimento artificialmente. O primeiro grande desafio é encontrar um
padrao (assinatura) associado as caracteristicas escolhidas, que seja estavel e con-
sistente com o movimento. Atualmente existem técnicas para se trabalhar com
varias caracteristicas a0 mesmo tempo. Assim, ao invés de agrupar os dados em
matrizes, agrupa-se em tensores. Desta forma, aumenta-se a complexidade das
andlises, porém com um ganho em robustez, precisdo e informagado dos padrdes
[47, 48]. O proximo passo ¢ a escolha de um algoritmo adequado de classificagao
e/ou detecgdo desse padrdo sempre que ele ocorrer, de forma étima.

Atualmente existem inimeros algoritmos sendo aplicados e desenvolvidos
para essa classificacdo. Podemos dividi-los em métodos de classificagdo linear,
como PCR (Principal Component Regression), PLS (Partial Least Square) [49],
Logistic Regression [50], juntamente com suas versdes multidimensionais como
PARAFAC, TUCKER e NPLS [51,52] e métodos de classificagio ndo-linear
como Quadratic Bayesian Classifier ou Redes Neuronais Artificiais [53-55].

Relacao sistema biolégico/sistema de registro de sinal

Além dos diferentes métodos de analise e classificagdo ha também diferen-
tes vertentes quanto a modalidade sensorial analisada. E ndo obstante, como
dito, diferentes métodos de aquisicdo de sinal que variam de acordo com o tipo
de implante, como técnicas nao-invasivas, tais como EEG [37], MEG [56], ima-
geamento por ressonancia magnética funcional (fMRI) [57] e técnicas invasivas,
tais como multieletrodos [6,9,58,59], ou ainda eletrocorticografia (ECoG), que
realiza registros sobre/subdural, em contato direto com o cortex [60].

Técnicas invasivas em geral produzem uma qualidade de sinal muito maior,
pois o sinal é diretamente coletado do tecido neural, uma vez que o escalpo pode
funcionar como um forte isolante e fonte de ruido durante a medicdo do sinal.
Por isso técnicas ndo-invasivas sofrem muito com a qualidade e precisdo espacial/
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cognitiva do sinal adquirido, tornando muito mais complicado extrair caracteris-
ticas do sinal que sejam realmente relevantes. Muitos pesquisadores apostam que
somente usando uma técnica invasiva se podera realmente extrair informagoes do
sinal suficientes para um controle com varios graus de liberdade de algum meca-
nismo prostético [41]. Contudo, as dificuldades ainda sdo muitas, especialmente
quanto aos riscos cirtrgicos, pés-operatdrio e rejeigao pelo tecido cerebral ao dis-
positivo implantado. Por conta desses fatores, atualmente a maioria das pesquisas
em ICM empregando técnicas invasivas esta sendo realizada em roedores (mais
notadamente em ratos) e também em primatas ndo humanos (5, 40, 61].
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Abstract

This chapter presents some works developed at UFES/Brazil towards the im-
plementation of Brain-Computer Interfaces (BCI) applied to a robotic wheelchair
and an autonomous car. The BCIs developed by our group are based on some par-
adigms extracted from the electroencephalogram (EEG) signal, such as Event-Re-
lated Synchronization/Desynchronization (ERS/ERD), motor imagery and visu-
al evoked potential (dependent and independent). These BCIs translate cerebral
activities into commands that allow moving a robotic device such as a robotic
wheelchair or an autonomous car. The results are solid and have been published
in the current literature.

Keywords: Brain-computer interface (BCI), Event-Related Synchronization/De-
synchronization (ERS/ERD), motor imagery, visual evoked potential, indepen-
dent BCIL.
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Introduction

Nowadays, there are motorized wheelchairs that can be commanded by a
joystick available at the chair. Nevertheless, this manual control requires some
ability from the users and, sometimes it is not suitable for people with severe
disabilities. Thus, a motorized wheelchair can be converted in a robotic wheel-
chair from some electro-mechanical adaptations. Moreover, this kind of wheel-
chairs can be commanded from biological signals from their users.

The electrical activity associated with the human brain can be recorded us-
ing electrodes located on the surface of the scalp and is called electroenceph-
alogram (EEG). This recording can be used by the user to control a robotic
wheelchair or an autonomous car, and such a system is referred to as the Brain-
Computer Interface (BCI).

EEG is the tracking of electrical activity that corresponds to very complex
neural activity and is a sum of a large number of neurons. It is nonspecific, the
signal magnitude is only a few microvolts, and tends to be composed of large
background noise, making it difficult to accurately identify the thought com-
mand of the user.

A number of different paradigms have been used to identify the brain activ-
ity of the user to obtain commands to control different robotic devices using a
BCI. The use of Event-Related Synchronization/Desynchronization (ERS/ERD),
motor imagery, and visual evoked potential are three major techniques.

A BCI can be used, for instance, to command a robotic wheelchair or an
autonomous car. The BCI system would be responsible to choose the direction
to follow or the final destination in a path. Several techniques of signal process-
ing can be used to evaluate the presence of certain paradigm on the EEG signal.

Paradigms of EEG Signal

One of the paradigms to command a wheelchair is by altering the alpha
rhythm. One option is based on visual excitation (eyes should be kept open) and
relaxation (eyes closed) [1]. This can be detected using Event-Related Synchro-
nization/Desynchronization (ERS/ERD). For that, a pair of electrodes is placed
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on the occipital cortex (visual region), position Ol and O2, according to the
International 10-20 Standard of Electrode Placement, and a reference electrode
is placed on the right earlobe (Figure 1). To identify the two alpha activity condi-
tions, the signal variance (VAR) is evaluated. This method reduces the number
of false positives, and allows preventing any accidental command [1].

Figure 1: Robotic wheelchair of UFES/Brazil commanded by ERD/ERS paradigm.

Once the user does not have the ability of blink his/her eyes, another EEG
paradigm is necessary. One option is to use the motor imagery, which is cor-
related with imagination of the movement. Moreover, imagination of words
can be used as a mental task. When using motor imagery, the initial cognitive
activity responsible for the intention of performing a motor task occurs in the
brain cortex, over the frontal, prefrontal, and parietal lobes [2]. The change in
the EEG has opposite laterality to the imagined action [3]. On the other hand,
when using the mental task of thinking of words beginning with the same first
character, the correspondent pattern can be detected in the language-processing
section of the brain (Broca’s area). This can be captured by electrodes placed on
the left hemisphere of the frontal and parietal lobes. The BCI system developed
at UFES/Brazil has considered the EEG corresponding to the user imagining
three options: movement of the right hand, left hand, and words beginning with
the same letter. The results reach a hit rate of up to 94.9 % [4].

Sometimes the imagination of a mental task requires a hard effort. Thus,
another paradigm to command a robotic wheelchair can be used, which is an
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inherent response of the brain based on Steady State Visual Evoked Potential
(SSVEP). The user has to gaze at the icon or direction arrow, which is associat-
ed with a visual flickering stimulation, being the target of that gaze identified
because the frequency of this flickering stimulus is present in the EEG signal.
In contrast with other BCIs, an SSVEP-BCI requires no user training or cali-
bration and achieves a high Information Transfer Rate (ITR) [4]. Also, this kind
of BCI is easy to operate and configure, and it is less susceptible to artifacts
produced by eye blinks and eye movements as the EEG signal is recorded on the
occipital area, which is far from the source of such artifacts [5].

The SSVEP-BCI was installed onboard the robotic wheelchair developed
at UFES/Brazil. It uses four black/white checkerboard stripes flickering at 5.6
reversals per seconds - rps (top), 6.4 rps (right), 6.9 rps (bottom), and 8.0 rps
(left), shown in Figure 2. The brain waves are temporally and spatially filtered
and then features are extracted by a statistical test called Spectral F-Test (SFT).
The test is used to identify a threshold and classified using a decision tree-based
classifier [5]. The final destination of the wheelchair can be chosen by the user,

according to different options (Figure 2b).

Bedroom
5.625 rps

More places
6.4 rps

Figure 2: (a) Robotic wheelchair commanded by SSVEP, according to the stripe (top, bottom,

left, and right) gazed by the user. (b) Visual stimuli used to choose destination places.
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Robotic Wheelchair and Autonomous Car

Several works deal with robotic wheelchairs since beginning of 80’s. A com-
plete state-of-art can be found in [6]. Some of these wheelchairs can be com-
manded by brain waves, such as those ones developed in the IDIAP Research
Institute (Switzerland) and University of Zaragoza (Spain) [7]. However, the ro-
botic wheelchair developed at UFES/Brazil is the only one able to be command
by different BCI paradigms in addition to be able of being commanded by eye
blinks, gaze movements, head movements and sip and puff.

In relation to the autonomous car, only preliminary works are related to
its control through a BCI [19]. On the other hand, for the autonomous car of
UFES/Brazil, a complete work to command the car was developed. First, the
process of commanding the autonomous car using a BCI requires the genera-
tion of relevant information related to the address or route to go. Thus, the use
of brain signals provides a communication channel through which it is possible
to generate actions to command such autonomous car. The car used in this work
is an unmanned autonomous car with high level of autonomy (Autonomous Car
of UFES/Brazil, Figure 3) [9]. The main features of this autonomous car is the
ability of locating itself, orienting and planning ways, through laser, radar, GPS
and computer vision. Advanced control systems interpret these information to
identify the appropriate path and obstacles, and relevant signals. However, this
navigation capability requires a reactive behavior, with the ability of interpret-
ing the information respect to the environment and error recovery.

Figure 3: Autonomous car of UFES/Brazil.
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The BCI for the autonomous car of UFES/Brazil was developed to emulate

the behavior and decision-making in the same manner as a common driver,

using the necessary sensors for this task. From this perspective, an overview of

a system for the autonomous car can be described as follows:

Control level: the lowest level of control is one that arises from the di-
rect communication of sensors: GPS, radar, etc. This level of compen-
sation is based on monitoring behavioral skills, such as maintaining a
direction and speed.

Steering level: the average level of command is performed with sensor
information, which is called perception, and hence microcommands
would be made in order to drive the car. These commands are related
to rule-based monitoring of behavior. Thus, one can define a reference
speed or distance, with stopping rules with red lights or changing lanes
on a highway.

Planning Level: the highest level is about an abstraction structure;
when decisions are made and performed, it is called planning, and
corresponds to behavior-based knowledge. This analysis requires con-

scious decisions and information from the environment.

The BCI used to navigate the autonomous car is shown in Figure 4. This

BCI is composed of two parts: synchronous and asynchronous, here named

“hybrid-BCI”. The asynchronous BCI is responsible to switch the stimuli on/off
based on the paradigm of ERS/ERD. The reason of this first BCI lies in the fact
of minimizing the user’s visual fatigue, typical for BCI based on SSVEP. The

second BCI, the synchronous one, is responsible to generate the information

of final destination chosen by the user. Then, the system of Planning/Steering/

Control of the autonomous car uses this information to guide it.
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Figure 4: BCI to command the autonomous car.

The brain commands are then sent to the module of classification, and the
autonomous car plans and executes this action. A menu of options is presented
to the user (Figure 5), which shows the possible directions that are georefer-
enced using GPS. Each selection has a command validation. When a decision
has been validated, the system disables the stimuli. When the user requests a
new activity, his/her eyes should be closed for a while, and the asynchronous
BCI detects this condition and enables the stimuli.

259



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

Turn on Closed \ Not
Stimuli
‘Asynchronou
]Y Start N] BCI

Send Turn off
Command '_'I Y*'*AND ' Stimuli

Send
r Command ‘_'IY@}N["

Figure 5: Menu for destination selection and stimuli control of the hybrid-BCI for the autonomous car.

1

Trends and Perspectives

The previous BCIs based on ERD/ERS and SSVEP paradigms do require eye
movements from the user in order to gaze the flickering, which are not useful
for people who cannot move their eyes. Nevertheless, there is a new paradigm
that does not depend on gaze control [10-13], defining a type of BCI named In-
dependent-BCI. This kind of BCI is controlled by the subject’s attentions with-
out requiring head neuromuscular control or eye movements.

This new Independent-BCI is now being developing at UFES/Brazil in or-
der to be applied to command the robotic devices of UFES/Brazil. This BCI
is based on SSVEP using Figure-Ground Perception (FGP), widely used in
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Gestalt psychology for object recognition by means of changes in perception.
This new BCI proposes to identify two different objects that represent com-
mands or targets in a limited visual space without needing to shift the gaze.
The famous example of FGP (faces-vase) in drawing by psychologist Edgar
Rubin is here used (Figure 6).

The participants observe stimuli based on LEDs with two colors (blue for
the faces and white for the vase) covered. The flickering frequencies are 15.0
Hz (vase) and 11.0 Hz (faces). Additionally, two channels of EOG (EOG-R and
EOG-L) are used to confirm that the volunteers performed the tasks effectively
without muscular movements of the eyes (Figure 6a and 6b). Details about the
visual stimulation are presented in Figure 7.

-

EOG-R
EOG-L

Figure 6: (a) Electrode placement on the scalp during the experiments; (b) position of the channels

of EOG used; (c) a volunteer with the acquisition system and the corresponding stimulator system.
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Figure 7: (a) Block diagram of the stimulator system; (b) dimensions of the FGP adopted (fac-

es-vase) and their respective frequencies.

This new paradigm is currently being installed onboard the robotic de-
vices developed at UFES/Brazil, in order to have a BCI with no dependence of

muscle control.
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Abstract

The field of rehabilitation has rapidly evolved during the last decades with
the development of smart systems that can assist training sessions and provide
effective tools for evaluation of people with motor disabilities. This represents a
challenge in our society, where cases of stroke and elderly population have in-
creased. This chapter presents a review of exoskeletons and robotic walkers as
systems to assist gait rehabilitation, focusing first on the advances in this field,
then describing advances in the signal acquisitions and control algorithms in re-
habilitation therapy and the importance of monitoring tasks. We also describe a
hybrid exoskeleton that integrates an active knee orthosis with a smart walker
for gait rehabilitation as an option to improve the motor function in users with
pathological gait and, also, promote the relearning of his/her motor control.

Keywords: exoskeleton, smart walker, gait rehabilitation, EEG, sSEMG.
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Introduction

Many types of rehabilitation currently used do not provide a complete res-
toration of motor functions for most patients. As a result, many people do not
recover from the paralysis, keeping an altered gait pattern and impaired func-
tional mobility [1, 2].

It is important that the patients remain active throughout the rehabilitation
process, in addition to restore, their remaining muscle strength. This has the
benefit of a faster restoration, with less risk of damage of healthy members and
further complications related to weakened muscles [3].

Consequently, the field of robotic systems has greatly advanced in the recent
years, making possible the improve of the effectiveness of the treatments and
also turning robotics into a new and modern rehabilitation strategy for people
with motor disabilities [4]. It has been shown that the use of robots in rehabili-
tation, such as robotic therapy for repetitive movement practice and systems for
managing and restoring important gait characteristics, leads to better results..
These types of systems, currently, use different technologies for measurement,
control and health monitoring, which represent complete systems for rehabil-
itation supervision. Robotic devices may have an advantage over conventional
therapies because the user increases his/her motivation to train, and the oppor-
tunity for independently executing exercises [5]. Additionally, robots allow a
more intensive training protocol by providing repetitive and systematic training
sessions. The gait therapy usually requires two or three therapists to assist the
leg stepping motion and to stabilize the trunk. Nevertheless there are other ad-
vantages of robotic devices, such as the reduction of manual assistance needed
from therapists [6]. Moreover, these devices can be used by physical therapists
to monitor the physiological response and to adjust the patients setup during
rehabilitation to avoid improper exercising [7].

This chapter presents a review of exoskeletons and smart walkers, followed
by advances in control algorithms, and EEG/SEMG wireless acquisition systems,
and discusses the importance of monitoring tasks in rehabilitation. Finally, we
propose a hybrid exoskeleton for assistive gait rehabilitation, as a research proj-
ect developed at UFES/Brazil.
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Exoskeletons — The more relevant exoskeletons assist people with disabili-
ties by using part of their energy to walk. These devices are adapted for the body
to provide functional compensation, guiding safe trajectories of movement,
augmenting the performance and increasing force and obtaining elements for
synchronization with the user movement. These devices are also called wear-
able robots or active orthosis.

Some examples of these systems (Figure 1) are the Vanderbilt lower limb
exoskeleton that provides legged mobility to paraplegics [8], the Hybrid Assistive
Limb (HAL), cited as the first exoskeleton used in a hospital for rehabilitation
training [9], the Self-Adjusting Knee Exoskeleton for assisting the treatment of
knee injuries [10], and the Pneumatic Power Active Lower Limb Orthosis (PPA-
LO) developed to aid in the rehabilitation of patients suffering from spinal cord
injuries or poliomyelitis [11]. Other examples are the Robotic Knee Exoskeleton,
which is an augmentative robot that reduces the metabolic cost of squatting [12],
and the Walking Supporting Exoskeleton (WSE) developed to support motions
of walking, sitting and standing [13]. The review by Viteckova et al. [14] pro-
vides details of other exoskeletons.

1. Proportional valve 3. Rotary potentiometer
2. Pneumatic cylinder 4. Dummy legs

(@) (b)
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(© (d)
Figure 1: (a) Valderbilt lower limb exoskeleton; (b) PPALO lower limb orthosis; (c) Robotic Knee
Exoskeleton; (d) Walking Supporting Exoskeleton WSE.

In general, these studies report that the kinematics of normal gait can be
achieved, and found effective in clinical applications for paraplegics. Besides,
these devices can significantly reduce the metabolic cost and increase the walk-
ing speed [14]. The review by Hussain [15] reports that robotic orthosis and
“body weight supported systems” have allowed significant improvements in
step length, endurance and walking speed of neurological patients.

The exoskeleton classification can be defined accordingly to the application
(augmentative, rehabilitation, alternative, ambulatory, functional), section of the
body assisted (upper limb, lower limb, full body), Degrees Of Freedom (DoF),
type of sensors employed (FES, kinematic only, bio-signals feedback), and others.
To design exoskeletons, it is necessary to know the biomechanical principles that
govern the human motion. For lower limb devices, the thigh and leg are esti-
mated from anthropometric and biomechanical viewpoint in order to consider
angular displacements, forces and efforts of lower limbs in the sagittal plane.

Many types of analysis can be performed in order to find parameters to de-
tine models of the gait, such as two-dimensional inverse dynamics and three-di-

267



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

mensional kinetics that can be used to assess the coordination of human move-
ment, vector coding or continuous relative phase techniques [16].

Regarding the hardware, the principal developments are focused on actua-
tors and controllers. For actuator selection, the main parameters, or criteria, are
the application, weight, power supply and cost. For example, for the application
of repetitive movements, a hydraulic actuator is a good alternative, because the
exoskeleton can be supported by a structure where the weight does not represent
the main problem. In ambulatory applications, portable power supply is required.
Thus, DC servomotors and series elastic actuators are options normally employed.

Quantifying the efficacy of the rehabilitation robots is a difficult task. The
system performance evaluation should take into consideration variables such
as the metabolic cost when the user walk, the speed, the muscle fatigue, the
stability, among others [6], [17]. For example, in the evaluation of the Vander-
bilt lower limb exoskeleton, a slower walking speed was quantified by mobility
measures, such as the Timed Up and Go (TUG) and the 10-Metre Walking Test
(IOMWT) [8].

These kinds of devices are still in a development stage, but in the next de-
cades they will represent an option to ensure effectiveness and safer processes.
Development of new technologies for applications in the rehabilitation field are
of great interest, especially for developing health management systems, which
are required for dealing with the current and future challenges, such as the Su-
per Aged Society [18] and the increasingly risk of stroke [19].

Smart Walkers - These intelligent devices are evolving from the conven-
tional walkers and use electronics systems with motorized traction and/or
wheel orientation.

Electronic control incorporated to a walker has the advantage of detect-
ing eventual problems during the gait and correcting them. Since it can avoid
muscular atrophy by forcing the user to make some movement and, at the same
time, provide physical support as well as balance support, they are good tools to
be used in physiotherapy.

Some examples of smart walkers are the Personal Adaptive Mobility AID
(PAM-AID) and the GUIDO Smart Walker [20], which are devices that have
systems to detect obstacles and advertise collision risk [21].
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On the other hand, the Medical Automation Research Center Smart Walk-
er (MARC Smart Walker) is a 3-wheel rollator [22], [23]. The SIMBIOSIS, can
assist people and monitor their gait [24]. The JARoW (JAIST Active Robotic
Walker) can help users who still have ambulatory locomotion potential [25].
The iWalker uses proprioceptive information from the walker and the environ-
ment for localization and to find the way to a specific place [26], and the UFES’s
Smart Walker [27] provides a safe and more natural human gait.

In the rehabilitation process, the use of these devices as body weight support
has shown promising results [28], however, it is important to consider that these
devices can moditfy the gait pattern of the individual [29]. Then, to solve this prob-
lem, it is necessary that smart walkers rehabilitate the user by using symmetric
gait patterns, which are restorative and use muscle activation pattern similar to
physiological [30]. For that, an analysis of gait pattern should be taken before us-
ing the smart walker, including kinematic parameters and muscle activation.

Control Algorithms - Controllers incorporated in the robotic system for
rehabilitation applications need to be intelligent and adaptable. Exoskeletons
and smart walkers can take advantage of all sensors with the control system
and rely on the intelligence of the human user [31], however, there are factors
that difficult the development of a general design of control, such as the specific
nature of disabilities, the type of neurologic injury and the user morphology.

A review by Jimenez et al. [32] talks about control algorithms for active or-
thosis, where the main objective of the control algorithm is to allow the system
to move accordingly to the user, with minimal interaction force between them.
Control systems dedicated to analyze the human motion intentions in order to
recognize them and, further, adapt the system to those human movement be-
haviors are the main trend regarding gait rehabilitation systems.

To adapt the control system for different situations, the device requires
kinetic, kinematic and physiological information provided by angle, torque,
foot contact and pressure sensors, EEG and sSEMG sensors. This information
need to be synchronized and applied to advanced algorithms for motor inten-
tion used in these type of applications, for example imaginary task recognition,

» «

“Agonist-Antagonist muscle-pair Ratio (A-A ratio)”, “Agonist-Antagonist mus-
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cle-pair Activity (A-A activity)” [33], and pattern recognition techniques, such
as Extreme Learning Machine and Artificial Neural Network [14], [32].

Among the algorithms required for control tasks in applications that in-
volve gait rehabilitation with exoskeleton, it can be highlighted the gait phase
identification, the trajectory tracking, the motion intentionality recognition,
the torque estimation and the muscle fatigue adaptation as the more important
algorithms that may be used to adapt the hardware to the user.

In terms of biosignals, in the area of exoskeletons, myoelectric control is
normally applied, which have the advantage that the user can regulate the de-
vice in a more natural way using his/her own muscles [32]. On the other hand,
impedance control allows variable deviation from the reference gait trajectory,
depending on the user’s resistance, and adaptive control, and enhances the us-
er’s active participation in the rehabilitation process and it is employed for real
time tuning of the controllers [15].

To develop these types of techniques, it is necessary to have a robust biosignal
and kinematic acquisition system, because the signals processing is performed
on-line. Inertial sensors (accelerometer and gyroscope) usually present errors in
motion estimation, due to measurement noises and fluctuation of offsets. This
problem is known as the “drift problem” and can be solved by calibration tech-
niques [7]. Also, it is important to define an appropriate protocol of measurement
that does not affect the characteristics of the signals. For example, the arrange-
ment of electrodes can affect the characteristics of SEMG records [34].

In smart walkers an indispensable measure is the force in each side of the
handlebar and user’s motion intention in order to obtain the leg position. Smart
walkers need to be autonomous and adjust their movement according to the
user’s walking in an efficient and cost-effective way. Also, warranting an easy
maneuverability by creating a natural interface between the user and the walker
is taken into account [25].

SEMG, EEG acquisition systems - Surface myoelectric potentials (SEMG)
can be measurement on skin, through Ag-AgCl electrodes to study the muscle
activity [35]. SEMG has small amplitudes ranging from few microvolts to 5 mV,
and bandwidth from 10 Hz to 500 Hz [35], [36].
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Electronic instrumentation combined with wireless technologies such as
Bluetooth and Zigbee, has made possible the development of new hybrid sSEMG
sensors. This kind of sensor has a low weight and size, and can be employed
during the human gait to measures the muscle activity and other kinematic
variables when incorporating accelerometers, gyroscopes and magnetometers,
and can also be employed for myoelectric control in motion applications of up-
per and lower limbs exoskeletons and prosthesis [7], [37].

In the field of neuro-control, bioelectrical potentials measured from the
brain on primary motor areas and supplementary motor cortex have demon-
strated high potentialities in BCI (Brain Computer Interface) and neuro-rehabil-
itation applications [7], [38]. These bioelectrical potentials have amplitudes from
0.25to 100 pV in the electroencephalogram (EEG) [39]. The relevant information
of EEG signal correlated with planning movement are based on motor primary
cortex and supplementary motor cortex, from 8 Hz to 12 Hz (p rhythm) and 18
Hz to 26 Hz (P wave) [40], [41]. Furthermore, recent researches here demonstrat-
ed that slow cortical potential (0.1 to 1 Hz) measured on supplementary cortex
can be used to improve the onset detection of movement intention [38].

EEG signals can be measured by Ag-AgCl electrodes placed on the scalp,
but their small amplitudes are affected by several sources of interferences, such
as electromagnetic, triboelectrical noise, skin potential, and movement artefacts
[39]. EEG signals have a low Signal-Noise Ratio (SNR), which require the use of
redundant electrodes to achieve a higher SNR using CAR filter, spatial filter,
and others. This aspect has limited the development of wireless sensors and
motion applications in “real time” due to the high computational cost. Addi-
tionally, most of EEG acquisition systems use unipolar and average reference
methods. However, it was demonstrated that bipolar methods allow to obtain
signals with best SNR [41].

Recently, a new sensor, known as dry electrode, [39], [40], has been used,
since it does not require skin preparation and conductive paste [42]. However,
although this advantages, they have higher costs and may present higher elec-
trode-to-skin impedance as well as poor skin-to-electrode contact, producing
noises known as motion artifacts. The increase of the use of dry electrodes has
initiated studies to optimize the reference electrode location in order to improve
the EEG signal quality, reducing the computational cost [43]. In [40] a bipolar
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distribution C3-FCz and C4-FCz was proposed, inspired by the synchroniza-
tion between supplementary motor area and primary motor area [44]. In [45]
a six dry electrodes configuration (FC1, FC2, C3, C4, CP1, CP2 and reference
electrode) was proposed for study of imagery motor.

EEG dry electrodes combined with wireless technology are available for gait
rehabilitation, BCI applications to neuro-rehabilitation and others. Currently,
there are several EEG wireless systems that use EEG dry electrodes, such as
Emotiv EPOC, BioNomadix [46], and others. However, the low density EEG
handset system developed by Cognionics does not allow exploring the primary
and supplementary motor cortex, and the second system has a rigid electrode
configuration that not allows select a new reference point to reduce the number
of electrodes and noise.

Monitoring Task - To achieve optimal rehabilitation outcomes, the user
should be monitored and corrected during the training. A challenge in the
rehabilitation field is to develop systems for monitoring the rehabilitation
progress in order to obtain the complete information about the user and to
assist the physiotherapist in assessing the patient’s physical condition and
adjusting treatments.

A review by A. Hadjidj et al. [7] considers in their conclusion as new applica-
tion to achieve optimal rehabilitation, a continuous monitoring called Human
Motion Tracking.

Observing the biosignals and dynamic data involved in the rehabilitation
process helps to evaluate the physiological condition of the user and allow
knowing if the treatment helps to enhance the motor system.

The patterns recognized by the therapist about trajectories and muscle fa-
tigue can be incorporated to analyze pathologies. In recent years, the study of the
brain state in rehabilitation situations provides information about the capacity
of the brain to adapt the body to new devices, which help to assist movements.

In this context, the challenge now is to understand how the humans learn
to interact with the robotic devices and the results of this assistance, in order to
obtain a guide for future devices and better strategies for gait rehabilitation [6],
(31], [47], [48].
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It is important to consider the user in the complete context, and develop
systems that are able to adapt to situations with fatigue, learning from the prog-
ress gradually. These activities require a multidisciplinary team composed by
engineers, therapists, psychologists and, as far as possible, by the user’s family
in order to know all the variables about adaptation, progress, limitations, moti-
vation, among others.

Future trends - The integration of exoskeletons with robotic walkers is a
tendency to obtain a complete system for assisting gait rehabilitation. This can
provide advantages of better controllability and less power consumption, im-
proved systems for assistive mobility safety and low cost.

This motivates the Federal University of Espirito Santo, to follow a proj-
ect to develop a system which consists of a lower limb active orthosis model
EXO-H2 [49] and the UFES’s Smart Walker [27] (as shown in Figure 2) as an
option to have a complete system for rehabilitation.

The walker is used as a tool to increase the stability support during walking
and the active orthosis is used to provide assistance specifically to the knee. The
orthosis supplies assistive torque at the knee to alleviate the loading and reduce
the excessive muscular effort to perform sessions for gait rehabilitation.

The objectives are to implement protocols for gait rehabilitation, to predict
risk situations for the user and to establish a platform for monitoring the training.

These devices come with a set of sensors and actuators; the walker can mon-
itor the user’s gait by using laser and force sensors, together with IMU (Inertial
Motion Unit) information.

The orthosis with a signal acquisition system allows determining the user’s
motor intent from EEG and sEMG signals. The kinematic state of the user is ob-
tained using inertial sensors at the lower extremity and a rotary potentiometer
at the knee, in addition to accelerometers at the thigh and trunk. This adaptive
control system will be developed for control of the articulation motion in the
different phases of the human gait, adapting different impedance during stance
and swing phase and providing robustness when using brain patterns from the
user in motor intention.
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Figure 2: Robotic system for assisting the gait rehabilitation [50].

To guarantee the accuracy of measured data, especially in dynamic condi-
tions due to user activity, a calibration and synchronization of hardware (net-
work of sensors and actuators) and software will be developed.

With these data, it is possible to infer control outputs that makes the user’s
gait more natural and helps in the rehabilitation process, making this system
suitable to be used in physiotherapy sessions assisted by healthcare professionals.

The monitoring task, which is based on the use of sensors of the EXO-H2
along with sensors embedded on the smart walker, is carried out in order to
have a complete evolution of the user and to get measurement of active time of
rehabilitation. The model of the complete system (EXO-H2 and walker) will be
developed based on a kinematic study.

Conclusions

In this chapter the main technologies available for gait rehabilitation were
studied. The trend in this area is to employ hybrid exoskeletons (smart walkers
and active orthosis), in order to provide portability and increase accessibility to
people with disabilities.
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Incorporating a control strategy and integration of EEG/SEMG wireless
technology into a hybrid exoskeleton can improve the user motor function in
order to promote the gait relearning.

At UFES/Brazil we are developing a hybrid exoskeleton, which consists of
a lower limb active orthosis and a smart walker as an option to have a complete
system for rehabilitation. Thus, the walker monitors the user’s gait by using laser
and force sensors, together with IMU information, and the orthosis supplies
assistive torque at the knee to alleviate the loading and reduce the excessive
muscular effort to perform sessions for gait rehabilitation. With these data, it
is possible to infer control outputs that makes the user’s gait more natural and
helps in the rehabilitation process, making this system suitable to be used in
physiotherapy sessions assisted by healthcare professionals.
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Introduction

The last 20 years several researches have been focused on hand prostheses
development, being one of the most advanced areas in rehabilitation robotic field.
These works range from actuators and mechanic systems to the development of
techniques to improve the control, providing more functionality to the prosthe-
ses, similar to a sound limb. Ideal upper-limb prosthesis must be recognized as a
natural part of the amputee body, supplying motors and sensorial limb abilities.
One of the major problems is the acceptance by amputees, taking into account
the facilities and comfort, exterior appearance, but, most of all, its functionality.
There are a variety of prostheses, from purely esthetics to actives hand prosthesis.
The myoelectric prostheses use myoelectric (EMG) signals to generate commands
for control system of the device. Commonly, pattern recognition systems are used
to classify surface EMG signals (sSEMG) acquired from a set of hand gestures.

Although several commercial prostheses have important functionalities [1] [2]
[3], mostly of these control systems do not include the recent achievements in pro-
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cessing signals, sensors, control and feedback. In a recent study [4] an evaluation of
activities of daily living was presented, considering relevant for the arm prostheses
users. Tasks like open/close zipper, make the bed, gripping a glass, catch a ball and
use a knife and a fork were taken into account. As a result, grasps were considered
more important than wrist movements, being lateral, cylindrical and tripod grasp
the main ones [5]. Furthermore, the same study considered that wrist movements,
as flexion/extension, and grasp should be taken into account simultaneously. This
would avoid non-natural movements with shoulder and elbow. Another study [6]
reports that 100% of interviewed would like to point the finger, 90% wanted to have
individual fingers control and 70% found useful to have wrist flexion/extension.
The control of dexterous movements is important for daily living tasks, like use a
computer, a telephone and other electronic and domestic devices.

The upper limb prostheses have constantly evolved, mainly in the developing of
control strategies often related to pattern recognition systems. The use of electrical
signals from residual muscles is one of the current research objectives that seek to
provide the user a natural control of the prosthetic device. Techniques based on time
and frequency domain and other techniques for featuring and reducing the complex-
ity are typically used to process the SEMG. Classifiers are trained to recognize the
patterns and generate a set point as an output of the control system. Traditional statis-
tical techniques and artificial intelligent techniques are frequently used for this pro-
cess. Furthermore, optional processing is performed to identify the onset and offset
of the muscular activity for selection and projection of data and decoding the output.

This chapter aims to present an overview about current needs in control for
hand prostheses, evaluating traditional and newer techniques used to improve
the control, looking for achieving movements similar to sound limb. Two main-
ly criteria are taking into account: the first one, the use of weak sSEMG signals
related to precision movements performed at low level of muscle contraction;
the second one, the sSEMG signals of low density, referring to the use of fewer
input SEMG signals associated to the number of electrodes.

Prosthetic Hand and System Control: a review

Prostheses control system can be divided into two systems: one of high level
and another one of low level, as shown in the Figure 1. The first one interprets
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sEMG signals to detect the intention of the user and produce angles for each artic-
ulation. The second one takes the output of the first system as a set point to control
individual articulations. A subsystem of feedback can provide sensorial informa-
tion to the user. Some developed prostheses like AR III Hands System [7] and Cy-
berhand [8] use individual finger control. Others like MANUS [9], Fluidhand [5]
and Southampton hybrid [10] use a selection of different discrete grasps. The first
method is considered more natural but is more complex. The automation of the
prostheses lets an easier control but is less intuitive. An intuitive prosthesis control
is the main challenge for researchers, reducing the effort of the user in learning the
use of an artificial hand. Myoelectric prostheses are closer to the others in order
to obtain a transparent human machine interface. However, its unskillful control,
lack of feedback and training make them unacceptable among users.

The functions to be controlled and the methods for pattern recognition to
process the SEMG signals have been the focus in research about myoelectric
prostheses. Despite many works have achieved identifying with high precision
different hand gestures, few of them have conducted a study with forearm am-
putees [11] [12] [13] [14]. Moreover, few studies have reported results identifying
grasp functions to handle different types of objects [4].
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Figure 1: Signal flow in main subsystems of modern myoelectric forearm prostheses.
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Most studies focus in recognize forearm contractions and wrist movements,
and the problems with four or more gestures mostly include open/close hand.
Some works include individual finger classification [15] [16] [17], but a valida-
tion with amputees and experiments in real time are some of the major interest
in this research line. A simultaneous control on multiples movements in real
time for the prostheses is bit covered in the literature [4].

Modern prostheses like i-Limb (Touch Bionics) and Kinetic Human Hand
S1 (Dainichi, Japan) have individual finger movement but offer a limited user
control. These devices include a reduced set of finger movements and do not
resemble completely a natural hand. More advanced projects like DARPA [18],
Smart Hand [19] and the UNB hand [20] allow users make a grasp with all fin-
gers; however a reliable identification would increase their acceptance. Rami et
al. [21] proposed a pattern recognition system based on SEMG, which classifies
10 different finger movements.

Myoelectric signals involve diverse factors related to neurons’s firing rates,
motor unit recruitment and anatomy of muscles and issues. These factors are
involved in the signal acquisition and have a non-linear relationship with the
signal. Mostly traditional techniques to model sSEMG signals are linear and have
been used mainly in applications with high muscular activity and low sensi-
tivity to other muscle activity. However, actions involving complex tasks like
individual finger movements and hand gestures cannot be modeled by linear
techniques. Muscle selectivity in SEMG signals captured on the skin surface is
difficult due to the integration of electric activity from near muscles [22]. The
relative force contraction exerted from an individual muscle within a muscle
group can be estimated to identify movements as a result from multiple muscle
contractions. Artificial Intelligence techniques and electrode array have been
used to estimate the relative force contraction based on spatial distribution [23]
[24] [25]. However, dexterous movements with fingers and wrist would need a
precise localization of the electrodes and a calibration for each use [23].

In the literature, several classification techniques have been used success-
fully to obtain a myoelectric control, leading to an interest for more specialized
control and dexterous hand movements [15] [26] [27] [28]. In 2002, Peleget et al.
identified activation signals from individual fingers using two electrodes on the
forearm, achieving success of 93% [29].
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A similar work was reported by Tsenov in 2006 using temporal features and
Artificial Neural Networks (ANN) [30]. Afterward, in 2007, Tenore et al. con-
sidered also flexion and extension for a three fingers group with 32 electrodes.
Recently, Oskoi and Hu [31] compared a set of features to identify 5 hand ges-
tures in healthy subjects. Also used classifiers based on Support Vector Machine
(SVM), Local Discriminant Analysis (LDA) and Multilayer Perceptron (MLP).
Although the results were above 95%, training is required for each session and
is limited to some user’s actions. Other works developed using similar methods
appeared to be sensitive to experimental conditions such as motion artifact and
variations in the resting state [32] [31]. In some cases, the hand closed is inter-
preted as a different state than resting with the hand open, which depends of the
participant’s point of view. Such aforementioned, there is a need for obtaining
a simple and reliable system, using minimum number of electrodes as possible
and easily adapted to the user.

At low level muscle contraction in process with similar energy, statistical fea-
tures are not reliable [33]. Furthermore, there is a non-linear relationship between
force and electric activity on the muscles with low levels of contraction. Other-
wise, the time scale based features have high computational cost and require more
execution time. Non-linear properties of SEMG can be estimated by techniques
like Fractal Dimension (FD), entropy or autocorrelation. It has been reported the
sensibility of FD at frequency and magnitude of the muscular force generated [34].
Cipriani et al. have shown experiments in real time including amputees using 8
SEMG channels identifying 7 movements with fingers, where two of them are
tinger pairs, with 79% of success rate in amputees and 89% on healthy people.

The use of multichannel sensors can increase the number of hand and fingers
commands, leading to more complex gestures control and improving the perfor-
mance. However, the addition of new channels increases the complexity and the
processing time, being it a drawback for the user. Some works have used only one
SsEMG channel with satisfactory results [35] [36] [37], reducing problems during
the electrodes fixation and low computational cost. Nevertheless, it is needed to
map the SEMG signals related to contraction from different muscles. The SEMG
signals classification is based on the information from different electrodes on the
muscles, so that reducing the channels requires more efficient feature extraction
methods. Instead of the features presented by Hundgins [11], related to signal
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amplitude (RMS,WL, MAV) which depend on electrode arrays, other methods
based on time-scale like Discrete Wavelet Transform (DWT), Wavelet Package
(WPT), or features based on fractals, like Higuchi’s Fractal Dimension (HED)
or Detrended Fluctuation Analysis (DFA) are being used [38] [33]. Another lim-
itation using a single channel is the correspondence of the movements with the
muscles. Signals derived from a muscle group contain both, high and low level
of muscle contraction, even when a strong movement is performed. Low level
sEMG signals can be defined as the response of a muscle contraction during a
movement realized by its own muscular group with less force as possible.
Currently, human machine interface (HMI) and controlled devices based
on sSEMG developed for forearm amputees, are not completely viable due to the
unreliability of classification systems working with low level contractions and
nearby muscles close to the capture region [4]. Moreover, in cases like finger
tlexion or wrist movements, where the muscles have low activity and with cross-
talk with other muscle activated simultaneously, the gestures identification is
more complex. Features based on amplitude are limited in weak SEMG signals
due to the poor SNR (Signal to Noise Ratio). Additionally, the relation between
strength of contraction and sSEMG amplitude is non-linear, making arduous the
differentiation of muscular activities with the rest state at these conditions [39].
Some studies have indicated that MUAP (Motor Unit Action Potential) den-
sity could be used to measure the strength of contraction in low muscle activity
[40] [41]. In [42] [43] SEMG signals have been decomposed in MUAPs, and high
statistical order models have been used to decompose the signal in individual
MUAPs [44]. However, MUAPs decomposition with techniques based on a pri-
ori knowledge is not adequate when multiple active muscles are involved in the
signal [39]. According to the sSEMG fundamental model in [24], MUAPs from
superficial muscles have a higher frequency than others from deeper muscles.
Fractal Dimension has been applied in different works to measure the mus-
cle strength [45] [46] [22]. Arjunan [22] proposed a new parameter, Maximum
Fractal Length (MFL), to measure the force of muscle contraction in hand move-
ments using a logarithmic scale making the parameter less sensitive to noise. In
a posterior work, Arjunan proposed a set of features including MFL to measure
the relative force in different muscles associated with four finger flexion and
writs flexion. Recently, in 2013 Arjunan, Singh e Kumar proposed an alternative
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method to estimate the relative intensity from different muscles, based on the
transmission properties from action potential in the tissues [47] [48] [49]. They
established an equal magnitude for similar MUAPs from the same muscle. In
[50] the finger flexions were identified, except the thumb, in addition of the
rest state for 7 healthy subjects and 1 amputee using Wavelet Maxima Density
(WMD) and Twin Support Vector Machine (TSVM).

On the other hand, DFA is one of the fractal techniques more used, combin-
ing advantages from time and frequency domains. Phinyiomark used DFA in
several works to classify low level SEMG signals [38] [51] [52] [53]. In [38], 8 ges-
tures were classified with the wrist, hand and forearm using weak upper-limb
sEMG signals for five channels, for 20 healthy subjects. The individual finger
movements were not taken into account in their work. This technique offers
an optimal performance and can be combined with other parameters used in
multifunctional control problems with high level of SEMG signals classification.

Classification of low level sEMG signals for upper limb
control: Case of study

In a recent work [54], the classification of individual finger movements on
healthy subjects, using a combination of Time Domain features (TD) with DFA
as features set and comparing the results with MLP and Fuzzy Logic (FL) clas-
sifiers was presented, showing a successful classification of individual fingers
flexion and wrist and hand gestures in able-bodied and amputees subjects. A
combination of DFA, Frequency Domain (FD) and TD features was studied to
obtain the best set of features, and using SVM and Linear Discriminant Anal-
ysis (LDA) as classifiers. The research currently developed at UFES/Brazil aims
to obtain a pattern recognition system for upper-limb sEMG signals, for both
healthy and amputee people. Two aspects are taking into account. First, SEMG
of low density, which is the collection of less information as possible, decreasing
from four to one sEMG channel or using possible combinations; second one, the
low-level sSEMG contractions.

+ Subjects - Five healthy subjects (3 female and 2 male) and two ampu-

tees (1 female and 1 male, amputation at the level of the proximal third
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of the elbow) volunteered to participate in this study. Demographic in-
formation about the amputees is shown in Table 1. The amputees had
3 and 40 years since amputation at the experimentation time, respec-
tively. Subjects were previously assessed by a physiotherapist, including
aspects of participant identification and physical examination (inspec-
tion, palpation, range of motion and sensitivity).

Table 1: Demographic Information about amputees.

ID | Age Amputated | Stump length .Stump Time snfce Prosthesis
Hand (cm) circ. (cm) | amputation

Al | 35 Right 26 24,5 3 Esthetic

A2 | 60 Left 31 26 40 Esthetic

As inclusion criteria the volunteers should not present in their medical his-

tory evidence of peripheral neuropathy, central nervous system diseases and

restricted mobility. The study was conducted with skilled subjects, using their

dominant hand. The volunteers were informed of the objectives and method-

ology, through oral presentation. After knowing the detailed procedures, they

signed the free consent form according to the ethical principles of UFES/Brazil.

All procedures were approved by the UFES ethical committee.

Signal Recording Procedure - Bipolar electrodes, manufactured by
Touch Bionics, were placed on four different muscles on the forearm.
These are active electrodes, reusable, with embedded pre-amplifi-
cation and electronic conditioning, with a 60Hz notch filter and a
variable gain. The electrodes have three silver bars; each of 1 mm
thickness, 10 mm length and inter-electrode distance of 3 mm. The
skin was previously cleansed with 70% alcohol, and conductive gel
was used before attaching the electrodes. Three channels were re-
corded from flexor muscles on the surface side of the flying forearm,
and one channel was placed on the surface of extensor muscles, on
the dorsal side of the forearm. The sSEMG signals were sampled (1
kHz with four analog inputs channels) and stored to a computer via
an NI USB-9001 data acquisition device, from National Instruments.
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A user interface for the acquisition and signal processing, based on
Matlab 7.14, was developed.

« Experimental Protocol - Experiments were conducted while the
volunteers performed each motor task described in Table 2. The
subjects were seated in a chair with both hands on a table and were
trained before performing the tasks. For the experiment with ampu-
tees, training was performed with bilateral action with both hands.
Each task was performed with five repetitions and maintained 5-6
seconds, followed of a rest period of 4-5 seconds to avoid fatigue. The
examiner gave visual and oral commands to the participant to per-
form each repetition, for the same task. Each experiment was repeat-
ed three times for the able-bodied volunteers and five times for the
amputees on different days, for enhanced generalization capability
for performing tasks.

The motor tasks were classified into two groups, A and B. The first one
consisted of individual in finger flexion movements individually, and the sec-
ond one included wrist, grasps and hand movements. Each group was studied
independently, including the rest state in both cases. The rest state, included as
a class in both groups, was considered as a motor task, with signals taken in an
independent experiment. The rest states among each repetition, into the others
motor tasks, was discarded for the analysis.

« Data Analysis - The system is covered by capture, conditioning, feature
extraction and classification stages, as shown in Figure 2, performed
off-line after the SEMG data were entirely recorded. Despite the system
was validated in off-line mode, the time for recording and processing
the raw SEMG signals is according with the criteria reported in [48] [49]
to be used in real time application. For that, the response cannot have a
significant delay in real time in relation to the response expected by the
subject, which is less than 300ms [55].
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Table 2: Motor tasks used in the experiments.

Group Task Class Name
1 Rest state
2 Little finger movement
3 Ring Finger movement
A 4 Middle Finger movement
5 Index finger Movement
6 Thumb finger movement
7 Wrist flexion
8 Wrist extension
9 All fingers flexion
B
10 Hand grasp
11 Pinch grip
12 All fingers extension
I T I __________ I
| Capture | | Conditioning I
| | I |
| - |
Amplification [ | . |
| g | Segmentation
Filtering | it |
: — : d | Normalization :
. | P |
4
Vs p—— | — I
Surfaceelectrodes 1
| Classification ]| : Feature |
| | | Extraction |
! I :
| I
| RNA I | Time |
| LA | h | Frequency I
| SVM s
| | | Fractal Analysis |
| . |

Output e e e L < S |

Figure 2: Myoelectric processing subsystems.
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In the first stage, the DC level was eliminated from each channel, subtract-
ing the mean value from each signal. Some studies use computer based methods
for the determination of onset of muscle activity. These methods use low pass
filters and a baseline reference defined for comparison. Often the muscle activi-
ty is determined to be “on” when a number of consecutive samples exceed two or
three standard deviations of the mean baseline activity [56] [57]. In the current
study, the isometric task was identified for each repetition, taking one second
after started the motor tasks, until one second before starting the return to the
rest state. This process was made manually, due to the unsuccessful application
of other onset algorithms with low level signals. The signals were divided into
segments using a sliding window, with length of 250 ms (250 samples). An over-
lapping segmentation with an increment of 125 ms (125 samples) was applied.

Next, sSEMG features in TD, FD and DFA were calculated in the second
stage, for each motor task, subject and segment. A list of all the features is shown
in Table 3. Sets of maximum four features were considered to form the SEMG
patterns and each set was computed by the classifiers. Thereafter, in the last
stage, a classification of different tasks was computed for each group. For that,
LDA and SVM were selected to be used due to their high performance in clas-
sification and low computational cost. In order to evaluate the classifiers, the
accuracy was taken into account. Training and testing sets were randomly se-
lected, with 60% for training and 40% for testing. After the system was trained,
the system accuracy was validated using ten-fold cross-validation, and the clas-
sification accuracy was computed as an average accuracy based on the results
from cross validation for 10 different training sets.

o Results and Discussion - Initially, all features were evaluated to de-
fine the feature set to be used in future experiments. Signals from one
amputee volunteer were used in this analysis. Further, the signals for
the healthy and amputees were analyzed separately for both groups of
tasks. Only the isometric activity was extracted to be computed by a
manual process, discarding other activities. The low level contraction
lead to low performance in determining the onset using the previous
methods, due to the difficult of differentiation between motor tasks
and rest state. The average classification accuracy was computed for
all feature sets, selecting the best set to represent the sSEMG patterns.
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From results of both classifiers, 10 sets with the highest accuracy were
selected for the study in both task groups. Here, the features with more
occurrences were identified. For tasks in the group A, VAR, SSC, MNP
and DFA features were in most of sets. In group B, VAR was included
in all sets with LDA classifier, and the same happened with WL for the
SVM classifier. ZC, MAV and RMS were also in most of sets. Final-
ly, five sets that include those features were used for posterior study,
shown in Table 3.

Table 3: Features extracted from SEMG signals.

Domain Abbreviation Feature
MAV Mean absolute value
VAR Variance of EMG
RMS Root mean square
Time Domain
WL Waveform length
ZC Zero crossing
SSC Slope sign change
MNF Mean frequency
MDF Median frequency
Frequency Domain PKF Peak frequency
MNP Mean Power
TTP Total power
Fractal Dimension DFA Detrended Fluctuation Analysis

Results with all healthy subjects and with amputees volunteers were comput-
ed with the features sets from previous analysis. A confusion matrix describes
results from discrimination of gestures based on the accuracy. For the group A,
with healthy subjects, results show success rate above 88% for each movement,
with the feature set S3 and LDA. On the other hand, results with amputees were
studied individually. For the amputees, the first one had a lower recognition
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rate with 76.1% of success, while the second one reached 88.9%, both using S1
as features. The higher performance for the second amputee regarding healthy
subjects is due to the difference to generalize 5 subjects and one. Moreover, dif-
ferences between results from the amputees were found due to each own skills to
keep the movement patterns in the remaining muscles. For the group B, higher
result were found with the S4 feature set, achieving 81.9% of success rate with
healthy subjects; 84.2% was found for the first amputee and 95.5% for the sec-
ond one. Table 4 summarizes those results. All cases had higher performance
using LDA instead of SVM. Confusion matrix for the healthy volunteers and the
second amputee volunteer are illustrated in Figure 3.

Table 4: Success classification results (LDA). Numbers are given in percentages.

Subjects Group A Group B
Healthy s1 84.1 $4 81.9
Subject $3 88.0 $5 78.3
S1 76.1 S4 84.2
Amputee 1
S3 71.5 S5 82.6
S1 88.9 S4 95.5
Amputee 2
S3 83.3 S5 87.9

Results indicate that a combination of S1 and S3 features sets led for better
results than other combinations in individual finger tasks. Only the set S3 in-
cluded DFA in the features and both included MAV as a common parameter.
The discrimination of individual finger movements is relatively lower than the
wrist and grasps tasks, in the group B. The WL and MAV were in sets used
with higher performance for the tasks of group B. This can be explained due to
the larger number of MUAPs innervated for these kinds of movements, what
requires a higher force than finger movements. Amputees were analyzed inde-
pendently and a study with theirs SEMG raw data will be part of future works.

292



MOVEMENT IDENTIFICATION USING WEAK SEMG SIGNALS OF LOW DENSITY FOR
UPPER LIMB CONTROL — J. Villarejo, R. Mamede, A. Frizera-Neto and T. Bastos-Filho

Group A Group B
1l 21314157 6 123 |4|5|6]7
L1902 22 | 00 | 51 | 03 | 19 1 [863]00(00|1,4]03/[99]20
> 147 T8a3] 35 [ 67 |00 | 10 2 100 (984]00]|1,3]00]03]00
310000 |771]00|136] 50 | 43
31810484189 07| 41 4 | 1,7|10]31]750] 5138|103
4|16 |41 ]85/83) 03] 22 5 [00]00/177] 2,6 [71,3] 42 | 42
5100 (03] L9 |06 |98]| L3 6 |104] 00 | 40|20/ 30 (783|253
6| 1,1 |00]37]37]| 15900 7 107/03|10]70]46]|20 844
Group A Group B
1 2 3 4 5 6 1 2 3 4 5 6 7
1 [1000] 0.0 | 00 | 0.0 | 0.0 | 0.0 1 [100,0[ 0,0 | 0,0 | 0,0 | 0,0 | 0,0 | 0,0
2 os B 72 | 17 |35 | o8 2 | 0,0 [100,0 0,0 | 0,0 | 0,0 | 0,0 | 0,0
3100 (00(991[00]|00]00]009
3100159 [l 20|49 | 0.0 40010000 [936]37]28]00
4100]52 |70 |8L7] 43| L7 51700 00]76(8723]25]08
510833 |58]25 (85| 41 6 (000000 10/ 10960/ 2,0
600|00]|33]| 1717|933 7100003000/ 15]30[925

Figure 3: Confusion matrix for results of classification with healthy and amputee subjects, for A
and B motor tasks groups. LDA classifier was used for these results. At left side: confusion matrix

for 5 healthy volunteers; at right side: confusion matrix for one amputee.

Conclusions

The design and control of versatile upper limb prostheses is a very challeng-
ing task. While many breakthroughs have been made over the last several de-
cades, the difference in performance and quality between human hands and ar-
tificial hands is quite substantial. Powered prosthetic hands are often controlled
by EMG signals; the voltage related to muscle contraction is measured and used
to drive the motor of the prosthesis. The EMG signals are often measured on
the surface of the skin of the amputee and used for proportional control of the
prosthetic hand. Traditionally, the signals from these two antagonistic muscles
are amplified, filtered, rectified, and then given opposite algebraic signs so that
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activation of the extensor muscles causes the hand to open, while the activation
of the flexor muscles causes the hand to close.

Robotic hands have many degrees of freedom distributed among several
kinematic chains, the fingers. The complexity of the mechanical design is need-
ed to adapt hands to the many kinds of tasks required in unstructured envi-
ronments. Although it has been acknowledged that a prosthetic limb does not
provide all of the amputation functionality of a human limb, there have been
many recent advances to improve the upper limb prosthetic restoration. These
advances can be categorized as follows: prosthetic interface, microprocessor
technology, terminal device, and treatment protocols. In this context, it can be
concluded that the upper limb prosthesis, currently on the market, does not
satisfactorily meet the requirements of its users.

Future research and development of upper limb prostheses continue to be
held to mimic the human hand in terms of dexterity and adaptive capacity.
The literature shows that intention movement should be controlled by the user,
while the grasp and movement executions should be performed automatically
in a low level control system, making sure to hold objects and avoid slippage.
On the other hand, continues grasp and force feedback are desirable, as well as,
simultaneous recognition of wrist movements as flexion/extension and grasps.
Recent works show an increasingly interest to provide more functionality to
the current prostheses for better acceptance on amputees. It is addressed to be
able to identify dexterous tasks and different precision grasps to increase the
skills on task of daily living. Further, different works used weak sEMG signals
instead of big forces to obtain a better human machine interaction. Non-linear
techniques like fractal analysis are being used in the literature to model weak
sEMG to develop high level control systems. Low density is desirable to improve
the accuracy of above systems, avoiding interferences, training and decreasing
computational cost for real time implementations. However, implementation of
these techniques could require embedded systems with Mid-Range microcon-
trollers or Digital Signal Processors (DSP).

As a case of study, a method to identify individual and grasps movements for
hand prosthesis, using weak signals and sSEMG low density was presented. Low level
SsEMG contractions were considered to obtain a more natural hand prosthesis con-
trol increasing the functionality. This method is based on feature extraction using
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a non-linear technique and statistical parameters proportional to the sSEMG ampli-
tude. TD and FD features were combined with a technique based on fractal analy-
sis, the DFA parameter. The system was divided into two categories for the study:
individual finger movements and wrist and grasps gestures. Results obtained from
able-body and amputee subjects show that using combinations of parameters is suit-
able for accurately identifying individual finger flexion. Thus, system proposed in
this work entails obtaining a system that can be implemented with an on-line or
real time scheme, which will allow the recognition of hand gestures when executed
simultaneously by the subject, without any noticeable delay for the user.
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Abstract

A Brain Computer Interface (BCI) helps to improve the quality of life for peo-
ple with neuromotor disabilities, due to stroke, Parkinson, Amyotrophic Lateral
Sclerosis, and others diseases. BCI employs equipment to measure the brain signal
from the subject, which can be converted as computer or robot commands. The
research groups in BCI area grow each year, and the technology used in these stud-
ies are growing with it. Nowadays, Virtual Reality Environments (VRE) are being
used to generate better feedback to BCI users and, in a near future, BCI might
expand to a broad range of usage, even out of medical purposes. The integration
of BCIL, VRE and haptic interfaces provide to the user a better similarity to the
real world once it allows the incorporation of proprioceptive information as force.
This chapter presents a study about EEG-BCI technologies for neurorehabilita-
tion, and its integration with other technologies.

Keywords: Brain-Computer Interface, Neurorehabilitation, hBCI, Exoskeleton.
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Introduction

It is well known that one of the main functions of the central nervous sys-
tem (CNS) is to respond to events of the outside world of the body to serve the
needs of the organism most adequately. It generates the responses by producing
outputs, which are neuromuscular or hormonal. Some diseases strikes the CNS,
affecting its neuromuscular function, and the person’s movements. Neuroreha-
bilitation aims to recover the CNS from an injury, and/or compensate its fault,
helping person with this disability to live a more normal, active, and indepen-
dent life after this injury. The aim of neurorehabilitation is to restore this injury
and improve quality of life using different type of therapies. Neuroplasticity is
the fundamental explanation that supports the scientific basis for treatment of
brain injury and it is basically a brain structure reorganization [1], [2]. In the
last twenty years, there has been an increasing recognition that technologies
(orthotics, wearable sensors, electrical stimulation and robots) and techniques
(computer vision, computer gaming, virtual reality, machine learning, compu-
tational modeling) can play an important role in efforts to promote positive
outcome for treatment in motor system injuries and diseases. The treatment
with these technologies might improve the quality of life and restore the mo-
tor function for people with these diseases [3]. Authors of some studies used
this techniques and technologies to treat these diseases. They accomplished en-
couraging results, even for people with Amyotrophic Lateral Sclerosis (ALS), a
disease that causes muscle weakness and atrophy due to the degeneration of the
upper and lower motor neurons [3], [4], [5], [6]. Stroke is another of these dis-
eases, and person affected by it usually shows neurological damage symptoms,
with motor prejudice if the motor cortex is affected [7]. Stroke is the major cause
of disability and the second most common cause of death worldwide. With the
ageing population, this health problem tends to increase greatly during the next
years, especially in developing countries [2], [8], [9], [10], [11]. Parkinson’s dis-
ease also causes motor function loss. This progressive, incapacitating disease
causes the degeneration of the central nervous system. It has, as motion disabil-
ity consequences, the subject’s postural instability, rigidity, and tremor. This
disability is consequence of neuronal loss in the motor circuits of the basal gan-
glia, and its effect increases the disability over time [12], [13], [14]. To improve
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the therapy process for these previously cited diseases, the patient may receive
feedback signals from his own body during some treatments. This response is
called biofeedback, which is a process that enables an individual to be aware of
some of his/her physiological functions, using instruments that provides him/
her this information. A BCI may be equipped with biofeedback tools. Thus, BCI
equipment provides the CNS with a new output that is neither neuromuscular
nor hormonal. It is a system for communication between human and computer,
which allows people to send messages or commands directly from his/her brain
to the external world without the use of peripheral nerves and muscles activities
2], [3], [15]. To do so, the BCI needs to obtain patterns of brain activity to use as
information. Over the course of research, a number of physiological phenomena
of brain signals have been recognized as being good for BCI usage, e.g., Steady-
State Visually Evoked Potential (SSVEP), P300 Evoked Potentials, Slow Cortical
Potentials (SCP) and Sensorimotor Rhythms (SMR) [16]. These brain activity
patterns can be detected and recorded by measurement equipment, such as
Electrocorticogram (ECoG), Electroencephalography (EEG) Magnetoencepha-
lography (MEQG), Positron Emission Tomography (PET) or Functional Magnetic
Resonance Imaging (fMRI). The first one is used in invasive kinds of BCI. It
requires surgery to implant sensors to acquire brain signals. The four last ones
quoted above are used in non-invasive BCIs and there is no need of surgery to
acquire the brain signals. The practical value of each one of these methods will
depend on which applications it will be used and the extent of the disadvantages
are being dealt with. Most BCIs rely on EEG equipment to acquire brain activi-
ty. EEG equipment are often cheap and sometimes even portable, but it has poor
spatial resolution and signal-to-noise ratio [17]. In this method, the electrodes
are placed in predefined positions to obtain the desired region signals, using
the 10-20 system. The 10-20 is a standardized electrodes placement system, to
guide the electrode placement on scalp for EEG recording purposes, and it is an
internationally recognized method [18].

At the signal acquisition point, to facilitate the BCI detection and classifica-
tion process, the BCI can be set to use a specific parcel of time in which the user
is instructed to send the command when advised by a cue. It could be, for exam-
ple, a sound or an image on a screen. During this time, the user is supposed to
perform a specific task. This mode of operation is called synchronous BCI (or
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cue-paced BCI). These BCIs are relatively easy to develop and use, however, they
are impractical in many real-world settings [19]. On an asynchronous BCI (or
self-paced BCI), on the other hand, the user can send a signal, or choose not to
do it, whenever they want, and there is no worry about predetermined time to
do so, but the BCI needs to analyze the brain signals continuously, which is more
software/hardware demanding. After the acquisition, the signals are processed,
and this process period is divided in three sub-stages: preprocessing, feature
extraction and classification, and the results can be sent as commands to the
software/hardware, reflecting the user’s intent. Figure 1 shows a BCI scheme.

Brain-Computer Interface
Signal Processing
. Feature . .
Preprocessing Exteaction Classification
. . v
Signal Application
Acquisition Interface
Feedback

<= [ Applications

Figure 1: Block diagram of a BCI.

Figure 2 shows a scheme of brain signal acquisition and process stage. Af-
ter the signal acquisition, there are two ways of processing the data concerning
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when it will be done, called online or offline data processing. Online processing
usually refers to an algorithm that processes data, element-by-element, while
the BCI is going on. It usually makes use of simple equations in order to quickly
process the events. On the other hand, offline data processing uses stored data,
and it is done after the BCI event. It can make use of more computationally
demanding processes once a quick response is not necessary in this case. It is
important to mention that a real time processing is necessary if the user needs
a quick feedback, which is fundamental when he/she needs to make decisions
based on his/her previous commands and feedback. The acquired EEG data
need filtering (preprocessing) in order to remove the unwanted DC artifacts
or/and environmental components. For this reason, a number of filters can be
applied to reject some signal bands and focus on the range of the desired signals.
There are several preprocessing techniques, and Common Average Reference
(CAR) is a widely used one.

At the next stage of the signal processing, the feature extraction, many
methods to extract features from EEG data can be used. These methods can
be divided into dimension reduction, spatial, temporal, spectral domain, and
others. Because brain signals are often measured through multiple channels,
not all collected information may be relevant for the extraction of features. Di-
mension reduction techniques such as principal component analysis (PCA) or
independent component analysis (ICA) may become applicable to sort out no-
toriously redundant and extract relevant features by also reducing the compu-
tational load. Frequency domain based approaches aim to extract relevant in-
formation from EEG signals by transforming it to the frequency domain, where
the signals are then analyzed. A popular example allowing for a quantitative
analysis of the spectral decomposition in EEG signals is Power Spectral Density
(PSD) [20]. Another commonly used feature extraction used is Common Spa-
tial Patterns (CSP). The classification of brain patterns is the most important
step in the signal processing task. The BCI detects and classifies certain brain
patterns performed by the user through mental tasks, according to mental strat-
egies, and it translates this brain patterns into commands for BCI applications.
Several classifiers can be implemented for analysis, such as: Extreme Learning
Machines (ELM) [21], [22], [23]; Support Vector Machine (SVM) [24]; Multi-
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layer Perceptron (MLP); Learning Vector Quantization (LVQ) [25]; Adaptive
Resonance Theory Map (ARTMAP) [26]; and K-Nearest Neighbors (KNN) [27].
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Figure 2: Brain signals acquisition and processing stages of a BCL.

Accuracy and Cohen’s Kappa coefficient are used as parameters to evaluate
the classifiers performance. The accuracy is measured by the ratio of correctly
classified trials and the total number of trials. Kappa is a measurement of the
concordance of the labels and predictor (classifier). The best characteristics and
classifiers achieve the highest results for both parameters. After the classifica-
tion, the BCI can deliver the result, and if it is operating online, this result is
shown to the user as a feedback.

The feedback used on BCI usually is an interface shown on a computer
monitor in the form of a simple 2-D bar displayed on screen. Latterly the usage
of VRE as BCI feedback interface is growing. VRE is an advanced computer in-
terface that allow its users to have a better immersion, using computer graphics
to build a third dimension environment. Several impressive prototypes already
exist that enable users to navigate in virtual scenes or manipulate virtual ob-
jects solely by means of their cerebral activity, recorded from the scalp via EEG
electrodes. Thereby, VRE technologies provide motivating, safe, and controlled
conditions that enable improvement of BCI learning as well as the investigation
of the brain responses and neural processes involved [28], [29]. Figure 3 shows a
VRE used at UFES/Brazil [30]. This VRE simulates a rehabilitation room where
the avatar stands still. He is designed to take a step when a command is trig-
gered, walking thought the room in a straight line, step by step. In this case, the

306



EEG-BCI TECHNOLOGIES FOR NEUROREHABILITATION — B. B. Longo, J. F. Castillo-
Garcia, D., A. C. Villa-Parra, Delisle-Rodriguez and T. F. Bastos

command is triggered by the user’s motor imagery, which can be, for example,
the imaginations of the flexion of a leg.

Figure 3: VRE used on a neurorehabilitation BCI (UFES/Brazil).

BCI equipment can be used in two different ways. The first one, and most
used by the majority of the research groups, is an Assistive BCI. In this strat-
egy, the BCI works as a substitute of the neuromuscular output, enabling peo-
ple to interact with the environment without the usage of his/her muscles,
but only using brain signals. In the second strategy, BCI can be used in a
more complex way and has only recently started to be studied. It is called
Restorative BCI and it focus on motor function restoration by inducing brain
plasticity to restore normal brain function. It might help to guide brain plas-
ticity by affecting motor learning, for example, by demanding close attention
to motor tasks or by requiring the activation or deactivation of specific brain
signals [3]. Traditional computer interfaces provide visual and auditory infor-
mation, but almost all human task involve the use of delicate sensory-motor
skill, and computer interface has not taken great advantage of these funda-
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mental human capabilities. With the exception of input devices such as the
mouse, computer interaction depends on skills similar to those needed for
using typewrites. For this reason, the haptic interfaces are developed to ad-
dress this limitation, which generate mechanical signals that stimulate human
kinesthetic and touch channels. Furthermore, haptic interfaces also provide
humans with the means to act on their environment.

The word haptic refers to the capability to sense a natural or synthetic me-
chanical environment through touch. Haptic also includes kinesthesia (or pro-
prioception), the ability to perceive one’s body position, movement and weight
[31]. Robotic exoskeletons has acquired a rapid development in recent years with
the advances of the technology in mechanical, biomedical, and electronic engi-
neering, as well as artificial intelligence. It is usually a wearable device, which
consists of a structural mechanism with actuator and sensors whose links and
joints correspond to those of human body [32], [33], [34], [35], [36]. The com-
bination of a BCI with another form of sending information can be defined
as a hybrid BCI (hBCI). In general, in an hBCI, two or more systems can be
combined sequentially or simultaneously. hBCI research is beginning to explore
BCIs as multi-modal interfaces in which users can interact, in an intuitive and
natural way, using BCIs as one of the communication channels [37].

The objective of this work is to make a review about EEG-BCI technologies
in rehabilitation, focusing disabilities involving motor cortex injuries, and its
integration with exoskeleton. In this chapter, the main technologies based on
BCI are presented. It also presents the development of BCI equipment for neu-
rorehabilitation, which makes usage of the presented technologies in two differ-
ent stages. At the first stage, it uses the VRE with a synchronous BCI, and spon-
taneous EEG signals as motor imagery to train the BCI in a safer condition, and
to adapt it to the user before its usage with the exoskeleton on a real test. The
second stage is the usage of the exoskeleton itself, with an asynchronous BCI
to make the exoskeleton reacting the user’s intent to move, with the assistance
of a smart walker [38]. Furthermore, a comparison between these technologies
is presented, and their future trends are analyzed. Finally, recommendations
around neurorehabilitation and biofeedback are recounted.
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State of the art

There are several examples of BCIs and/or exoskeletons successfully used
for neurorehabilitation: Before 2005, most BCI works presented their output
(feedback) on a computer screen in the form of letters, icons, or arrows. Holden
et al. revised the usage of VRE applications in the field of motor rehabilitation.
They found some interesting results in favor of the usage of VRE. As they de-
scribe, people with disabilities are capable of motor learning within VRE. Com-
paring motor learning in real versus virtual environments, some advantage for
VRE training has been found in all cases studied till this date [29].

In 2007, Chatterjee et al. used a motor imagery BCI to control a virtual
cursor. The cursor position was shown visually as well as transmitted haptical-
ly, which returned state information to the user through vibrotactile feedback
to the upper limb, placed on the biceps. Although recent studies have begun
to evaluate the use of vibrotactile feedback [39], most studies to date have em-
ployed only visual or auditory feedback presentations. However, within the vi-
sual and auditory domains, different types of feedback have been pioneered. In
an optimal BCI feedback design, obviously the current skill level of the partici-
pants must be taken into account.

Moreno et al. published, in 2011, a review focusing on lower limbs rehabil-
itation. They examined motor learning principles, robotic control approaches
and novel developments from studies with neurorobotic and hybrid systems.
A neurorobotic is a mechatronic wearable robot that can be applied to drive a
paralyzed limb. It can assist, replace, or retrain a certain motor function [40].

In 2012, Gancet et al. presented the Mindwalker. In this project, the objec-
tive was to obtain a crutch-less assistive lower limbs exoskeleton, with nonin-
vasive brain control. They described the interface as a Brain Neural Computer
Interfaces (BNCI). This project made research in multiple areas, in particular:
assistive and rehabilitation robotics for walk empowering and BNCI approach-
es for the control of robotic platforms aiming at empowering subjects with
disabilities with walking ability. Additionally, they addressed how effectively
VRE-based technologies can support the training of patients, so they could be
prepared, in a safe and fully controlled environment, for the usage of assistive
robotics technologies in their daily life [41]. Also in 2012, the IntelliSense tech-
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nology of exoskeleton robot included an optical fiber motion capture system to
capture human motion gesture, the EEG measurement system to predict the
direction of human motion, and the EMG perceptual system to identify the pat-
tern of human motion. The idea was to design can improve the pattern recog-
nition rate by combining the EEG and EMG; meanwhile, the human movement
is followed precisely by combining the fiber motion capture system with the
exoskeleton robot hydraulic driving device [42]. In the same year, Reinkens-
meyer et al. made a review about technologies for enhancing movement training
and exercise for people with disability. In this review, they cited the usage of a
treadmill with the Lokomat gait robot. They discuss how could be improved
the usage of physical rehabilitation therapies by combining brain computer in-
terfaces (BCI) with wearable exoskeletons and robotic gait trainers, such as the
Lokomat. They also reviewed several studies still that year, aiming at combining
movement training with plasticity or regeneration therapies [43].

In the next year, 2013, McDaid et al. used steady state visual evoked potential
(SSVEP) signals to read, decode and extract the user’s intent, and then use it to
control a robot exoskeleton to move the patient’s limbs for therapy. They suggest
that this artificial reconnection of the brain to the limbs can allows therapy in
a natural way, and provides positive reinforcement for learning, and so it is be-
lieved that it will result in improved outcomes. Evidence does suggest the brain
can remodel after a stroke, primarily through synaptogenesis (the formation
of synapses between neurons in the nervous system), and specific tasks with
repetitive exercises appear to be key components in promoting synaptogenesis
following stroke. This artificial reconnection of the brain to the limbs allows
therapy in a natural way and provides positive reinforcement for learning, so it
is believed it will result in improved outcomes. Frolov and colleagues discussed,
still in 2013, the possibility of rehabilitation for patients with motor disorders
using BCI based on motor imagery and exoskeleton. They used a strategy that
allows them to teach the patient to stimulate a more stable pattern of brain ac-
tivity corresponding to the intention to perform a certain movement. It suggest
that multiple repetition of this pattern could reinforce the relation between in-
tention and the corresponding activity of the brain, thereby improving motor
control. Another strategy assumed that, in addition to the identification of the
specific brain activity, it is necessary to stimulate the corresponding movement,

310



EEG-BCI TECHNOLOGIES FOR NEUROREHABILITATION — B. B. Longo, J. F. Castillo-
Garcia, D., A. C. Villa-Parra, Delisle-Rodriguez and T. F. Bastos

using a mechanical manipulator (exoskeleton) or by electrical stimulation of
muscles. Such a movement ensures the proprioceptive stimulation of the sen-
sorimotor regions of the brain, which additionally activates their plasticity [44].

Advantages and disadvantages - BCI vs hBCI

BCI and hBCI have shown applicability for neurorehabilitation. Both tech-
nologies are portable and its usage can be extended to the previously cited dis-
eases. BCI presents a better cost/benefit than hBCI. They also can be used at any
stage of the neurorehabilitation, even the stage where the patients present lack of
movement. On the other hand, the usage of hBCI requires a minimum level of
remaining muscular movement from the user. The BCIs can make use of VRE
as feedback, but the hBCI can provide a better immersion than BCI, because the
first one uses haptic sensations complementing the feedback. The hBCI can add
performance to the rehabilitation process because it uses EEG for movement in-
tention, EMG to trigger the movement, and movement execution using inertial
sensors and/or force sensors. These items together make the usage of the hBCI
with a more natural feeling of usage. On the other hand, BCI works only with
motor imagery, being this the only feedback, with no physical contact feeling.

Future trends

Neurorehabilitation technologies should be developed to be used at the pa-
tient’s home. For this reason, robotic exoskeleton builders should consider the
physiological demand of the user. Furthermore, these devices should be porta-
ble, fashionable, svelte, and improved to wear for daily activities without any
discomfort [45]. Additionally, certain percentage of power requirement of the
exoskeleton system should be generated using the mechanical work during user
motion. Future exoskeleton would be designed as a “second skin” of humans
[46], acting as a sensory interface with the surroundings of the wearer. Future
robotic exoskeletons will be controlled by EEG signals or the combinations of
the EMG and EEG signals so that the user motion intention can be effectively
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reflected. BCI system for home application and everyday use must be robust,
lightweight, wireless, and simple to use, considering only one or two channels,
in order to reduce the computational cost [47]. The creation of EEG dry elec-
trodes has allowed new development of EEG wireless system [48]. Strategies to
reduce the total number of electrodes were adopted in [49], which was acquired
doing a BCI training session with full-head EEG montage (> 30 channels), se-
lecting the best performance electrodes and bands, and continuing the training
procedure with feedback using the fewest possible EEG derivation.

The implementation of adaptive BCIs that use software agents based on ge-
netic algorithms for selection of automatic features, shows that it is possible to
obtain a set of reduced features and/or channels that maximize the performance
of a BCI [50].

Recommendations

To address neurorehabilitation using brain computer interfaces, it is im-
portant to have systems that use a small features set and/or channels, with least
computational cost, and low delays in the feedback. The above characteristics
define an adaptive BCI. To train the BCI before using it in the real world, a VRE
can simulate the test in a safer condition. It also let the equipment builders to
make the necessary changes to adapt it to the user before the real event. The
adaptive interfaces can allow tracking the patient’s progress. Such systems fa-
cilitate studies to assess the relationship between the accuracy of the feedback
and neurorehabilitation, and the impact of using these technologies in the reha-
bilitation process [51]. Neurorehabilitation BCI equipment projects can gather
and carry many of the technologies cited above. It can be composed of an hBCI
exoskeleton system with a support structure that could be a robotic walker, a
sensor network as EEG to detect intentionality of movement, EMG signals to
detect the onset of movement, and integration of fiber optic sensors in order
to assess the performance of the inertial motion. All of this united with haptic
interfaces (force sensors, vibrotactiles, etc.) [11].

Figure 4 shows the current development of UFES/Brazil, which has a good
portability, and can be easily adapted to several neurorehabilitation applica-
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tions. The prototype (Figure 4-a) has 16 EEG electrodes and 4 EMG wireless
electrodes sensors. It integrates a lower limb active orthotic EXO-H2 (Figure
4-b) [52] with a Smart Walkers (Figure 4-c) [38], and uses EEG, EMG, inertial,
and force sensors that allow the assistance of gait rehabilitation, also provid-
ing an haptic interface for a better similarity of its usage to the perception of
the real world.
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Figure 4: Robotic system to assist gait rehabilitation after brain injury disease (UFES/Brazil);
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a) Whole system integration scheme; b) orthotic EXO-H2; ¢) Smart Walker.

Thus, the integration of different technologies (robotic systems, BCI, EMG)
can allow the improvement of neurorehabilitation treatments. Each disease
stage needs different techniques or methods to achieve good results on its treat-
ment. Thus, assistive robotics can provide a better way to achieve these goals
because it can supply the user with higher precision in repetitive tasks. A Smart
Walker can provide support, safety and stability to the system usage, and a VRE
combined with the BCI, can help the users to tune up the mental task, which is
used to send commands to the orthesis. Thus, at the exoskeleton usage phase,
the user can use this system sending high performance commands, and the
haptic interface gives him/her the neurofeedback.
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Abstract

Recognizing emotion through electroencephalographic (EEG) signals has
opened up new communication options for those with severe neuromuscular im-
pairments through the creation of communication channels that do not depend
on the brain’s peripheral output through muscles and nerves, as in the case of
brain-computer interfaces (BCIs). Essential for the success of emotion recognition
and operation of BCIs are methods used to process the brain signals according to
the user’s intend. In this chapter, we provide a high-level overview of the principal
design structure and operation of an EEG-based BCI system for emotion recog-
nition and discuss associated properties of BCI paradigms as well as information
extraction and selection methods. Furthermore, we survey state-of-the-art BCI
designs towards the applicability for emotion recognition and expand shortly on
emerging future trends. Conclusively, recommendations as a result of this work
are presented.

Keywords: Emotion Recognition, EEG, BCI, Feature Extraction.
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Introduction

Detecting and recognizing emotional information for the study and de-
velopment of systems to improve communication among individuals and ma-
chines has emerged in recent decades and is becoming considerably popular [1,
2]. Advances in cognitive neuroscience and brain imaging technologies have
made it possible to directly interface with the human brain in order to build
communication systems that do not depend on its regular output channels such
as peripheral nerves and muscles. This has lead researchers to explore the possi-
bility of building a brain-computer interface (BCI) to enable humans to interact
with their surroundings through the detection, recognition and interpretation
of electroencephalographic (EEG) activity [3]. This is particularly interesting for
people suffering from severe neurological neuromuscular impairments who are
intrinsically restricted in conventional augmentative communication.

In this chapter, we will look at essential parts and features that will make
up a EEG-based BCI including: signal acquisition, signal-processing or enhance-
ment, feature extraction and translation algorithms, also referred to as classifiers.
A conceptual schematic is shown below (Figure 1). In discussing these compo-
nents, we will outline inherent advantages and drawbacks when using them as
well as to give an overview of the current technologies found in the scientific lit-
erature towards the design possibilities of a BCI, followed by recommendations
resulting from this work.

This chapter is outlined as follows: Section 2 discusses EEGs as most com-
monly used neuroimaging approach to BCIs which is followed by Section 3 to
briefly outline certain types of BCIs. Sections 4 and 5, deal with the different
signal processing techniques utilized for signal enhancement, feature extraction
and classification, respectively. Section 6 provides an overview of current trends
in BCI applications by highlighting current efforts made in recent areas of ap-
plication such as aiding treatments for children in the autism spectrum and
stress recognition. A number of recommendations as a result of the analysis will
be presented in Section 7.

320



TOWARD EEG-BASED EMOTION RECOGNITION USING BRAIN COMPUTER INTERFACES
— M. Trauernicht, J. Castillo, A. Cortrina, C. Goulart, A. Pomer and T. F. Bastos Filho

Signal Acquisition Artifact Filtering Signal Processing
EEG /'A | \me?erence Feature extraction  Classification
‘j | \v W\ ’_Jv Eye Blink
| A V) N of or
”‘ ‘(‘ ' EOG /| A - +
Raw Signal EMG

Figure 1: Emotion recognition estimation process.

Popular Neuroimaging Approach in BCIl: EEG

Nowadays, brain activity can be monitored and translated into tractable
electrical signals in one of two ways: (1) electrophysiological and (2) hemody-
namic. The former refers to the inter-neuronal exchange of information through
electro-chemical transmitters to generate ionic currents flowing across neuronal
assemblies [4]. Electrophysiological activity can be measured non-invasively by
electroencephalography (EEG) [2, 3, 5, 6], magnetoencephalography (MEG) [7]
or invasively through electrocorticography (ECoG) [8] or intra-cortical neuron
recording [9, 10]. Hemodynamic responses are described as processes to release
glucose and oxygen through the blood stream to active neural regions which
then create a local gradient of de- and oxyhemoglobin [11]. The changes in the
local ratio can be measured and quantified by means of neuroimaging methods
such as functional magnetic resonance (fMRI) and near infrared spectroscopy
(NIRS). Because hemodynamic responses are triggered by electrophysiological
activity, they are only indirectly related neuronal activity.

Although BCI system implementations of the above mentioned methods
exist, electroencephalography (EEG) is yet the most commonly used neuroim-
aging modality due to its high temporal resolution regarding neural activation
patterns, relative low cost, high portability and few associated risks to the user
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[2, 3]. EEG signals are measured as potential differences over time between an
active electrode and reference electrode placed on the scalp. Brain signals occur
as electric oscillations of neuronal populations and can be classified according to
their frequency, also referred to as brain rhythms. Well known frequency bands
include delta (3, 0.5 - 3Hz), theta (0, 4 - 7Hz), alpha (a, 8 - 12Hz), beta ({3, 13 -
30Hz), and gamma (y, 30 - 100Hz) [3]. Possible measurement configurations for
EEGs can range from as minimal as three electrodes (one active, one reference
and one ground electrode) to large multi-channel configurations comprising of
128 up to 256 active electrodes [12]. Nowadays, the electrode placement on the
scalp complies to standardized and frequently applied systems such as the 10-20
standard [13] or higher-density, yet somewhat lesser used EEGs like 10-10 [14],
or 10-5 systems [15].

Types of BCls

Current BCIs come in a variety of different design possibilities owing to their
respective purpose of use. Moreover, in order to interpret users intent, BCIs need
to obtain control signals i.e. patterns of brain activity that can be used for com-
munication. Over the course of research a number of physiological phenomena
of brain signals have been decoded enabling the BCI to interpret users inten-
tions, some of which are listed below along with their main features (Table 1).
A detailed discussion of the presented control signals has been presented in [3].

Table 1: Summary of control signals (adapted from [3])

. Physiological Number of . Information
Signal . Training
phenomena choices transfer rate
ZISE:(; Brain Signal modu-
VOxe lations in the visual High No 60-100 bits/min
potentials cortex
(VEP)
Slow
cortical Slow voltages shift in Low (2 or 4, . .
Potentials the brain signals very difficult) ves 5-12 bits/min
(SCP)
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. Physiological Number of . . Information
Signal . Training
phenomena choices transfer rate
P300 s
evoked P.’osmve peak§ dueto High No 20-25 bits/min
. infrequent stimulus
potentials
Senso- Modulations in
rimotor sensor1m9tor rhythms Low (2,3.4,5) Yes 3-35 bits/min
rhythms | synchronized to motor
(SMR) activities

Including the aforementioned control signals current BCIs can be largely
categorized into three types: (i) ) directly controlled or indirectly controlled,
(ii) synchronous (cue-paced) or asynchronous (self-paced) and (iii) exogenous
and endogenous. The different types of BCI are presented in the table below
(Table 2), by also listing the dedicated control signals as well as attributed ad-
vantages and disadvantages. Furthermore, it shall be noted that BCIs can also
distinguished as dependent, i.e. peripheral (motoric-) actions from the user are
needed to communicated, or totally independent of muscle activity whatsoever
[5]. However, being very similar to the nature of exogenous and endogenous
BCIs and exhibiting analogous advantages and drawbacks, they will not be par-
ticularly mentioned here.

Directly and indirectly controlled BCIs as “classical” paradigms bypass the
natural outputs of the brain, e.g. peripheral nerves and muscles to directly in-
terface with the mental activity of the brain through EEGs. Mapping controlled
mental activity onto an artificial output channel, for example with sensorimo-
tor imagery [16], can be used to obtain multi-valued control signals. However,
the power of direct control comes at a price of apparent resource and control
conflicts. Being limited in parallel conscious communication with conventional
(manual) human-computer interface and the BCI, this may cause problems for
the user. Besides, leaving the option for both, conscious control from the user
and interpreted control from the BCI may create a conflict of resources.

In distinction to direct control, indirect BCIs are based on conscious mod-
ulation of brain activity through the exposure of external stimuli. The most
documented and successfully applied method in this regard are P300 spellers
and have been well adapted for EEG-based BCls [5, 17, 18].
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Table 2: Main differences between directly and indirectly BCI approaches.

BCI | Category | Paradigms Advantages Disadvantages
Independent of any Very time-con-
stimulation suming training
Can be operated at (months or weeks)
free will Not all users are able
Useful for users to obtain control
with sensory organs Multichannel EEG

o » Endog- o Mental yorg . .

=] affected recordings required
glg|l cow tasks Suitable for cursor for good perfor-
=| &| » Asynchro- | « SMR o gooCP
= control applications mance
nous « SCP . .
No requirement to Lower bit rate
wait for external (20-30 bits/min)
cues Much more compli-
Offers a more cated design
natural mode of More difficult eval-
interaction uation
Minimal training
High bit rate (60
bits/min)
The user can avoid Permanent attention
generating arti- to external stimuli
2| « Exogneous |  P300 facts since they can May cause tiredness
S| « Synchro- | « SSVEP perform blinks and in some user
&| nous other eye move- Does not offer a
ments when brain more natural mode
o signals are not of interaction
f analysed
;a Only one EEG chan-

= nel required

Direct communica- . .
. . . One-trial emotion
tion with technical o .
recognition, requires
system high accuracy rate
2| « Exogenous . Ofters the most g . Y .
= « Emotion- Highly subjective
&| » Synchro- natural mode of
< al states . . towards:
A~ nous interaction _
. user characteristics
Can improve perfor- .
environmental
mance of other BCI .
influences
types
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Being a subset of directly and indirectly controlled BCIs recent research ef-
forts have proposed to further categorize into active, reactive and passive BCIs,
allowing for additional application possibilities [19, 20]. Active and reactive
BClIs derive their outputs from brain activity either dependently by user control
(active) or independently through external stimulation (passive) and therefore
matching the template of directly or indirectly controlled BCIs. Passive BCIs, as
a third type, create an implicit communication interface i.e. the user does not
try to control his brain activity and instead assimilates to an input which can be
used to adapt control or applications towards the user’s affective state [21]. None-
theless, distinct frontiers between the different subcategories may yet be difficult
to establish. Prominent applications of implicit and explicit interaction include,
amongst others, adaptive automation, affective computing and video games.

Exogenous and endogenous BCIs distinguish one another from the nature
of signals used as an input. Whereas exogenous BCI uses external stimuli such
as visual or auditory evoked potentials (VEP or AEP, respectively) to induce
neural activity, endogenous BCl is based on self-regulation of brain rhythms, i.e.
does not require any external stimuli [22]. The advantage of using endogenous
over exogenous BCIs results from the restriction of exogenous BCIs to present
predefined control choices instead of voluntary cursor control in a two-dimen-
sional space, as in the case of an endogenous BCI. Relying on internal brain
signal regulation also benefits to applications for users with advanced stages of
ALS who show sensory impairments.

Synchronous and asynchronous BCI approaches rely on different data pro-
cessing modalities as the basis of operation. Synchronous interfaces allow user
interaction only in fixed time windows, specified by the BCI (system initiation).
Most BCI systems use evoked responses with determined stimulus onset and
duration time as a trigger for initiation, therefore making exogenous control
interfaces a suitable candidate for synchronous configurations. However, syn-
chronous paradigms also allow even endogenous inputs to be used when precise
correlation is not needed [23]. Another advantage of synchronous interfaces is
that they simplify the design and evaluation of the signal by simply disregarding
any brain activity outside the set time window and mental activity is known
in advance as associated with specific cues [24]. Asynchronous interfaces do
not make use of time windows, hence the user performs a mental task to trig-
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ger the interaction (user-initiation). This allows for self-paced interaction and
thus offering a more natural mode of communication in comparison to its syn-
chronous counterpart. Nonetheless, because of the continuous analysis of brain
signals endogenous inputs require high recognition rates for mental tasks to be
performed to avoid “false positive” errors. For general-purpose-problems, asyn-
chronous interfaces show promising results but for interactions involving dis-
crete selections in a timed window, synchronous paradigms are best suited [23].

Signal Enhancement: Artifact Reduction

Regarding the non-linear, noisy nature of EEG signals, they pose additional
challenges to be dealt with to increase the performance of BCIs. Signal contam-
inations, also referred to as artifacts, can be of various origin and can be broadly
classified into two classes: non-physiological (or technical) artifacts and those of
physiological nature. Artifacts of non-physiological nature include power-line
interference, changes in electrode impedances, etc., whereas the physiological
artifacts are usually associated with ocular, muscular and heart activity, hence
referred to as electrooculography (EOG), electromyography (EMG) and electro-
cardiography (ECG) artifacts respectively [25]. EOG artifacts are caused by eye
movements or blinking each of which produces distinct amplitude patterns over
brain signals. Electrocardiography artifacts result from rhythmic heart muscle
contractions and introduce cyclic signal patterns in the EEG. Finally, EMG sig-
nal disturbances occur with muscular activity and can have large impacts on
the EEG signal quality. Research has shown, that at particular locations of the
scalp, i.e. frontal, temporal and occipital regions, EEG signals can even be sur-
passed by EOG and/or EMG activity [26, 27].

Handling noise sources can be approached in several ways and the choice
of method will often depend on the nature of the artifact aimed to be reduced.
Among simple methods exist artifact avoidance and artifact rejection which
refer to ways and means to obtain cleaner signals by, for instance, asking the
subject not to move or blink throughout the experiments, or having an expert
system looking at parts of the signal to discard [28]. More effective approaches
are those of automated artifact detection algorithms to deal with inherent epoch
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contamination, given that artifact amplitudes are high enough. Common sto-
chastic methods for removing artifacts are Blind Source Separation (BSS), Prin-
cipal or Independent Component analysis (PCA, ICA), Canonical Correlation
Analysis (CCA) as well as linear filtering and regression models [3]. Besides, de-
terministic methods such as Empirical Mode Decomposition (EMD) and wave-
let transform (WT) have been successfully utilized for EMG and partially EOG
rejection [25, 29, 30]. Results show that the performance of artifact correction
methods strongly depend on the level of contamination and of the fundamental
EEG signal source configurations and therefore need to be chosen carefully. In
comparison to rejection methods, artifact removal intends to remedy contam-

inated signals while keeping the underlying neurological phenomenon intact.

Signal Processing: Emotion Recognition Algorithms

The fundamental aim of EEG-based BCI is to turn mental activity into com-
mand outputs for a computer to carry out the user’s intent. Popular approaches
in achieving this aim are the use of classification algorithms (e.g. neural net-
works) in comparison to lesser used regression models (e.g. classical statistical
analysis) [31]. Given the nature of a BCI as a pattern recognition system, it dis-
criminates sets of brain patterns into different classes according to its features
(or targets). These features are derived from inherent signal properties contain-
ing discriminative information to reflect similarities from a particular class and
distinguishes it from other classes. In point of fact, the overall performance rate
of a BCI depends on the effective combination of both, feature extraction and
classification methods.

Over the course of research many methods to extract features from EEG
data sets have been thought up which can be largely categorized into four
groups: (i) spatial, (i), time-frequency, (iv) statistical, and others (v). Because
brain signals are often measured through multiple channels, not all collected
information from selected channels may be relevant for the extraction of fea-
tures. Dimension reduction techniques such as principal component analysis
(PCA) or independent component analysis (ICA) may become applicable to sort
out notoriously redundant and extract relevant features by also reducing the
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computational load. Other approaches divide signals into small segments to
estimate their individual parameters. Nevertheless, the length of the segment
often affects the accuracy of estimated features, thus aggravating classification
results [3]. The following Tables 3 and 4 outline some of the most frequently
used feature extraction and selection algorithms for BCIs by also listing inher-
ent properties and BCI applications. Presented material has been partially ad-
opted from [3] and further extended.

One of the key factors for the classification performance of acquired data
subsets is feature selection. In this process, irrelevant and redundant features
are removed by retaining a crucial set of features sufficient enough to make a
good classification possible. Besides, it inherently reduces the data dimensionali-
ty which has the positive effect of accelerating the classification process as well as
to produce a more compact classification rule [48]. A set of common feature se-
lection methods and their attributed characteristics is listed in Table 3 and partly
adapted from [3]. Individual operation principles will not be presented here.

Table 3: Summary of feature extraction methods according to their category.

Cat. | Advantages | Disadvantages | Applications
Principal Component Analysis (PCA) [32]
o Linear transformation « No guarantees always a good
o Set of possibly correlated observations classification
is transformed into a set of uncorrelated |« Standardized data, i.e. mean is
variables zero and the unbiased estimate
= |+ Optimal representation of data in terms of | of variance is unity, is required to
'% minimal mean-square-error work properly
S|+ Valuable noise and dimension reduction |+ Has problems of removing higher
E method. PCA requires that artifacts are order correlation and interde-
S| uncorrelated with the EEG signal pendencies of variables.
% Independent Component Analysis (ICA) | [33,34]
El. Splits a set of mixed signals into its
= sources  May corrupt the power spectrum
« Mutual statistical independence of under- |« Scale of resulting is not the same
lying sources is assumed as original data
« Powerful and robust tool for artifact  May lead to local minimum solu-
removal. Artifacts are required to be inde- | tion in praxis
pendent from the EEG signal
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Cat. | Advantages

| Disadvantages

Applications

Spatial

Common Spatial Filter (CSP)

(35]

o Spatial filter designed for 2-class prob-
lems. Multiclass extensions exist

« Good result for synchronous BCIs. Less
effective for asynchronous BCIs

Its performance is affected by the
spatial resolution. Some electrode
locations offer more discrimina-
tive information for some specific
brain activities than others

AutoRegressive (AR)

|[36,37]

o Spectrum model
« High frequency resolution for short time

Not suitable for non-stationary
signals

Optimal model order is not
known a priori

It is readily susceptible to heavy
biases and even large variability

Matched Filtering (MF)

| [38,39]

« Detects a specific pattern on the basis of
its matches with predetermined known
signals or templates

« Suitable for detection of waveforms with
consistent temporal characteristics

Computational cost, especially
when computed at multiple scales

Higher-Order Crossings

| [40]

Temporal

« Ability to recognize nonlinear couplings
between phases, i.e. distinguishes between
superimposed frequencies

» Noise suppression

Highly dependent on the domi-
nancy of certain frequency in a
specific sub-band of the whole
frequency spectrum

Fast Fourier Transform

| [41]

« Good tool for stationary signal processing

o It is more appropriate for narrowband
signal, such as sine wave

o It has an enhanced speed over virtually
all other available methods in real-time
applications

Weakness in analysing non-sta-
tionary signals such as EEG
Weak spectral estimation and
cannot be employed for analysis
of short EEG signals

Suffers from large noise sensitiv-
ity, and it does not have shorter
duration data record

Short Time Fourier Transform (STFT)

[ [42]

« Suitable for time-frequency analysis

Trade-off between time and
frequency resolution
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Cat. | Advantages

Disadvantages | Applications

Wavelet Transform (WT)

[43,44]

« Provides both frequency and temporal
information
Suitable for non-stationary signals

It has a varying window size, being broad

May pose high computational and
memory requirement
Needs proper mother wavelet

Requires less computation than SBS

g at low frequencies and narrow at high selection
8| frequencies
1 Power Spectral Density (PSD) | [45]
Only requires a finite sample data to gen- | Sensitive towards outliers
eratz . \?alue P 8 o Trade-off between spectral reso-
. . lution of bias and variance of the
« Easy implementation estimate
Analysis of Variance (ANOVA) | [46]
. eAS\;(SnisS toit;lerror accumulation in hypoth- « Must satisfy sphericity assump-
5 . tion in a repeated measures
« Does not perform multiple tests .
= . ANOVA design

S|« Interactions between more than one factor

.g or independent variable can be revealed

g Statistical Features (SF) | [47]

« Very simple to implement o Very prone to noisy data and
o Various statistical features can be com- outliers
puted (mean, variance, st & 2nd differ-
ence, standard deviation)
Table 4: Summary of feature selection methods.
Advantages | Disadvantages | Applications
Genetic Algorithm (GA) [49, 50]
Solves problems with multiple solutions Pgsmble premature convergence
) High resource consumption
. | Fisher Projection (FP) | [51]
5] .

3 | Minimizes within-class variance and Ca.n only be apphefi to full rank data
< S . Prior PCA computing may be neces-
& | maximizes inter-class variance
2 sary

§ Sequential Forward Selection (SFS) | [52]

Suboptimal methods

Once a feature is retained, in cannot
be discarded; nesting problem (SFS)
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Advantages | Disadvantages | Applications
Sequential Backward Selection (SBS) [53]
Works best when the optimal feature sub- | Suboptimal methods
set has a large number of features Nesting problem
Sequential Floating Forward Search (SFFS), modified [54]
versions of SFS/SBS

Based on plus I-take away r algorithm Outperformed by other selection
Partially overcome the deficiencies of SFS/SBS | methods when dealing with problems
Flexible backtracking capabilities of higher complexity

Feature selection

For real-time (on-line) applications, a general objective is to keep computa-
tional loads minimally by classifying more emotions with fewer electrode chan-
nels used. With regard to emotion recognition algorithms, yet most systems rely
on offline simulations, some of which are summarized in Table 7, comparing
feature extraction types and classification methods by the emotion types recog-
nized and achieved accuracy. To date, there are many developed approaches to-
wards emotion classification, however, the most used algorithms can be divided
into four categories: (i) linear and (ii) nonlinear classifiers, (iii) neural networks,
(iv) combinations of classifiers. Given the brevity of this chapter, individual de-
scriptions and analysis will not be provided here.

In general, linear, as compared to nonlinear classifiers usually exhibit supe-
rior robustness when handling emotion data sets due to the reduced number of
parameters to specify [3]. This reduces the chance of over-fitting the data espe-
cially when the knowledge about the data is limited and tune parameters cannot
be well estimated. Noisy data and outliers may decrease the signal quality sig-
nificantly for which even linear systems can fail. Regularization, at this point,
may help to bound the impacts of noise and outliers, as well as reducing the
classifier complexity [3]. However, facing large data sets where little is known
about its properties, nonlinear methods are better suited finding underlying
data structure. Popular linear classification methods, amongst others, include
(Bayesian ) Linear Discriminant Analysis ([B]LDA), Fisher Discriminant Anal-
ysis (FDA) and Support Vector Machines (SVMs) [33]. In learning nonlinear
decision boundaries between classes, various methods have been developed and
applied for various types of BCIs. Frequently used nonlinear classifiers in EEG-
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BCI are: k-nearest neighbours (k-NN), learning vector quantisation (LVQ), ker-
nel SVMs, quadratic discriminant analysis (QDA), Mahalanobis distance (MD)
and higher order crossings (HOC). Information about their respective descrip-
tion and application can be retrieved from works summarized in Table 5.

Another powerful tool for finding nonlinear decision boundaries of classes
are so called artificial neural networks, ANN, and essentially mimicking the hu-
man brain structure of interconnected neural nets to process information. The
most common application of neural networks is that of supervised classification
with the MultiLayer Perceptron (MLP) being the most popular architecture [31].
Despite the popularity of MLP, several other neural network architectures have
been developed based on various approaches, e.g. LVQ, Fuzzy ARTMAP, Radial
Basis Function (RBF) and Multiple Back-Propagation (MBP) methods [31, 69].

Although most research efforts have investigated in single unit classifiers,
recent trends show increased interest in assembling different classifiers in vari-
ous ways. Novel classifier combination strategies propose cascading translation
algorithms to reduce error margins, class voting, or meta-classification which
are referred to as Boosting, Voting and Stacking, respectively [31].

Table 5: Accuracy of classifiers in offline emotion recognition based BCI.

Protocol Data Set | Pre-processing | Features | Classification | Accuracy | Ref.
' 1-100Hzband- |, o\ 0s SVM 92.7342.09% | (55,
4 emotions pass, 60 Hz
notch, EOG pSD24 MLP 69.69% 56]
. ANOVA ~ 80% for all
4 emotions Low passed .
on valence/ Normalized SES LDA classifiers
= . SBS kNN Up to 92% [57]
& | Pre-labelled arousal Artifact reduc- .
2 . . PCA MLP with feature
5 | emotional model tion (EMG) . .
= music Fisher reduction
= Valence:
94.86£1.76%
4 emotions STFT, 50% han- PSD Multi-class Arousal: [58]
ning window ASM12 SVM 94.43+2.12%
All:
90.52+2.16%
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Protocol Data Set | Pre-processing | Features | Classification| Accuracy | Ref.
5 emotions SF QDA 62.3%
onvalence/ | Band-pass but- WT kNN 67.81% (9]
arousal terworth SVM 83.33%
) HOC
‘ scale MD <50%
Afffectlve individual fea-
aces tures: 49.17%
_ 0,
4 emotions | Not mentioned SF NN 85.'00é [60]
Combination:
50.83% -
90.00%
Affective Band-pass STFT TBM [61]
. . 4-45Hz, Lapla-
pictures 3 emotions .
_ cian reference ST QDA 76.66% [62]
5 signal
)
= Arousal:
0y
IAPS 6 emotions | Not mentioned None MLP 96.58% [63]
Valence:
89.93%
0f - 0,
. Fisher DFA 80 A), 0%
Guided for different
, o PSD QDF
imagery 8 emotions Normalization + subsets (64,
technique Smoothing SFES 65]
DFA 81.25% for all 8
(601 SFES-FP QDF emotions
(hybrid)
Arousal:
0
TIAPS 6 emotions | Not mentioned None MLP 96.58% [66]
Valence:
89.93%
Band-pass Alpha/ Modality:
L . o
LAPS & 4 emotions limited to a and | beta ratio EDA 82.1% (67]
. IADS B frequencies + band Arousal: 92.3%
§ PCA power Valence: 92.3%
* kNN 79.14%
S 6 emotions SL.+ . WT ? [68]
g Normalization SF LDA 74.52%
< duced Hped § kNN 71.6%
In u.ce . Y | 6 emotions Normalize . or None DFA 74.3% [69]
movie clips each emotion
MBP 83.7%
SVM 41.7% | For5
_ NN 31.7% | emo-
~ 3 .
2 | Multi-modal | 5 emotions 50 Hz low-pass SF SVM 66.7% | U1ons [70]
g filter For 3
= NN 63.9% | emo-
= tions
. . FFT, WT, .
4 emotions | Not mentioned PCA, S NN 67.7% [71]
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Future Trends

Given the pace of research and technical advances in processing and transla-
tion of brain signals, there is incredible potential for EEG-based BClIs to be em-
bracing new user groups with new application possibilities in the future. However,
near term developments are yet likely remain focused on the ‘classical’ purpose of
BClIs, i.e. the direct accomplishment of user-oriented tasks in which the BCI is the
primary interface of interaction or directly support the task the user is performing
without BCl interaction [2]. Advances in sensor technologies, analysis algorithms,
multi-aspect, brain sensing, artificial intelligence, computing algorithms and en-
vironment through pervasive technologies, will make future task-oriented BCIs
capable of collecting and analysing brain data for prolonged periods and are an-
ticipated to become ascendant in many aspects of life [72].

Although not being entirely new, recent endeavours have shown the various
possibilities of ‘fusing’ BCI methods, modalities, or entire BClIs, in an effort to
enhance accuracy, speed and robustness of BCI systems [73]. Ideally, an effec-
tive way for hybrid BCIs or hBClIs is to combine all possible control channels
decisions and weighting the contribution of each modality to form a general
output, i.e. an estimation of the user’s intent. In estimating the weights, super-
vision signals such as mental states (e.g. attention level, tiredness) and physio-
logical parameters (e.g. muscular fatigue) can be used as control organs. Pre-
liminary studies in this regard have been recently reviewed by [74] to develop
hBClIs introducing multiple brain signals alone or in combination with other
biosignals. As outlined in [73,74] current trends reveal a strong tendency to-
wards self-adapting (h)BCls in which the user can dynamically switch between
interaction channels he/she thinks is best or through the intelligent recognition
of the BCI to adapt itself by means of mental or cognitive state recognition, au-
tomatic choice of EEG phenomena, etc.

Yet, the most prevalent user-group encouraged from the inherent need of
assistive technologies are moderately to severely disabled individuals suffering
from neurological neuromuscular impairments. Areas of intensive research for
these people include communication and development, control, assistive prod-
ucts (AP), motor substitution and motor recovery [73]. An example for com-
munication and development is the use of EEG-based BCIs in autism research

334



TOWARD EEG-BASED EMOTION RECOGNITION USING BRAIN COMPUTER INTERFACES
— M. Trauernicht, J. Castillo, A. Cortrina, C. Goulart, A. Pomer and T. F. Bastos Filho

helping children with autism spectrum disorder to interact with their environ-
ment and simultaneously studying their mental and cognitive processes to im-
prove intervention programs [74]. Other examples include P300-based speller
applications with binary decisions made by the BCI, the control of wheelchairs
or ‘helper’ robots, games and virtual realities as well as for cognitive diagnostics
and rehabilitation [23].

Another recently illuminated area of research involves the recognition of the
user’s cognitive processes and mental states (e.g. tiredness, mental workload, at-
tention as well as stress level) in an attempt to make the assistive BCI more reac-
tive and less cognitively demanding for the user. As an example, interaction com-
plexity of the interaction can be adapted by the onset of high mental workload
or stress level recognized by the BCI or can use switching mechanisms to allow
for alternative interaction pathways (e.g. muscle-based) to take over. First steps
in this direction have been attempted by [75] and [76] evaluating and computing
stress-related emotional states to be applied in (Passive-ss)BCls, respectively.

Recommendations

Considering the complexity of an EEG-based BCI as a whole and the vari-
ous technical and challenges associated to employing BCI control for real-world
tasks, making predictions and recommendations is a difficult endeavour. None-
theless, in summarizing this work, we can arrive at a number of observations
and recommendations to be potentially considered in future BCI designs and
research associated.

Identifying the particular roles of modalities in a multi-modal hybrid BCI
approach and estimating the reliability of each channel can lead to a more nat-
urally adapting design. Error-related potentials, when reliably recognized and
corrected, can be used to reduce the weights associated with each channel, and
thus potentially improving the performance and adaptivity of the BCI system.
Also, when changes in the system configuration or adaptions of algorithms have
been performed, offline training data from previous training and test sessions
can be used to verify possible enhancements by comparing the old against the
new system performance.
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In P300 studies, it appears worthwhile to investigate in possible variations
of event-related potentials (ERPs) when using identical stimuli in different emo-
tional states, recognized by the BCI. It may occur that stimuli responses are
identical in supposedly different mental states or they may alter greatly. To this
end, it is also interesting to find out fundamental user-related differences be-
tween ERPs, input modalities, and the like.

Passive-BClIs reveal potential to be used ‘outside” laboratory conditions to
obtain information about the cognitive processes and mental states directly as-
sociated with the users environment. Feeding back this information to control
channels or using it to improve the information transfer rates can be beneficial-
ly for any type of BCI.

Other, more general recommendations include the encouragement of in-
teraction with other research groups and fields. Embracing opportunities to
share data, software, results, experience, knowledge and active communication
should be identified earlier. Furthermore, it is highly recommended for research
groups to address identified needs and expectations of specified target groups
through extensive testing in field settings to learn fundamental and inherent
challenges when dealing with real-world environments.

References

[1] Picard, R.W. and J. Klein, Computers that recognise and respond to user emotion: the-
oretical and practical implications. Interacting with Computers, 2002. 14(2): p. 141-169.

[2] Allison, B.Z., et al., Towards Practical Brain-Computer Interfaces: Bridging the
Gap from Research to Real-World Applications. 2012: Springer.

[3] Nicolas-Alonso, L.E. and J. Gomez-Gil, Brain Computer Interfaces, a Review.
Sensors, 2012. 12(2): p. 1211-1279.

[4] Shepherd, G.M., Neurobiology. 1988: Oxford University Press.

[5] Wolpaw, J.R., et al., Brain-computer interfaces for communication and control.
Clin Neurophysiol, 2002. 113(6): p. 767-91.

[6] Rached, T.S. and A. Perkusich, Emotion Recognition Based on Brain-Computer
Interface Systems. Brain-Computer Interface Systems - Recent Progress and Future
Prospects. 2013.

336



TOWARD EEG-BASED EMOTION RECOGNITION USING BRAIN COMPUTER INTERFACES
— M. Trauernicht, J. Castillo, A. Cortrina, C. Goulart, A. Pomer and T. F. Bastos Filho

[7] Mellinger, J., et al., An MEG-based brain-computer interface (BCI). NeuroIma-
ge, 2007. 36(3): p. 581-593.

[8] Schalk, G. and E.C. Leuthardt, Brain-Computer Interfaces Using Electrocorti-
cographic Signals. Biomedical Engineering, IEEE Reviews in, 2011. 4: p. 140-154.

[9] Santhanam, G., et al.,, A high-performance brain-computer interface. Nature,
2006. 442(7099): p. 195-198.

[10] Schwartz, A.B., et al., Brain-Controlled Interfaces: Movement Restoration with
Neural Prosthetics. Neuron, 2006. 52(1): p. 205-220.

[11] Jasdzewski, G., et al., Differences in the hemodynamic response to event-related
motor and visual paradigms as measured by near-infrared spectroscopy. NeuroIma-
ge, 2003. 20(1): p. 479-488.

[12] Teplan, M., Fundamentals of EEG measurement. Measurement science review,
2002.2(2): p. 1-11.

[13] Klem, G.H., et al., The ten-twenty electrode system of the International Federa-
tion. The International Federation of Clinical Neurophysiology. Electroencephalo-
graphy and clinical neurophysiology. Supplement, 1999. 52: p. 3-6.

[14] Chatrian, G.E., E. Lettich, and P.L. Nelson, Ten percent electrode system for
topographic studies of spontaneous and evoked EEG activities. American Journal of
EEG Technology, 1985. 25(2): p. 83-92.

[15] Oostenveld, R. and P. Praamstra, The five percent electrode system for high-
-resolution EEG and ERP measurements. Clinical Neurophysiology, 2001. 112(4):
p. 713-719.

[16] Blankertz, B., et al., The non-invasive Berlin Brain-Computer Interface: fast
acquisition of effective performance in untrained subjects. Neuroimage, 2007. 37(2):
p. 539-50.

[17] Blankertz, B., et al., The BCI competition 2003: Progress and perspectives in
detection and discrimination of EEG single trials. IEEE Transactions on Biomedical
Engineering, 2004. 51(6): p. 1044-1051.

[18] Sellers, E.W. and E. Donchin, A P300-based brain-computer interface: Initial
tests by ALS patients. Clinical Neurophysiology, 2006. 117(3): p. 538-548.

[19] Zander, T., et al., Enhancing Human-Computer Interaction with Input from
Active and Passive Brain-Computer Interfaces, in Brain-Computer Interfaces, D.S.
Tan and A. Nijholt, Editors. 2010, Springer London. p. 181-199.

337



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

[20] 15th International Conference on Human-Computer Interaction, HCI Interna-
tional 2013, 2013.

[21] George, L. and A. Lécuyer. An overview of research on “passive” brain-compu-
ter interfaces for implicit human-computer interaction. in International Conference
on Applied Bionics and Biomechanics ICABB. 2010. 2010.

[22] Kleber, B. and N. Birbaumer, Direct brain communication: Neuroelectric and
metabolic approaches at Tiibingen. Cognitive Processing, 2005. 6(1): p. 65-74.

[23] Tan, D.S. and A. Nijholt, Brain-Computer Interfaces: Applying Our Minds to
Human-Computer Interaction. 2010: Springer.

[24] Tsui, C. and J. Gan, Asynchronous BCI Control of a Robot Simulator with Su-
pervised Online Training, in Intelligent Data Engineering and Automated Learning
- IDEAL 2007, H. Yin, et al., Editors. 2007, Springer Berlin Heidelberg. p. 125-134.

[25] Fatourechi, M., et al., EMG and EOG artifacts in brain computer interface sys-
tems: A survey. Clinical Neurophysiology, 2007. 118(3): p. 480-494.

[26] Vaughan, T.M., et al., EEG-based communication: Analysis of concurrent EMG
activity. Electroencephalography and Clinical Neurophysiology, 1998. 107(6): p.
428-433.

[27] Fatourechi, M., et al., EMG and EOG artifacts in brain computer interface sys-
tems: A survey. Clinical Neurophysiology, 2007. 118(3): p. 480-494.

[28] Vigdrio, R.N., Extraction of ocular artefacts from EEG using independent
component analysis. Electroencephalography and Clinical Neurophysiology, 1997.
103(3): p. 395-404.

[29] Safieddine, D., et al., Removal of muscle artifact from EEG data: comparison
between stochastic (ICA and CCA) and deterministic (EMD and wavelet-based)
approaches. EURASIP Journal on Advances in Signal Processing, 2012. 2012(1): p.
1-15.

[30] Mammone, N., E La Foresta, and E.C. Morabito, Automatic artifact rejection from
multichannel scalp EEG by wavelet ICA. IEEE Sensors Journal, 2012. 12(3): p. 533-542.

[31] Lotte, E, et al., A review of classification algorithms for EEG-based brain-com-
puter interfaces. ] Neural Eng, 2007. 4(2): p. R1-R13.

[32] Lin, C.J. and M.H. Hsieh, Classification of mental task from EEG data using
neural networks based on particle swarm optimization. Neurocomputing, 2009.
72(4-6): p. 1121-1130.

338



TOWARD EEG-BASED EMOTION RECOGNITION USING BRAIN COMPUTER INTERFACES
— M. Trauernicht, J. Castillo, A. Cortrina, C. Goulart, A. Pomer and T. F. Bastos Filho

[33] Li, K., et al. Single trial independent component analysis for P300 BCI system.
20009.

[34] Flexer, A., et al., Using ICA for removal of ocular artifacts in EEG recorded
from blind subjects. Neural Networks, 2005. 18(7): p. 998-1005.

[35] Grosse-Wentrup, M. and M. Buss, Multiclass common spatial patterns and in-
formation theoretic feature extraction. IEEE Transactions on Biomedical Enginee-
ring, 2008. 55(8): p. 1991-2000.

[36] Krusienski, D.J., D.J. McFarland, and J.R. Wolpaw, An evaluation of autore-
gressive spectral estimation model order for brain-computer interface applications.
Conference proceedings : ... Annual International Conference of the IEEE Engine-
ering in Medicine and Biology Society. IEEE Engineering in Medicine and Biology
Society. Conference, 2006. 1: p. 1323-1326.

[37] Wang, J., et al. Feature extraction of brain-computer interface based on impro-
ved multivariate adaptive autoregressive models. 2010.

[38] Krusienski, D.J., et al., A p-rhythm matched filter for continuous control of
a brain-computer interface. IEEE Transactions on Biomedical Engineering, 2007.
54(2): p. 273-280.

[39] Brunner, C,, et al., Improved signal processing approaches in an offline simula-
tion of a hybrid brain-computer interface. Journal of Neuroscience Methods, 2010.
188(1): p. 165-173.

[40] Hosseini, S.A., et al. Higher order spectra analysis of EEG signals in emotional
stress states. 2010.

[41] Kim, M.K,, et al., A review on the computational methods for emotional sta-
te estimation from the human EEG. Computational and Mathematical Methods in
Medicine, 2013. 2013.

[42] Yuan-Pin, L., et al., EEG-Based Emotion Recognition in Music Listening., 2010,
IEEE Trans. Biomed. Engineering. p. 1798-1806.

[43] Bostanov, V., BCI competition 2003 - Data sets Ib and IIb: Feature extraction
from event-related brain potentials with the continuous wavelet transform and the
t-value scalogram. IEEE Transactions on Biomedical Engineering, 2004. 51(6): p.
1057-1061.

[44] Mason, S.G. and G.E. Birch, A brain-controlled switch for asynchronous control
applications. IEEE Transactions on Biomedical Engineering, 2000. 47(10): p. 1297-
1307.

339



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

[45] Murugappan, M., et al., An investigation on visual and audiovisual stimulus ba-
sed emotion recognition using EEG. International Journal of Medical Engineering
and Informatics, 2009. 1(3): p. 342-356.

[46] Allison, B.Z., et al., Towards Practical Brain-Computer Interfaces: Bridging the
Gap from Research to Real-World Applications. 2012: Springer.

[47] Wang, X.-W,, D. Nie, and B.-L. Lu, EEG-Based Emotion Recognition Using Fre-
quency Domain Features and Support Vector Machines, in Neural Information Pro-
cessing, B.-L. Lu, L. Zhang, and J. Kwok, Editors. 2011, Springer Berlin Heidelberg. p.
734-743.

[48] Hall, M.A., Correlation-based Feature Selection for Discrete and Numeric Class
Machine Learning, in Proceedings of the Seventeenth International Conference on
Machine Learning2000, Morgan Kaufmann Publishers Inc. p. 359-366.

[49] Dal Seno, B., M. Matteucci, and L. Mainardi. A genetic algorithm for automatic
feature extraction in P300 detection. 2008.

[50] Fatourechi, M., G.E. Birch, and R.K. Ward, Application of a hybrid wavelet fea-
ture selection method in the design of a self-paced brain interface system. Journal of
NeuroEngineering and Rehabilitation, 2007. 4.

[51] Doynov, P, J. Sherwood, and R. Derakhshani. Classification of imagined motor
tasks for BCI. 2008.

[52] Dias, N.S., et al., Feature selection on movement imagery discrimination and
attention detection. Medical and Biological Engineering and Computing, 2010.
48(4): p. 331-341.

[53] Lakany, H. and B.A. Conway, Understanding intention of movement from elec-
troencephalograms. Expert Systems, 2007. 24(5): p. 295-304.

[54] Townsend, G., B. Graimann, and G. Pfurtscheller, A comparison of common
spatial patterns with complex band power features in a four-class BCI experiment.
IEEE Transactions on Biomedical Engineering, 2006. 53(4): p. 642-651.

[55] Yuan-Pin, L., et al. Support vector machine for EEG signal classification du-
ring listening to emotional music. in Multimedia Signal Processing, 2008 IEEE 10th
Workshop on. 2008.

[56] Lin, Y.P, et al. Multilayer perceptron for EEG signal classification during liste-
ning to emotional music. 2007.

[57] Wagner, ], J. Kim, and E. André. From physiological signals to emotions: Imple-
menting and comparing selected methods for feature extraction and classification. 2005.

340



TOWARD EEG-BASED EMOTION RECOGNITION USING BRAIN COMPUTER INTERFACES
— M. Trauernicht, J. Castillo, A. Cortrina, C. Goulart, A. Pomer and T. F. Bastos Filho

[58] Wang, X.-W., D. Nie, and B.-L. Lu, EEG-Based Emotion Recognition Using
Frequency Domain Features and Support Vector Machines, in Neural Information
Processing, B.-L. Lu, L. Zhang, and J. Kwok, Editors. 2011, Springer Berlin Heidel-
berg. p. 734-743.

[59] Petrantonakis, P.C. and L.J. Hadjileontiadis. EEG-based emotion recognition
using hybrid filtering and higher order crossings. 2009.

[60] Yuen, C.T., et al., Effectiveness of statistical features for human emotions clas-
sification using EEG biosensors. Research Journal of Applied Sciences, Engineering
and Technology, 2013. 5(21): p. 5083-5089.

[61] Savran, A, et al., Emotion Detection in the Loop from Brain Signals and Facial
Images, 2006.

[62] Khalili, Z. and M.H. Moradi. Emotion recognition system using brain and pe-
ripheral signals: Using correlation dimension to improve the results of EEG. 2009.

[63] Haag, A., et al.,, Emotion Recognition Using Bio-sensors: First Steps towards
an Automatic System, in Affective Dialogue Systems, E. André, et al., Editors. 2004,
Springer Berlin Heidelberg. p. 36-48.

[64] Clynes, M., Sentics: the touch of emotions. 1977: Anchor Press.

[65] Healey, J.A., Wearable and Automotive Systems for Affect Recognition from
Physiology. 2000: Massachusetts Institute of Technology, Department of Electrical
Engineering and Computer Science.

[66] Picard, R.-W.,, E. Vyzas, and ]. Healey, Toward machine emotional intelligence:
Analysis of affective physiological state. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 2001. 23(10): p. 1175-1191.

[67] Oude Bos, D. EEG-based emotion recognition - The Influence of Visual and
Auditory Stimuli. in Capita Selecta (MSc course). 2006. University of Twente.

[68] Murugappan, M., R. Nagarajan, and S. Yaacob. Comparison of different wavelet
features from EEG signals for classifying human emotions. 2009.

[69] Nasoz, E, et al., Emotion recognition from physiological signals using wireless
sensors for presence technologies. Cognition, Technology & Work, 2004. 6(1): p. 4-14.

[70] Takahashi, K. Remarks on SVM-based emotion recognition from multi-modal
bio-potential signals. 2004.

[71] Ishino, K. and M. Hagiwara. A feeling estimation system using a simple electro-
encephalograph. 2003.

341



TECNOLOGIAS, TECNICAS E TENDENCIAS EM ENGENHARIA BIOMEDICA

[72] Lance, B. J., et al., Brain-Computer Interface Technologies in the Coming De-
cades. Proceedings of the IEEE, 2012. 100(Special Centennial Issue): p. 1585-1599.

[73] Milldn, J. D. R., et al., Combining brain-computer interfaces and assistive tech-
nologies: State-of-the-art and challenges. Frontiers in Neuroscience, 2010. 4(SEP).

[74] Pfurtscheller, G., et al., The hybrid BCI. Front Neurosci, 2010. 4: p. 30.

[75] Atencio, A.C., et al. Computing Stress-Related Emotional State via Frontal Cor-
tex Asymmetry to be Applied in Passive-ssBCL. 2014.

[76] Atencio, A., et al. EEG Evaluation During Emotional State Elicited by Unplea-
sant Sounds to be Applied in BCI. in Proceedings of the Fifth International Brain-
-Computer Interface Meeting 2013 2013. Graz University of Technology.

342



Toward a Rybrid Brain-
Computer Interface

Anibal Cotrina', Javier Castillo', Malte Trauernicht!, Maria Dolores P. de Sou-
za?, Andre Ferreira' and Teodiano Bastos'

" Post-Graduate Program in Electrical Engineering.
2 Post-Graduate Program in Psychology.

Federal University of Espirito Santo, Vitéria, Brazil.
E-mail: tfoastos@ele.ufes.br

Abstract

Brain-computer interface (BCI) provides a direct connection between the user’s
brain signals and a computer, generating an alternative channel of communication
that does not involve the traditional way as muscles and nerves. A BCI defines a
new input modality of human-computer interface (HCI), which could substitute or
add up to other input modalities like manual input. In order to improve the accu-
racy of BCIs, subjects can perform simultaneous or sequential tasks typically used
in two BCI approaches in a “hybrid” condition that combines both BCIs. Hence,
in a hybrid BCI, two types of BCI systems can be combined. Careful hybridization
allows to successfully integrate otherwise impractical BCI control into a practical
HCIs. In this chapter a combination of two tasks is introduced which could inspire
BCI systems that are more accurate than conventional BCIs, especially for users
who cannot attain the accuracy adequate for effective communication.

Keywords: BCI, hybrid BCI, passive-BCI, reactive-BCI, SSVEP-BCI, emo-
tion-based BCL.
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Introduction

Although presenting many advantages, BCI systems do not work for all
users [1], specifically when moving from controlled laboratory conditions to
highly varying real-world situations. Also, most current BCIs are highly sus-
ceptible to emotional states experienced by their users, since emotion plays ma-
jor role in perception, memory and attention, rational decision making, and
in human-machine interaction [2]. An integration of the existing knowledge
about factors that influence a BCI performance into a model of BCI-control
was presented in [3]. Four different aspects that contribute for BCI-control were
suggested: 1) individual characteristics of the BCI user, which include physi-
ological, neurological and psychological factors; 2) characteristics of the BCI
that comprises hardware and software components; 3) type of feedback and
instruction, including feedback modality, presentation within each modality
and instruction that is provided prior to the training; and 4) the BCI-controlled
application, which can range from simple two-choice to multiple-choice para-
digms for communication, neuro-prosthetic control, and clinical applications.
A new perspective on BCI has emerged [4], which suggests that not only vol-
untary self-regulated signals can be used as input, but also involuntary signals
might tell us something about the state of the BCI user (e.g. the emotional and
cognitive state). It is assumed that relevant features from these involuntary sig-
nals (also referred to as passive signals) can be extracted and used to adapt the
recognition algorithms of the BCI. In sum, the knowledge of the emotional state
influences brain activity patterns allowing the BCI system to adapt its recogni-
tion algorithms aiming the efficient interpretation of the user’s intentions.

In order to improve the accuracy of BCIs, subjects can perform simultane-
ous or sequential tasks typically used in two BCI approaches (like well known
steady state visual evoked potential (SSVEP) or emotion based BCI) in a “hy-
brid” condition that combines both BClIs. So, in a hybrid BCI, two types of BCI
systems can be combined. In [5] a categorization of BCIs into three types was
proposed: 1) active-BCIs whose outputs derive from brain activity, and is direct-
ly and consciously controlled by the user, therefore being independent of exter-
nal events; 2) reactive-BCIs whose outputs derive from brain activity arising in
reaction to external stimulation and is indirectly modulated by the user; and 3)
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passive-BCIs whose outputs derive from implicit information on the actual user
mental state and arises arbitrarily without the purpose of voluntary control.
The first two categories derive their outputs for controlling, and application and
the last one derive its output to improve human-environment interaction or
human-machine interaction. The performance of reactive-BCI and active-BCI
decreases when the user becomes stressed or bored, for example, because BCI
technology is prone to errors due to the changes in emotional states of the user.
However, one could use these errors as well as the information about the emo-
tional state of the user as potential data of a passive-BCls; in order to build a
hybrid BCI. A passive-BCI fuses BCI technology with cognitive monitoring,
providing valuable information about the user’s intentions, the situational in-
terpretations and mainly the emotional state. But, how does the computer rec-
ognize human emotional state? Affective computing studies and develops sys-
tems that can recognize, interpret, process, and even simulate human emotions.
Efficiently recognized human emotion states can be used to provide the user
a natural way to control the BCI. This way, machine learning is necessary for
feature based recognition of emotional states [6], and, careful hybridization can
allow successfully integrating otherwise impractical BCI control into HCIs.
The objective of this chapter is to introduce how the combination of tasks
could inspire hybrid BCI systems that are more accurate than conventional BCIs,
especially for users who cannot attain accuracy adequate for effective commu-
nication. In this sense, BCI is defined and categorized before to present a defini-
tion of hybrid BCI. Next, a hybrid BCI that combine SSVEP-BCI with Emotion-
al-based BCI is described. Finally, open questions and challenges are discussed.

Brain-computer interface

Brain-computer interfaces are new technology that could help to restore use-
tul functions to people severely disabled by a wide variety of devastating central
nervous system (CNS) and neuromuscular disorders and to enhance functions
in healthy individuals [7]. A BCI is a system that measures CNS activity and
converts it into artificial output that replaces, restores, enhances, supplements,
or improves natural CNS output and thereby changes the ongoing interactions
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between the CNS and its external or internal environment [8]. A BCI records
brain signals, extracts particular features from them, and translates the features
into new artificial outputs that act on the environment or on the body itself. The
output could replace natural output that has been lost for injury or disease, and
help to restore lost natural output of someone with a spinal cord injury whose
limbs are paralyzed. Also, it could enhance natural CNS output of someone who
is engaged in a task that needs continuous attention, and supplement natural
neuromuscular output of a subject who is able to control a robotic arm. In this
sense, recent years have seen BCI applications as a novel and promising new
channel of communication, control and entertainment not only for people with
disabilities but also for healthy people. All mental activity (for example, decision
making, intending to move, and mental arithmetic) is accompanied by exci-
tation and inhibition of distributed neural structures or networks. It produces
various phenomena that can be measured using appropriate sensing technology.
Consequently, it can base a BCI on electrical potentials, magnetic fields, or met-
abolic/hemodynamic recordings. Electrical potential measurements include ac-
tion and field potentials which can be recorded through invasive and non-inva-
sive techniques. Non invasive techniques are given by Electroencephalographic
(EEG) and Magnetoencephalographic (MEG). Hemodynamic measurements
include functional magnetic resonance imaging (fMRI), positron emission to-
mography (PET), and functional nearinfrared brain monitoring (fNIRS). Be-
cause of its high time resolution, noninvasiveness, ease of acquisition, and low
cost, EEG-based BCI is the preferred method in current BCI works. The type
of mental activities and their corresponding EEG signals are termed as electro-
physiological sources of control and the main sources are given by sensorimotor
rhythms [9], slow cortical potentials [10], the P300 event-related potential [11]
and event-related potentials [12] like SSVEP.

BCI categorization
The classical BCIs can be divided into directly and indirectly controlled

BClIs, according to direct communication or conscious modulated way, respec-
tively. Also, there are other ways to characterize BCIs. Thus, BCIs can be di-
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vided into dependent BCI, that employs brain signals that depend on muscle
activity, and independent BCI, that does not “depend” on muscle activity to
generate the crucial brain signals. In accordance with the way to record the
signal, BCIs can be divided into invasive and non-invasive. BCIs in classical
assessment occupy the role of providing information that is either reactively, in
which conscious control depend on external stimuli; or actively, in which con-
scious control arise independently of external influences. What is not covered
by classical notions, however, is information that is not consciously sent by the
user, spanning a large fraction of implicit user state. In this chapter a recent cat-
egorization proposed by [5] is adopted, that adds to active and reactive classical
categories, an important category for non-consciously information. These will
be outlined in the following.

o Active-BCI. Active-BCIs have outputs derived from brain activity,
which are directly and consciously controlled by the user, therefore be-
ing independent of external events. Active BCIs are based on users ac-
tively performing cognitive tasks, such as motor imagery (e.g. imagined
movement of the left hand or the right foot), imagined word association
and mental calculation. After the brain signals have been classified, they
are translated into a system command, such as turn left or right, stop or
continue. The match between mental task and resulting navigation ac-
tion is often arbitrary, violating the aim for intuitive navigation controls.

o Reactive-BCI. Reactive-BCls have outputs derived from brain activity
arising in reaction to external stimulation, which are indirectly modu-
lated by the user. Reactive BCIs in general are event driven and measure
brain responses to visual, tactile or auditory (probe) stimuli. These re-
sponses can be modulated by the user through focusing attention to the
stimulus of interest. The disadvantage is that the user depends on exter-
nal cues to give a command. The P300 and SSVEP are both features that
can be elicited in the EEG by focusing attention to a specific stimulus.

o Passive-BCI. Passive-BClIs have outputs derived from implicit informa-
tion on the actual user mental state, which arises arbitrarily without the
purpose of voluntary control. Traditionally, passive BCIs are aimed at
detecting changes in a cognitive states or an (affective) user state that
spontaneously occurs during task execution. This type of BCI is mainly
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applied to enhance or facilitate other tasks or interactions and not so
much for voluntary control. A broad spectrum of cognitive states can
be accessed with passive BCIs [5]. This includes latent cognitive state
(such as fatigue, vigilance, visual attention, or some emotional state) and
temporary cognitive events (such as surprise, decision-making load, or
perception of user/machine errors like error potentials (ErrP) [13]).

Hybrid-BClI

A hybrid-BCl is assembled by a collection of BCI systems that work together
to provide a communication pathway between the human brain and a comput-
er. It could combine active, reactive, and passive BCIs. Currently, it can be found
hybrid BCIs composed by two, that are combined simultaneously or sequential-
ly. In the simultaneous case both systems process the EEG signals in parallel. In
the sequential case the output of one system is used as the input of the other one.
Hybrids BCIs must include at least one component that fulfills the following
basic BCI criteria: provide volitional control, rely on brain signals, provide feed-
back, and work in on-line mode [17, 18]. Other components could fulfill criteria
as: improve bandwidth, confirm selections, or turn external stimuli off when is
not needed. This last criterion, known as brain-switch” is commonly used when
the user does not intend to send a command [21].

Although presenting many advantages, BCI systems have not reached the
universality, because they do not work for all users, specifically when moving
from controlled laboratory conditions to highly varying real-world situations.
One way to solve this problem is by developing a Hybrid-BCI, because one BCI
might convey the user intent if another BCI cannot. Combination of tasks could
improve the accuracy of an interface for users who cannot attain accuracy ade-
quate for effective communication [19]. A review of the current state of the art
and possible future developments, while discussing the main research issues in
these four areas can be found in [20]. Hybrids active-reactive, active-passive,
and passive-reactive BCIs are described below.
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EEG Active-BCI

—>» (ERD) EEG | Active-BCI » Reactive-BCI
—>  (ERD) FEG®|  (SSVEP)

EEG Reactive-BCI

g (SSVEP)
(a) (®)

EEG Active-BCI

—>| (ERD/ERS) EEG | Passive-BCI > Reactive-BCT |
—> (Emotion) EEG. (SSVEP)

EEG Passive-BCI

—
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Figure 1: Some examples of hybrid BCIs. (a) Simultaneous Active-reactive. (b) Sequential active

-reactive BCI (c) Simultaneous active-Passive BCI. (d) Sequential passive-reactive BCL

Active-reactive BCI It is composed by an active-BCI that can be based
on motor imagery and a reactive-BCI that can be based on SSVEP
or P300. In [19], a BCI that identifies imagined movements by using
event-related (de)synchronization (ERD/ERS) technique and a BCI that
identify the SSVEP pattern the visual attention of the user are combined
simultaneously (see Figure 1(a)). In [21], a BCI based on motor imagery
works as brain-switch because its output turns on/off the SSVEP stim-
uli of a reactive-BClI that is used to control an orthosis. Turning off the
SSVEP stimuli decreases the false positive rate because it avoids user
sends unintended commands. (See Figure 1(b)).

Passive-reactive BCI Figure 1(d) shows a Hybrid-BCI that combines
sequentially a passive-BCI based on emotional components identifica-
tion and a BCI based on SSVEP. Identifying of user’s emotional state
could improve or maintain the accuracy rate of the reactive-BCI. The
system can update the parameters of reactive-BCI when a specific emo-
tional state, like stress, is detected.

Active-passive BCI One of such hybrid BClIs is given by the combina-
tion of an active-BCI based on motor imagery and a passive-BCI based
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on ErrP. Computing of ERD/ERS and detecting of user’s error poten-
tials are performed simultaneously [22]. ErrP detection was used to fil-
ter out the erroneous responses of the system.

e Multimodal HCI A BCI system is able to be combined with another
assistive technology as an interface based on electromyogram signals
(EMGQG) or conventional interface like a keyboard. giving rise to mul-
timodal interface. One can debate if this type of system should be de-
fined as hybrid BCI. Although many authors use the term hybrid BCIs
if at least one of the input signals must be a signal recorded directly
from the brain [5], [19], [17]; in the rest of this chapter, this kind of inter-
faces will be called as multimodal HCI system. Figure 2(a) shows a si-
multaneous multimodal HCI in which heart rate data recorded during
simulated wheelchair control in an immersive virtual environment.
A tetraplegic patient had to “move” a wheelchair in a virtual street by
using brain commands. In particular, movement through the virtual
street was controlled by mentally induced EEG [23]. Figure 2(b) shows
a sequential multimodal HCI in whis the user turn on/off an SSVEP
stimuli generator via eye gaze [18].

EEG Active-BCI
—>| (ERD/ERS) Physiologic. » Reactive-BCI
(Eye gaze) EEG > (SSVEP)

ECG Physiologic.
2 (Hear rate)

(@) (b)

Figure 2: Multimodal HCIs. (a) Simultaneous multimodal HCI. (b) Sequential HCL.

A Hybrid BCI based on SSVEP and Emotional BCI

As shown in Figure 3, in this hybrid BCI the reactive BCI and the pas-
sive BCI are given by a BCI based on SSVEP and a BCI based on emotional
components, respectively. The BCI based on SSVEP detects and translates the
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elicited evoked potential from EEG signals registered at occipital region into a
command. Simultaneously the BCI based on emotional components identifi-
cation provides to the computer information about the emotional state of the
user by monitoring EEG signals on the frontal brain region. The system is then
switched to a “passive mode” when the success rate of SSVEP decreases due to
the emergence of an specific component of emotional state, like stress. In this
mode, some parameters of SSVEP could be adjusted in order to maintain or
recovering the accuracy. The results are promissory, because the accuracy of the
SSVEP-BCI can be recovered using techniques that enhance the searching of
the SSVEP peak in the amplitude or frequency response that can be used when
some emotional state was detected. These techniques are described below.

= PASSIVE BCI | REACTIVE BCI -
ﬁ \. (Emotion) (SSVEP) [ command

Flickering
Stimulus

BCI user Hybrid-BClI

Figure 3: Sequential hybrid BCI based on SSVEP and Emotional BCI.

BCIl based on SSVEP

An event related potential (ERP) used in many BCI systems is the visual
evoked response (VEP). This potential occurs involuntarily in response to a vi-
sual stimulus can be measured over brain occipital areas. Steady-State VEP or
SSVEP is a periodic response elicited by repetitive presentation of a visual stim-
ulus, with the same fundamental frequency as that of the flickering stimulus as
well as its harmonics [12]. Due to its outputs depend on a set external stimulus;
BCI based on SSVEP is categorized as a reactive BCI [5]. To send a command,
user is asked to gaze at particular flickering stimulus. Then, the increase in the
SSVEP amplitude at the frequency of the stimulus is detected in the EEG sig-
nals, which are further processed, classified and translated into a control com-
mands [24], [25], [26], [27].
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However, it is well known that BCIs, like SSVEP-based BClIs, are not suitable
for all users [28], [29], [30]. As there is a high variability in the signals recorded
between sessions or between subjects, and even within sessions (mostly due to
changes in context), an initial system calibration used for detecting patterns in
brain activity is necessary. The adaptation of the SSVEP-based BCI to the user
could be achieved changing some parameters of the BCI after evaluating the
accuracy rate or the internal state of the user. Two ways to recover the accuracy
of SSVEP are presented below:1) Adjusting the Amplitude of the SSVEP; and
2) Adjusting the Frequency of the SSVEP response, considering a sampled fre-
quency and a stimulus flickering frequency.

« Amplitude of the Response adjustment. The amplitude of the SSVEP
response of the EEG signals depends on the quantity of samples em-
ployed to perform the FFT transform. Figure 4(a) shows the normalized
amplitude spectra corresponding to these different ways using Ham-
ming window. If n = 200 samples (corresponding to 1 s of data length)
are considered, then the amplitude of the response is weak. So, this
kind of response will be more affected with changes in the user mental
states. The response becomes more robust when more samples are con-
sidered. Thus, SSVEP response peak will be strong when 800 samples
(corresponding to 4 s) are employed. In this sense, one way to maintain
the SSVEP potential amplitude could be achieved through adjusting
the data length of each trial. The number of samples increases the data
and the processing time, so this assessment maintains the success rate,
but reduces the information transfer rate. In practice, the length of the
samples is determined by a window function.
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Figure 4: Normalized amplitude spectra corresponding to different data lengths of the EEG

signal of the electrode O2 when the frequency of the stimulus was 6.4 Hz.

o Searching frequency adjustment. The frequency corresponding to
amplitude of peaks in the frequency domain is compared with stimuli
flickering frequencies to determine which stimulus was chosen by the
subject. However, it is common that the frequency of the peak (funda-
mental or harmonic) is slightly different to the stimulus frequency, or
other peaks appear at frequency domain as shown in Figure 5. To solve
this problem, Power Spectral Density Analysis (PSDA), which involves
processing in the frequency domain, was used to perform automatic
recognition of SSVEP responses of the target stimulus. If there is a peak
in the same frequency of the stimulus, the error will be zero. If the error
is not zero, the ratio will be small if the amplitude is high, and at dif-
ferent frequencies, the error will be small. In this case, fk and fh could
be adjusted. The power spectral density analysis around the stimulus
frequency is given by:

S — mP(f)
kIR PGirify W

usually expressed in dB; m is number of samples around the stimulus
frequency, and fr is the frequency resolution which depends on the Fou-
rier transformation. P(f, + if ) is the power density around the stimulus
frequency. In this study m = 60 was considered. So, given k-th stimulus
frequency fk, the closer peak response frequency f,, and the magnitude
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of the peak frequency P(f,), the following ratio of proportion was used.

It is given by:
[fk=Fhl
rate=———==.(2
P(fr) )
6.4 Hz SSVEP response - Electrode 02
0.02 —_ r

o
o
w
¥
1

Normalized amplitude spectra
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Frequency (Hz)

Figure 5: Normalized amplitude spectra SSVEP responses corresponding to ten trials (gray)
and its average curve (black) of the EEG signal of the electrode 02 when the frequency of the

stimulus was 6.4 Hz.

BCI based on Emotional Components

In psychology, emotion is often defined as a complex state of feeling that re-
sults in physical and psychological changes that influence the mental states and
behavior [31]. Emotionality is associated with a range of psychological phenom-
ena including temperament, personality, mood and motivation. But, how can a
computer recognize human emotional states? Affective computing studies and
develops systems that recognize, interpret, and process human emotions [32].
Currently, many affective computing techniques are being developed to recog-
nize human emotions based on face expressions [33], physiological reactions
like skin conductance [34] or electroencephalography (EEG) [35], [36]. In the
case of EEG signals, the asymmetry of the frontal lobe, given by the variation of
the alpha band power, is significantly associated with human emotional states
in which, high alpha band power in the right hemisphere is associated to nega-
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tive emotional states while high power in the left hemisphere is associated with
positive emotional states [37], [38].

« Evaluation of Emotional States. How does the volunteer evaluate their
emotional state? According to factors of theory of emotion study [39]
there is evidence that three dimensions, called basic emotional compo-
nents dimensions, are necessary and sufficient to define any emotional
state. To report its internal feeling states, volunteers always fill-out a
self-assessment form, in order to report this subjective state based on
three independent basic emotions, whose values comprising depen-
dent dimensions: 1) valence, which ranges from pleased to unpleased;
2) arousal, which ranges from calming to exciting; and 3) dominance,
which ranges from the uncontrolled and insecurity to controlled and
dominant. Table 1 shows the mean and the standard deviations of the
dimension values of some emotion terms considered as stress-related
emotion of N subjects.

Table 2: Stress-related emotional states in terms of valence, arousal and dominance (adapted

from [39]).
Valence Arousal Dominance
Term N Mean SD Mean SD Mean SD
Aggressive 28 0.41 030 0.63 0.25 0.62 0.24
Irritted 20 -0.58 0.16 0.40 0.37 0.01 0.40
Hate 28 -0.56 0.16 059 0.29 0.13 0.34
Hostiled 29 -0.42 031 0.53 0.36 0.30 0.32
Angry 29 -0.51 020 059 0.33 0.25 0.39
Enraged 29 -0.44 0.25 0.72 0.29 0.32 0.44
Cold anger 30 -0.43 0.29 0.67 0.27 0.34 0.44
Hostiled 30 -0.24 0.31 0.42 0.35 0.09 0.38

Frustrated 27 -064 018 052 037 -0.35 0.30
Distressed 27 -061 017 028 046 -0.36 0.21
Embarraised 29 -046 0.30 0.54 0.26 -0.24 0.40
Upset 30 -063 020 030 039 -0.24 0.24
Tense 30 -033 035 058 032 -0.11 0.39
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These mean values were plotted in a three dimensional valence-arous-
al-dominance space shown in Figure 6. One can see that all points but the point
corresponding to aggressive emotional state, are clustered in a region of the space.

Dominance
@
o

Arousal -1 Valence

Figure 6: Mean values (black circles) of stress related emotions terms at three dimensional space
with the corresponding projections (blue circumferences) at arousal-valence, valence-dominance

and arousal-dominance planes.

The self-assessment manikins (SAM) scale is used to self evaluate the user
emotional state (See Figure 7). The SAM scale is a non-verbal pictorial assess-
ment technique that directly measures basic emotions (pleasure, arousal, and
dominance) associated with a person’s affective reaction to a wide variety of
emotional stimuli. This scale is rated along a 9-point of each basic emotion [40].
In order to compare results obtained using the SAM scale with values of Table
1, normalize into +1 and -1 scale must be performed.
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Figure 7: Self-assessment SAM scales for levels of valence (above), arousal (middle), and domi-
nance (below). Adapted from [40].

o Computation of the Basic Emotions Although three basic emotion
emotions is being used to assess a specific emotion, in this section al-
gorithms to compute arousal and valence are described. Both values
can be used to modify BCI based on SSVEP parameters. Beta waves are
related to an alert state of mind, whereas alpha waves are more domi-
nating a relaxed person. Current research works have shown a relation
between alpha activity and brain inactivation, which also leads to the
same conclusion. Hence, the beta/alpha ratio could therefore been in-
teresting indication of the state of arousal the subject is in. On the other
hand, psychological research has shown the importance of the differ-
ence between the two cortical hemispheres. Left frontal inactivation is
an indicator of a withdrawal response, which is often related to a neg-
ative emotion [37]. Frontal electrodes (usually F3 and F4) are the most
used for looking for the alpha activity, as they are located above the
dorso-lateral pre-frontal cortex. Although the energy of the alpha and/
or beta rhythms are difficult to measure, some researchers suggest that
it could compute the hemispherical activation differences as indication
of affective valence in one trial.
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Thus, in [41], the arousal value was computed from the beta/alpha ratio as:

alpha,., +alpha,.,

arousal =
beta,., +beta,,

and valence value was calculated as:

alphay, alphay,

valence =
beta,,  beta,

Compute the components of emotion through brain rhythms using the
above equations would be of great importance as it could directly modify the
parameters of the reactive interface using the outputs of the passive interface.
Otherwise, it would have to find another way to characterize an emotion, also
based on alpha and beta rhythms.

Open Questions and Challenges

The question whether BCI technology could be applied in a useful way for
a broader sense of HCI can thus be answered positively. At least the framework
here presented of passive-reactive hybrid BCIs leads to a new and more efficient
way of interaction between human and machine. Future works should assess dif-
ferent combinations of input signals, possibly involving three or more signals.
One of the great challenges in hybrid BCI research is identifying the best combi-
nations of signals to accomplish desired goals. The optimal combination proba-
bly differs considerably across users and, in some situations, a BCI might not be
the best input mechanism. For a more comprehensive evaluation of hybrid BCIs,
factors including system complexity, cost, user workload have to be evaluated.

The work described here explored only the possibility that a hybrid BCI
could improve accuracy, and thereby universality. However, information trans-
fer rate (ITR) depends on the number of selections per minute and the number
of selections available, as well as accuracy. New categories and combinations for
hybrid BClIs are very exciting, but other future directions should be considered
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too. No work has addressed training with hybrid BCIs, which could improve
performance, reduce user’s workload, and enable combinations of two (or more)
approaches that would be unfeasible for novice users. Because some hybrid
BCIs would probably be more difficult to use, usability should also be explored
through questionnaires and perhaps EEG or other indices of workload or frus-
tration. Demographic information might help identify the best BCI approach
and parameters for each user. Alternate classification parameters and mecha-
nisms could also can be explored. A hybrid BCI also opens up new questions
regarding feedback. How should the BCI inform subjects of their performance
with two different systems? [19], [17], [18].0n the other hand. studies should
consider measures of mental workload, application of methods from the hu-
man factors, ergonomics, and neuro ergonomics to hybrid BCI research in order
to this research more from controlled laboratory conditions to highly varying
real-world situations to benefit people with motor disabilities. Aspect such as
mental demands, physical demands, temporal demands, performance, effort
and frustration are used for evaluated mental workload [42].

On the other hand, a suitable human-machine interaction can be proposed,
in which HCI based on a hybrid-BCI can be complemented with additional el-
ements, as shown in Figure 8. The Re-classifier monitors the accuracy of the
reactive-BCI, the autonomous interface take control of the machine when the
accuracy of the BCI is low by sending commands, like “Stop the machine”, “Re-
turn to previous stage” or “Return to the starting point”, to a control system.
The switch is activated by the re-classifier.
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Re-Classifier
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Figure 8: Human computer interaction composed by Hybrid BCI and autonomous interface.
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Abstract

Sensory substitution systems work by using a sensory modality to gather in-
formation normally acquired by another sense, and can be used in different ap-
plications, such as equipment for virtual reality, telesurgery, in proprioception of
artificial limbs and prosthesis, as an additional input channel for fighter jet pilots,
as orientation for navy divers in deep ocean, and the focus here, to improve the life
of handicapped people. Techniques for input channels are discussed, several works
are cited, and at the end, a system using electrotactile stimulation to pass visual
information for blind people is described.

Keywords: Sensory substitution, visual aids, blindness.

Introduction

According to CIF 2001 of WHO (World Health Organization), and ISO
standard 9.999, assistive technology or “technical aid” is “any product, instru-
ment, strategy, service and practices, used by handicapped or elderly people,
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specifically done or generally available to prevent, compensate or neutralize a
handicap or disadvantage and to improve the autonomy and quality of life of
individuals”. WHO mentions that “technologies such as wheelchairs, prostheses,
mobility aids, hearing aids, visual aids, and specialized computer software and
hardware increase mobility, hearing, vision and communication capacities, al-
lowing the people with a loss in functioning to be better able to live independently
and participate in their societies.” Here we show some of the ones created over
the years, both usual equipments in the commercial market, as well ones still
under research and development, which can be used as assistive technology.

Sensory substitution (SS) occurs when a sensory modality (e.g. vision) is used
to gather information normally acquired by another modality (e.g. audition). It
has been used for a long time, especially when deaf people do lip reading or blind
people use their touch to replace vision, mainly when reading Braille characters.
In theses cases training is necessary because contrary to people’s believes, the
loss of one sense does not automatically improve the remaining ones. [4]

Since the first works of Bah-Y-Rita’s group in the 60’s to pass visual infor-
mation to blind people using touch, several groups in the world have been work-
ing to improve the life of visually handicapped people, developing basic research
and SS equipments using using touch [9], [10], [33], [41], [5], [18], [54], [73], [56],
(6], [11], [8], [14], [47], [69], [70], [64], [65], [49], [54], or hearing like Meijer’s The
Voice [48], [68] and Amedi’s EyeMusic [46], [45], [1]. They also try to replace
hearing by touch [61], developing visual prosthesis towards an artificial retina
(73], [20], [23] or even trying to directly stimulate the cerebral cortex.[23]

There are also groups studying SS for artificial proprioception for use in
prosthesis, in virtual reality and telesurgery. [50], [5], [56], [61], [18], [24], [11],
[60], [62]. Sensory substitution systems are also largely used in haptic research
for telesurgery and for proprioception for use in prosthesis and orthosis in re-
habilitation. SS systems are used even as additional information channel for
tighter jet pilots tactile actuators (tactors) embedded in clothes of fighter jet pi-
lots. Another technology that could be used for blind people is the projection of
images at the retina of fighter jet planes, superposed over the regular image that
the pilot sees, allowing for additional information channel that allows the pilot
to literally look at the plane’s panel when he turns his head. It uses low power
lasers that could be used to people with age related macular degeneration, of
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night blindness, for example, which requires more light than normally to excite
its rods and cones. There already is projection on the helmets visor but pro-
jecting directly on the pilot’s retina is more natural. It is called RSD, or Retinal
Scanning Display, under development by the US company Micro Vision and
University of Washington [37].

Systems to aid visual handicapped people can be classified into two groups,
as electronic travel aids (ETA) and sensory substitution systems (SSS). ETA were
designed to provide users additional information so vision impaired people
wouldn’t need to rely on simple long canes or seeing dogs, or depend on some-
one else’s help. Several equipments and some researches are mentioned ahead.

Common Aids

Amongst the most used helping aids for the blind are low tech ones, like
the long cane, Braille writing guides and guides to sign checks [15], [52]. Other
equipments were more technological, like the Optacom and enhancing viewers.
The Optacom, shown in Figure 1, used a mini-camera and pins that raised just
like a Braille matrix. As it passed over a line of text it raised the corresponding
pins, but users preferred to regular Braille, because it took too much training
and was tiresome, because the formed image was of the regular letter, not the
Braille equivalent. It also used to cost more than 4 thousand dollars.

Theee Diode Lasers
.

Curb or Step

Figure 1: Optacon [52], and the laser cane and its cover area [51].

For low vision patients, commonly used are image enhancers based on
webcams or CMOS sensors, that send the image to be magnified at a computer
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screen or a TV. Some look like transparency projectors, others have the form
factors of computer mice. There are also software based enhancers that allow
the use of computers, but do not fit the problem of reading printed material.
There area several companies that make them, both in Brazil and abroad.

To allow blind people to use computers there are also programs to read text,
like DosVox and Jaws, but they are not the focus of this chapter. Braille lines are
commercially available to supply a whole line of text to the Braille user, but they
are still too expensive. Each Braille character can cost more than 80 (eighty) dol-
lars, so a complete 80-character line can cost a few thousand dollars [15], [52].

Other common devices are speaking watches, color markers for identifying
clothes, raised material like compasses, watches, rulers, speaking calculators
and color readers.

The Laser Cane and the Polaron were made by Nurion Industries of Penn-
sylvania, it is a regular long cane with a laser distance estimator, shown in figure
1. Similar to sonar, it sends a signal and measures the time till it comes back,
estimating the distance. There are three laser beams to detect obstacles in the
floor, at waist level and head level. The same company also makes the Polaron,
in the flash light form, similar to use to the laser cane, but based on ultrasound.

The MOWAT sensor is similar to Polaron, also in the flash light format.

The Sonic Guide is a system composed of glasses with attached ultrasound,
created by Leslie Kay in 1984. It transfers visual information using sounds of
different frequencies and more harmonics when the object is not plane. Le., it
emits different harmonics for different measured distances [37], [16].

The Voice is a system for completely blind people, that sends visual infor-
mation via sounds of different frequencies, similar to the Sonic Guide, but it is
portable. Horizontal distances are represented by tones of different frequencies,
vertical ones are represented by longer stimulation time. The literature indicates
good results for simple 2D images, but more complex images create a cacopho-
ny, difficult to perceive.

The Sonic Vision’s KASPA and EyeMusic use the same principle of The
Voice, sending visual information via acoustic stimulation. The trick for mak-
ing a good SSD is in finding a mapping from visuals to sound that makes it easy
to interpret what one is hearing. EyeMusic maps visual information by repre-
senting colors using different sounds (white = vocals, blue = trumpet, red =
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reggae organ) and brighter objects are made to sound louder. The system scans
the image left to right and plays the audio representation along with the scan. So
objects on the left side sound first and ones on the right sound last.

The Vibe [29] works also use acoustical stimulation, but with less infor-
mation to pass and less ambitious goals. The Kromophone, for example, is a
program to turn colors into different tones.

Talking Signs was a system developed by Brabin’s team in the 70’s, at SKI
(Smith Kettlewel Institute), made of signs that emitted sound when someone us-
ing a transmitter got close by, activating a pre-recorded message in the sign [16].

Bus stops, corners and talking semaphores are projects of some cities in Bra-
zil, like Campinas and Porto Alegre, to allow blind users to easily choose their
buses, using technology similar to Talking Signs.

The Videotact e BrainPort are SS systems based on Paul Bach-Y-Rita and
Kurt Kaczmarek experiments over the last decades, using electro-tactile stimu-
lation transferring the technology to two start-up companies, Unitech and Wi-
cab [8], [33], [34]. The first was based on tactile stimulation on the abdomen,
which can be mechanical or electrical, using a matrix of up to 32x24 abdomen
electrodes. It was used by only a few research centers and universities due to its
cost of more than 70 thousand dollars. The second stimulates the tongue, made
by Wicab, created in 2005, is shown on Figure 2. Due to its high cost for indi-
vidual users (more than 10 thousand dollars) and due to the long and complex
promise of helping blind users, it was redirected to more immediate applica-
tions like labyrinthitis treatment and for orientation of divers on low-visibility
waters for the US Navy [17].

3
“a

Figure 2: Tongue electrical stimulator from Wicab [17] and the Sonic PathFinder.
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The EasyWalker was made by Fame Electronics from Holland. It uses in-
fra-red to guide the user in the direction chosen on a keyboard, through pre-in-
stalled signs in buildings [66].

The Electronic Guide Stick was made by Hyderabad Science Society of In-
dia. It is a cane with battery and a sensor to interact with a guiding wired at the
boardwalk.

The Location Finder made by Maxi Aids of New York, by pressing a key-
ring, sends a RF to signal to where the user wants to go, similar to remote con-
trol of car alarms.

The Teletact is made by New Technology for Blind People, of France. Like
the Polaron and Mowat, it has the shape of a flash light and gives an estimate of
the distance to obstacles, vibrating more when it is closer to them.

The Sonic PathFinder, shown on Figure 2, is made Perceptual Alternatives
of Australia. It also measures distance using ultra-sound, but it is head-mounted.

Table 1: List of some SS systems (extended from Lenay [41]).

Stimulator/
Type Sensor Aetuntor Reference
ETA 3 laser Vibration Laser Cane (Nurion Ltd)
ETA 1 ultrasound Vibration Polaron (Nurion Ltd)
ETA 2 ultrasound Monophonic Ultrasonic Torch (Kay, 1965)
ETA Infra-red Monophonic EasyWalker (Fame Ltd)
Boardwalk RE | Monophonic Electronic Qu1de Stlc.k (Hyderabad
Science Society)
RF Monophonic Location Finder (Maxi Aids)
| ultrasound Vibration Teletact (New Technology for Blind
People Ltd)
ETA1 5 ultrasound Stereophonic Sonic Pathfinder (Heyes, 1984)
NavBelt and GuideCane
ultrasound tones .
(Borensteins,96)
ETSZ/ 59 3 ultrasound stereophonic Sonic Glasses (Kay, 1974)
ETA/SS 3 ultrasound stereophonic TriSensor (K.asp'a) distributed by
S SonicVison Ltd
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Stimulator/
Type Sensor Actuator Reference
ETI;/SS 1 ultrasound Tactile (EM) Mowat Sensor (Pulse Data Int Ltd)
SSS Video camera | stereophonic The Voice (Meijer, 1992)
SSS Video camera Tactile (EM) TVSS (20x20 tactors, Bach Y Rita 1969)
$sS CCD camera Tactile (EM) The Brain Port (2005, Wicab, Kacmarek
etal)
$sS ccD Tactile (EM) Tactile Image Creation System (Way TP
1997)
SSS CCD camera Tactile (ET) VideoTact (1996) Unitech Research Inc.
$sS Acoustlc Tactile (EM) Tactile Sound Tran§ducer (Clark
(microphone) Synthesis)
SSS Tactile (SG) Tactile (EM) EVTS (Orbitec, up to 20 stimulators)
Exeter Fingertip Stimulator Array,
Tactile (PE) Chant, Sing & Summers, 1998 (10x10
in Icm2)
. Tactile Feeling Display, (Asamura,
Tactile (EM) Shinoda et al, 1998)
Form memory activators (shape
Tactile (SMA) memory alloy) (Grant and
Hayward, 1997)
. Stimulation using compressed air
Tactile (CA) (Asamura, Shinoda et al, 98)
. Lateral stretch by piezo-electric effect
Tactile (LS) (Pasquero, 2003)
CMOS Cheap techn.olf)gy that 'fillows sensor
miniaturization
. Retina ganglion cells stimulation
Ocular implant (Wyatt e Rizzo, 1996)
Cortical (Schimidt et al, 1996)
implant
acoustical EyeMusic (Amedi, 2002)
acoustical Kromophone (Capalbo, 2010)
acoustical The Vibe (Hanneton, 2010)
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The NavBelt and the GuideCane were developed by Borensteins team of
Michigan University, taking advantage of his experience of mobile robotics. It
uses two ultrasound sensors from Polaroid, model 6500 (currently SensComp),
to estimate the distance to obstacles. NavBelt mounts the sensors on a waist
belt, while the GuideCane simulates a seeing dog, connecting the long cane to
a mobile robot, as shown on Figure 3. However, the drawback is that they don’t
detect high obstacles like Brazilian public phones and low tree branches [58].

There are several other distance estimator using ultrasound or infra-red,
like Walkmate of SaveMax from New Jersey, DRO of Seal from Italy, GPS-talk of
Sendero Group from California, MiniGuide of GDP Research, from Australia,
indicating distance using audible tones.

Mobile robot

Figure 3: Pictures of NavBelt and GuideCane, and its schematics [58], and the TVSS from
Bach-Y- Rita early works [9].

Non-invasive technological solutions

Sony Corporation registered a patent in the USA for a system for direct
stimulation of the cerebral cortex, called “Method and system for generating
sensory data onto the human neural cortex”. She required in 2000 and was
granted in 2003, with follow-ups in 2004. (Patent US 2004/267118).

There are also researches on non-invasive direct stimulation using tran-
scranial magnetic stimulation, but not yet fine enough to activate specific de-
termined cortex areas. Sony bases its patent in ultrasound stimuli, claiming to
have a better stimuli precision, but its long term effect s are not proved yet [31].
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In this section we list some equipments and systems, for commercial or re-
search use, summarizing in Table 1 some of the systems available today with
their respective technical devices (sensors and actuators). We classify them as
sensory substitution systems (SSS), more complex, or the simpler electronic
travel aids (ETA) following suggestions of Lenay [41].

Most of the works follow Bach-Y-Rita’s original ideas [11], [8]. He called the
tirst system TVSS, tactile vision substitution system, shown in Figure 3, which
used tactile mechanical vibration to pass visual information. He put togeth-
er a dictionary of common objects, testing several equipment configurations.
The original system used mechanical vibrators mounted in the back of a dentist
chair, drawing in the users back. He then compared the results obtained with
groups of blind people, with and without training, with the same image project-
ed in an oscilloscope for seeing volunteers to try to recognize the image. All pro-
cessing at the time was analogical, more cumbersome, but they still managed to
build a portable version.

Later, Bach-Y-Rita, Kaczmarek and their team at University of Madi-
son-Wisconsin created stimulators for the abdomen, finger-tip (in the 90’s) and
tongue.[33] The original had a resolution of 20 x 20 = 400 actuators, the finger
tip allowed a 7 x 7 matrix (49) and the tongue a 6x7 matrix (42 electrodes).
As mentioned, these technologies were transferred into commercial products,
VideoTact and BrainPort. Kaczmarek summarized abdomen stimulation up to
2000 in two main articles, citing the main articles of the 70s, 80’s and 90°s [34].

Thomas Way also did a good job in summing up several works in the area,
describing his Tactile Image Creation System [69], [69].

In Japan, Shinoda and Shinohara groups developed similar systems, using
the palate (mouth roof) [6], [57]. The advantage of stimulating the palate or the
tongue is that this system requires less energy to operate due to the lack of the
epidermis, using voltages of around 3 Volts instead of 50 Volts. The drawback is
the lower quantity of nervous receptors, limiting the size of the electrode matrix.
According to Kaczmarek the tongue stimulus is better because allows the use of a
voltage source instead of a constant current source in the previous models.

At Heidelberg Maucher and colleagues developed graphics displays for blind
users, applying raising pins to study the way blind people perceive graphics. [47]
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In Brazil, in 1993 Antonino did a stimulator in protoboard connected to a
PC that sent letters to a matrix via parallel port, and later Fonseca tested it in a
few patients, but the research later got discontinued [5], [26]. At FEI some of the
ideas were put in test by Rossi using a more complex prototype [55].

At USP, Pereira assembled a more complete microcontrolled system, using
image sensors, image processing, ultrasound and vibrators, and a flexible print-
ed circuit matrix for electrical stimulation, described in more details ahead [54].

At Federal University of Espirito Santo (UFES) a cap was made using ul-
tra-sound sensors and vibrators to indicate possible obstacles in the user’s way,
in a similar way that the laser cane did. At Federal University of Campina
Grande a glove with tactors (tactile actuators) was developed in 2006, used to
indicate obstacles in the user’s way [2].

In 2009, Auvray and Myin presented frour traditional criteria for sensory
perception, based on works of Grice (1962), Morgan (1977), Keeley (2002) and
O’Regan& Noe, 2001. According to them, sensory substitution is a transforma-
tion, extension or increase in our perception capacities, not the something to be
equivalent or reduced to a sensory modality already existent. Therefore, it is an
adaptive modality and conditioned to performance improvement [7].

In 2011, works of Wijekoon, Cecchinato, Hoggan and Linjama presented
electrostatic friction for tactile feedback. They describe preliminary results of
perception intensity modulated by friction created by electrostatic force, or
“electro-vibration”. The experimental prototype was created to evaluate the us-
ers perception to electro-vibrations of sine shape, in a plane surface emulating
the touch of a screen. The results suggest tat there are significant correlations
between the intensity perception and the signal amplitude, with the best sensi-
bility around 80 Hz frequency.

Deroy and Auvray in 2012 wrote “Reading the world through the skin and
ears” covered several works in the area, pointing where they tough the SS sys-
tems have failed and proposing a perceptive-semantics integration [21].

In 2013, Amedi and coleagues showed results that lead to believe that senso-
ry substitution devices (SSD) could be used succesfully for visual rehabilitation
based on recent theoretical advances, which suggest new opportunities. They
presented a pos-operation system, combining a SSD and retinal prosthesis. [44].
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Amongst the actuators that send pass information to the user we can
cite: EM: electromagnetic, ET: electrotactile, SMA: shape memory alloy, PE:
piezo-electric, CA: compressed air, SG: strain gauge, LS: lateral stretch.

Haptic Systems

Although not the focus of this work, another large application of sensory
substitution is haptic systems, and a several groups around the world have been
working with telesurgery or robotics in general, involving tactile and force feed-
back [18], [56], [12]. The same systems can find use as a way o proprioception for
rehabilitation in prosthesis and orthesis [61], [30].

A good study in proprioception is done by Nohama [50], which covers the
physiological aspects of senses, describing his system using electrical stimulation
using PAM (pulse amplitude modulation) using the phi tactile phenomena.

One hot topic is the feedback on cellular phone screens, for example Nokia
works of sawtooth planar waves to achieve feedback [38]. Several works on tac-
tile feedback can be found at IEEE’s World Haptic Conference (WHC), IAB's
Interact, ACM's Conference on Human Factors in Computing Systems (CHI),
EHS's EuroHaptics and WorldHaptics, ACM's Symposium User Interface Soft-
ware and Technology (UIST).

The USP/UCDB System

At LAC (Laboratory of Automation and Control) of EPUSP (Escola
Politécnica da Universidade de Sao Paulo) a system shown on Figure 4 was made
to pass visual information to visually impaired people by means of electrotactile
stimulation and image processing techniques. It is important to point out that
this system was not intend to create artificial vision like other long-term re-
searches try to do; it tries to improve life condition in a shorter time, by solving
practical daily problems.

Consisting of dedicated hardware and software, its resolution and frame
rate are far lower than natural human vision. However, its limitations are suit-
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able for helping visually impaired people in assembling mental images of their
surroundings, as well as reading of doors, buildings and bus signs, when the
blind need help from others. This permits quicker information gathering than
traditional orientation and mobility (OM) techniques, which consist basically
of searching algorithms of the surroundings, usually taking too long [25], [54].

This system “draws” in the user’s skin a simplified version of a picture taken
from the surroundings or from written signs. It uses image processing tech-
niques, like edge detection and others, to simplify the image to be “drawn” on
the users skin, to compensate for the lower receptor density and smaller cortical
representation of touch when compared to vision. The first prototype was com-
posed of a webcam, PC, microcontroller, stimulation hardware and rigid elec-
trode matrix. The final prototype replaced the webcam and PC by a MOS image
sensor interfaced directly to the processor board, as shown in Figure 4. The
webcam captures an image, which is then digitally treated at the PC to detect its
edges, lower its details and resolution, binarize it, transforming it from an image
of 240x320 colored pixels to 15x20 binary pixels, i.e., just 300 bits, sending it to
a flexible printed circuit matrix for electrical stimulation.

Figure 4: General view of the system, and pictures of the two prototypes.
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These 300 bits are then passed serially to a dedicated hardware that sends
electrical stimuli to an electrode matrix on the user’s abdomen, activating each
electrode corresponding to each lit pixel in the image. O n figure 5 the matrices
are shown, as well as the image sensor of the second prototype, a serial CMOS
sensor mounted on glasses.

Figure 5: The Ist and 2nd stimulation matrices, and the image sensor.

Also, to compensate for the lack of stereoscopy from using just one camera,
an ultrasonic sensor is used to estimate the distance to an obstacle and activate
an eccentric motor, similar to cell phone vibrators. This way, the closer the ob-
ject, the more the motor vibrates, so the user can differentiate from a large and
distant object from a smaller and closer one.

It also uses image segmentation to detect letters and signs and in the future
it should use character recognition to try stimulate the letters in Braille to facil-
itate the future user comprehension.

Besides being used for visual experiments, it also can beu used in hear-
ing experiments by replacing the input from an image sensor by a microphone.
Right now it can also be use for psychophysical experiments.

For the future, enhancements in the software and hardware are planned, to
incorporate better image algorithms and functionalities, which will require a
better processor. The OMAP processor form Texas Instruments has been under
test, which has both an ARM processor and a DSP C60 processor embedded
in the same IC. Under studies also are ways of incorporating reconfigurable
hardware to minimize the addressing of pixels so we can reduce the form factor
of the whole system. Finally, experiments with the saltation and phi tactile phe-
nomena will try almost doubling the resolution of the stimulator matrices, by
“creating virtual” nervous receptors [54], [27].
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Discussion

The systems described here all have advantages and disadvantages, and can
be applied in different situations. Due to lower density of neural receptors and
lower cortical representation of tactile and of the hearing, SS systems cannot re-
place vision the same way a direct stimulation of the cerebral cortex or artificial
retinas eventually could. Although the SS systems do not intend to completely
replace vision, they serve the main purpose of improving the quality of life of the
visually impaired. Also, they can and have been used in experiments to better
understand cognition processes and the somesthesic system and human brain in
general. Traditionally, according to the majority of neuroscience textbooks the
brain is divided in “visual cortex”, “auditory cortex” and so on [35], but results
from articles suggest that this may not be fully accurate, because the “visual”
cortex of the blind is recruited to process other input signals and even cognitive
tasks as language and memory. [44] Bach-Y-Rita states that the brain can adapt
and reorganize [11], and Merzenich showed that after removing a finger from a
monkeys hand, the cortical area of the remaining fingers expanded, not only the
neighbours but the distant ones too [13]. For example, using fMRI (functional
magnetic resonance imaging) Calvert showed that deaf people activate the audi-
tory cortex while doing lip reading [19]. Maucher showed that that visual cortex
was activated when his subjects used his tactile graphic display [47]. Wanet-De-
falque showed using PET scans that born blind subjects had their visual cortex
activated when under tactile or audio stimuli [67]. Sabel group at Magdeburg
created visual perceptions in blind subjects using magnetic stimuli [63].

Future works tend to improve the equipments, as the mentioned authors de-
scribed. For example, a SS tactile system for the blind can be adapted to de used
by deaf people by changing the input channel from a CMOS camera to a micro-
phone and changing its firmware. Different groups try different body areas to
stimulate, like the abdomen, fingers, tongue roof of the mouth for tactile stimu-
lation. One can use the saltatory and phi tactile phenomena to try doubling the
resolution of a the stimulator matrices xxx Several groups are working in testing
the equipments in different behavioral tasks like functional visual acuity (like
the Snellen test), reaching, relative size estimation, object recognition, location
identification, reaching, motion detection, depth perception and obstacle avoid-
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ance. Some groups are working with audio stimuli instead of tactile, while some
are combining retinal prosthesis along with SS systems.

The experimental results converge that the brain is highly flexible and can
regain vision functionality with input from other senses. Although most of the
systems are not used at large for practical visual rehabilitation, being still used
in experiments in controlled settings, some equipments already became avail-
able commercially’, like the Brain Port that originated from University of Wis-
consin’s works, that has been used by the US navy deep sea divers as well as for
treating labyrinthitis.
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Abstract

Recent technological advances have provided many assistive devices for dis-
abled people. A prominent area is mobile robotics, which may potentially offer de-
vices such as powered wheelchairs (PW) for people with severe motor disabilities.
However, in order to drive such devices successfully a human-machine coopera-
tion is presumed, which can involve different complexity levels depending on the
user capabilities. For that purpose, virtual reality has been an interesting tool for
the mobile assistive technologies developing, since simulators may emulate real
situations providing a totally safe environment for training the user. Then, in this
work we explore these technologies and point out trends on wearable assistive
technologies. Finally, we describe strategies used to assess assistive technologies,
in which the main goal is to maximize the information flow while minimizing the
user physical and mental workload.

Keywords: Assistive Technology, disabilities, rehabilitation engineering.
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Introduction

The past decades have shown a myriad of breakthroughs in assistive tech-
nologies. Most notably, we have seen great advances on understanding physi-
ological process, which promise to drastically improve the life of many people
suffering from neuromotor dysfunctions or disabilities such as amputation,
congenital disorders, amyotrophic lateral sclerosis, stroke and various levels of
paralyses and difficulties in mobility. However, there still a long way to go. Most
of those suffering from some neuromotor dysfunctions are still unable to ful-
ly execute basic tasks such as moving and communicating independently and,
therefore, face great difficulties to return to normal social life. In an attempt
to facilitate and promote greater independence for those people, a number of
devices and processes have been designed to help them restore, at least partially,
the lost functionalities. Assistive Technology (AT) embeds a broad range of pro-
cesses and devices used to assist or restore functions, adapt devices and the liv-
ing environment, help with rehabilitation etc. In this sense, an AT could range
from a simple cardboard, used to facilitate communication, to very advanced
systems such as a prosthetic multi-degree of freedom arm or exoskeletons used
to help elderly people to walk.

In this chapter we discuss the fundamentals on the design and use of mobile
technologies, such as smart wheelchairs, and the application of wearable devices
as tools for AT. In conclusion, we point out some of the most important aspects
related to the not-so-simple task of evaluating the performance of ATs.

Mobile Robotics for Assistive Technology

Since the 1970s powered wheelchairs (PW) became essential assistive devic-
es for people with severe motor disabilities who cannot actuate a manual wheel-
chair. Nevertheless, a significant number of potential users of PW have great
difficulties to drive them. Interviews of 55 rehabilitation professionals show that
32% of PW regular users have difficulties in carrying out delicate maneuvers
and 9% are unable to carry out them without assistance [1]. In addition, fol-
lowing a classification of pathologies and associated disabilities, another study
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showed that in the USA between 1.4 and 2.1 million people would benefit from
assistive control of PWs [2]. The first studies on the so-called “smart wheel-
chairs” (also called “semi-autonomous wheelchairs”) aiming to address those
issues date from the late 1980s [3, 4]. Since then, a number of projects emerged
from the laboratories worldwide. Most of them came from research teams in
mobile robotics that found there a relevant and motivating application field.
The most intricate aspect around this issue lies on the importance of an optimal
interaction between the user, by assumption a person with disability, and the
machine, an instrumented electrical wheelchair. In this case, this interaction
has to be studied from the point of view of both the allocation of functions be-
tween human and machine (human-machine cooperation) and the dialogue to
be established between these two entities (human-machine interface).

Human-Machine Cooperation

The study of the semi-autonomous wheelchairs presents many analogies
with the teleoperation of robotic devices, but with the main difference that the
operator is located on the mobile robot and thus has a direct visual and hap-
tic feedback of the ongoing task. The problem of the data transmission delay
from the robot towards the operator, a critical issue in teleoperation, finds here
a functional equivalent: because of its motor or cognitive disabilities, the reac-
tion time of the person is not always compatible with the wheelchair navigation
requirements. In this sense, smart devices must be designed carefully and may
range from an entirely manual control mode up to a fully automated mode.

The usual control mode of an electrical wheelchair is the manual mode: the
user has direct and permanent control of the motion using a joystick or a func-
tional equivalent (chinstick, headstick, footstick, etc.). Some authors also pro-
posed haptic information as an alternative for that basic mode of control. In this
mode, also known as “assisted manual mode”, information is sent to the user
by means of haptic (tactile) feedback - for instance, the distance to obstacles
around the wheelchair is returned to the pilot via a force feedback joystick. Here
the feedback can be provided in a passive or active manner: the joystick resists a
movement towards an obstacle (passive force feedback) or the joystick moves
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the wheelchair away from the obstacles (active force feedback). The objective is
either to carry out navigation assistance by stabilizing an erratic control [5] or
to conceive a driving training system for young children [6].

In “shared” control mode the human and the mobile device simultaneously
control a part of the driving task: the person shows the direction to be followed
and the system deals locally with obstacle avoidance. The Vector Field Histo-
gram was the first algorithm based on this principle, developed based on data
coming from ultrasonic rangefinders [7]. A polar histogram is built represent-
ing the obstacles density around the wheelchair and the chosen running di-
rection is the free direction nearest to that indicated by the user. Since then,
many other authors were interested in this problem of sharing control, with an
essential question in mind: how to evaluate the user’s intention on the one hand
and to define the weight of each entity (human/machine) in the control on the
other hand? In [8], for example, the user intention is predicted thanks to a map
of the environment in which goals can be defined. Urdiales et al. [9] proposes to
modulate the control between the user and the robot measuring physiological
signals that are indicative of the stress of the person.

In the “traded” mode we switch several times during the same navigation
task from a manual to an automatic control of the wheelchair and conversely.
This is carried out calling upon an automatic primitive, as for example a passing
through a door, following a wall, following a person, a docking or an automatic
navigation towards a target point. In the majority of the applications reported in
the literature it is the person who decides to change the mode. The design of the
human-machine interface then becomes an important element in this process.
Leishman et al. [10] propose a “deictic interface™ a correspondence established
between data resulting from rangefinders laser and a video image of the envi-
ronment makes it possible to the user to select a narrow passage on a screen and
then the wheelchair passes this passage automatically. A wall following is also
possible by using similar approach.

Finally the “automatic” mode necessarily implies to get a model of the envi-
ronment. It is in particular plausible in rehabilitation centers or hospitals. The
first projects of smart wheelchairs often focused on this mode with modest re-
sults, since the technology at that time was not sufficiently mature for ensuring
good reliability of the prototypes [3]. A complete automated wheelchair navi-
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gation, in which the user simply indicates the objective to be reached, seems an
interesting solution only in the case of persons with the most severe disabilities.

In [45] the authors used both of the approaches. They developed a robotic
wheelchair which can be controlled in two ways: by the user in a supervised way
or by a fully automatic controlled unsupervised navigation system.

Indeed, it is in general preferable, for safety reasons, reliability and accept-
ability of the assistive technology, to use as well as possible the motor and cog-
nitive capacities of the user.

Finally, it seems that among the great number of smart wheelchairs pro-
totypes described in the literature, very few of them were the object of proper
assessments on disabled users and, to date, to our knowledge, only one led to an
industrial transfer, and even so only with elementary automatic features (line
following and collision detection) [11]. Among the many reasons for this situa-
tion, we may consider: i) unreliability of the prototypes, taking bad account of
the real needs of the user; ii) bad assumptions on the problem of acceptability of
the assistive device for the person and his human environment; and iii) prohib-
itive cost of realization due to the narrowness of the potential market or inade-
quate design methodology. Therefore, the challenge in this field, at the present
time, is not only to design new prototypes of smart wheelchairs but also to fill
the gap between the laboratory studies and their real use.

Virtual Reality for Mobile Assistive Technology

A wide range of powered wheelchairs is currently available on the market.
They are different not only by their mechanical (base, mechanism of mobili-
ty) and electric (motorization, command, feeding) characteristics, but also by
the possibilities of control (man-machine interface, additional control devices).
Many technological innovations now allow the adaptation of such devices for a
great diversity of users and pathological situations. The personalization of the
wheelchair is normally carried out in an empirical way. And many parameters
like maximum acceptable speed or acceleration must be tuned according to the
physical capabilities of the user. However, to date, there are not adequate tools or
objective methods to test the adequacy of the human-wheelchair interface/cou-
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pling. In addition, the access to electric wheelchairs is limited, even impossible
for many users with some severe physical disorders [1]. Researchers try to over-
come these difficulties by developing new modes of man-machine interaction
or by introducing some primitives of automatic navigation, as described earlier.
But, it is still essentially difficult to evaluate the real contribution of these new
functionalities. Indeed, such assistive devices are difficult to test for multiples
reasons that involve physiological (significant fatigability), psychological (ac-
ceptability of the assistive technology) and safety (reliability of the prototypes)
issues. Therefore, there is a growing need for tools capable of helping in the
various phases of designing and adjusting specific devices or processes to spe-
cific users. In this sense, virtual simulation systems may play a significant role
by allowing: to setup different parameters of the wheelchair (maximum speed,
maximum acceleration, dead zone around the central position of the joystick,
starting delay etc.) for individual users with little effort; to test the abilities and
capacities of potential users to drive an electric wheelchair; to safely try out new
features but without the heavy material constraints inherent to the design of
such prototypes; to carry out driving training in a safe manner.

Simulators for mobility assistance

The first electric wheelchair simulators appeared in the 1990’s [12]. The first
ones used basic 2D representations of the environment, but nowadays almost all
are designed in 3D environments. Although fully immersive 3D environments
allow for great flexibility, there is still the possibility of coupling that with me-
chanical platforms, allowing for an even more realistic experience with move-
ment and kinesthetic feedbacks associated with visual perception.

In the majority of the simulators, a visual feedback is given to the conductor
by means of single or multiple screens [13]. Audio feedback can also be provided to
inform the users about a possible collision etc [14] and some systems may also use
head mounted displays instead of screens in an attempt to provide better immer-
sion in the virtual world [15]. Nevertheless, users often complain about immersive
systems due to dizziness, difficulties to judge distances etc. Kinesthetic feedback
can also improve the experience by providing the sensations of speed, acceleration
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and slope. Figure 1 shows the simulator designed by [13], which is assembled on
a 6 axis Stewart and provides visual feedback by means of 4 displays. Such device
allows feedback of longitudinal acceleration, vibration and yaw.

Rear-projection Vertical vibration
system
) 1 Pitching vibration
4 | Rolling vibration ‘
6-axes £ ——
Stewart-link | Longitudinal
motion system - acceleration

Top screen

Side screen

Bottom screen [T

Super-short focus
projector

Figure 1: The wheelchair simulator designed by [13].

Another interesting example of a virtual simulator was designed in the
scope of the Accessim Project [16]. The researchers created a virtual reality sys-
tem for training users of standard wheelchairs and also as a tool to improve the
design of accessible environments. On the other end of this class of simulators
we have the so-called “serious games”. The “Slalom the video game” [17] simu-
lates a sport called “Wheelchair Slalom”, practiced by people with cerebral palsy.
The aim of this game is to provide an insight into the rules, type of tests and
circuits to people who want to practice the sport, or even improve their perfor-
mance practicing new movements.

Although we can find in the literature a number of simulators devoted to the
control of electric wheelchairs, none of them have actually reached the market. In
general, only research centers and specialized labs are equipped with wheelchair
simulators. The reasons for that vary but cost plays an important role. To over-
come such limitation, some researches are now focusing on improving virtual
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and augmented reality systems to achieve better correlations with the real world
and different commercial wheelchairs. In [18], the authors use electromyograph-
ic signals to control the simulated wheelchair in a virtual environment (figure
2). Such systems can provide most of the necessary features found in more ex-
pensive systems, allowing the development of cognitive strategies and perceptual
abilities useful for driving wheelchairs, at a much lower cost.

Figure 2: The ViEW electric wheelchair simulator [18].

Another important advantage of simulations is that they allow for easy
assessment of various parameters. As a consequence, various indexes of driv-
ing performance can be computed, such as time to complete a navigation task,
number of movements on the joystick, spectral analysis of movements, average
speed, average and standard deviation from the reference or optimal trajectory,
length of a route and number of collisions.

Trends on Wearable Devices for Use in Assistive
Technologies

A “connected” object is an object that incorporates technologies from
computer systems and electronics in order to provide information that can be
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collected and treated for further use. For almost a decade now, the market for
connected devices is booming with, for example, 15 million connected objects
identified in Europe in 2014 and a forecast of about 80 million by 2020. Con-
nected objects can also be part of a so-called “web object” [19], where all con-
nected objects become resources available on the Web. Hence, they can be used
in any web-based application designed to interact with the physical world. Large
companies that manufacture smartphones are including more and more sen-
sors to their devices allowing us to be connected not only with the digital world,
but also the physical one. We have also observed a strong trend in the use of con-
nected objects that is currently impacting health monitoring and assistance to
people throughout the world. In the next paragraphs we discuss the applications
of a class of wearable devices that are in fact connected objects that a person can
wear as an accessory, a coat or even an implant [20].

Wearable devices: a short survey

There are currently many connected objects in the market that people can
have/wear. The first connected objects in the market essentially allowed to “geo-
tag” the object in its external environment (horizontal tilt / vertical or latitude
/ longitude position). We begin to see more and more objects that incorporate
sensors to measure physiological values such as temperature, blood pressure,
oxygen saturation, etc. [21]. In January 2014, approximately 250 wearable con-
nected objects of various types could be found for sale in the world market.
Most of those objects are accessories that can be worn like a watch, a bracelet or
a pair of glasses, which incorporate embed sensors and may serve as a screen for
notifications and data visualization. For instance, some of the newest connect-
ed watches (from Oxitone, Adidas, Sonywatch, Samsung gear, etc.) can display
notifications on smartphones related to heart rate, oxygen levels in the blood
and, for those equipped with a GPS chip, distances traveled and average speed.
Connected bracelets (from Withings, Jawbone, Nike, Flex, Netatmo, etc.) have
been designed to collect data related to number of steps taken, calories burned,
distance, heart rate, and some can even provide basic information about qual-
ity of sleep. Connected glasses are also coming into the market with a panel
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to display information and some allow for the use of augmented reality [22].
Eglasses, a European project, is currently underway to design a platform for the
development of a pair of glasses with multi sensors [23]. Some more advanced
systems use highly miniaturized circuits that are incorporated to fabric (wear-
able devices) allowing for “intelligent and communicative” clothing, such as the
t-shirts distributed by OMSignal (www.omsignal.com), capable of monitoring
pulse, respiration, moisture, skin temperature, humidity, outdoor temperature,
number of steps taken and other variables related to physical activity.

For the past 30 years, most of the solutions for technical aid designed to
assist people with disabilities were developed to allow them to partially control
their environment and to communicate with their entourage. Now, we are shift-
ing towards new means of human/machine interaction capable of using better
features and functionalities for the control of assistive devices [24]. The rapid
development of the wearable devices, supported by the leaders in the computer
and smartphone world (Apple, Google, IBM, LG, Microsoft, Samsung, Sony, ...)
opens a new dimension to the design of assistive devices [25]. Such devices will
soon be capable of proving sophisticated measures of physiological data and in-
form the person about his/her health status, as well as will be able to communi-
cate with the “medical environment”, acting as tools to improve health, support
better diagnoses or provide medical records as complete as possible.

Obtaining accurate physiological measures of people with disabilities by
means of traditional sources (e.g. surface electrodes) is often not a simple task
due to the many limitations associated with difficulties in mobility and other
physical constraints inherent to each situation. In this sense, wearable devices
may provide an interesting solution. The use of devices that are easy to “wear”,
do not require intricate techniques to position sensors and could be used for
long periods of time will certainly revolutionize treatment and the design of
assistive devices. Nevertheless, several obstacles must still be overcome until
such technique reaches its full potential. Among them we can highlight: (a) How
can we ensure reliable reading of physiological variables? Various researches on
implantable sensors have shown some promising results and may be a viable
alternative since they wouldn’t require constant manipulation and would always
be in the right position to capture and transmit data. Flexible thin sensors are
also promising and may lead to less intrusive devices; (b) Can we design a ful-
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ly autonomous wearable device? As any other electronic system, these devices
require a minimum amount of energy to perform their task. Also, the strategy
used to collect the physiological signals (implant, patch on the skin, wearable
accessory) may affect the protocols for data transmission - RFID technology is
under intense development lately and may help to overcome those barriers, and;
(c) The amount of information required to achieve the final results must also be
carefully studied to avoid overloading both the user and the control system of
the assistive device.

The use of connected objects in the context of assistive technology is not
only limited to wearable devices. It is also possible to develop a range of con-
nected objects that may not be carried by the person, but are capable of per-
forming various functions to assist him/her. For instance, DOmedic, a Cana-
dian company, recently launched an intelligent pill-box (DO-Pill SecuR) that
can emit audible and visual signals to warn patients when it is time to take the
medicine and also relays information to the doctor or health care facility so they
can monitor the treatment [26].

Assessment of Assistive Technologies

Since the 1970s important progress was accomplished in the field of assistive
technology for people with disability. Exoskeletons were designed to facilitate
walking of paraplegic people, retinal prostheses are under continuous devel-
opment to aid the visually impaired, prosthetic limbs allow amputees to regain
functionality and a variety of advanced brain-computer interfaces can now be
found. However, we can note a gap between what is possible in the current state
of the technology and what is actually used on a large scale. Research in reha-
bilitation engineering indeed raises singular issues because of the “extra-ordi-
nary” character of these people [27]. Rehabilitation engineering becomes a real
scientific field at the moment we take into account the end-user in all his com-
plexity and in his ecological environment. That involves adopting a user-cen-
tered approach and also addressing the problem in a multidisciplinary manner
(engineering, medicine, neurosciences, psychology, sociology, etc.). We find here
strong analogies with the human engineering field [28] with an additional diffi-
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culty: the human with motor, cognitive or perceptual disability does not always
follow the laws and models defined for healthy people. Taking bad accounts for
the end-user is consequently a factor that will lead to failure in rehabilitation
engineering, if we consider that the criterion for success in this field is not only
the quality of the resulting publications: to be a success, an assistive technology
must be “useful” and “usable”, classical criteria in ergonomics, but it also must be
“used” before we can reach any final conclusion. Therefore, measuring the per-
formance of an assistive device cannot dissociate the machine from the user. One
must always assess the human-machine system as a whole, for example by the
means of interaction models or user models associated with a model of the task,
as described in [29]. The main objective of the technologies intended for people
with motor disability is to maximize the information flow while minimizing the
user physical and mental workload. The performance evaluation may be carried
out following an experimentation concerning a panel of disabled users that are
generally compared to a control group (non disabled). To do so, one must also de-
cide for the proper performance criteria. Two parameters are often used: the task
execution time and the number of errors. In particular, it is the case for selection
tasks (pointing or selection after scanning) in an assistive communication de-
vice [30] or for navigation tasks in the context of smart wheelchairs [31]. Other
criteria more specific to a task or even to a particular assistive device may also
be defined. For example, [32] propose metrics like “average number of scan-steps
per character” or “average number of keystrokes per character” to evaluate the
performance of users in text entry tasks of a scanning communication system.
Also, various information theories initially developed for signal transmission in
telecommunication [33] are often used to evaluate the human-machine or ma-
chine-human transmission channels. In the field of brain-computer interfaces,
for instance, by recognizing correct control information embedded in electroen-
cephalographic data it is possible to define an Information Transfer Rate (ITR)
index and use it to evaluate and optimize the devices at various levels [34].

In rehabilitation engineering most studies reported in the literature
aim at adapting a model defined initially for healthy people to people with dis-
ability. Koester and Levine, for example, adapt the KLM model (Keystroke Level
Model [35]) for a text entry task with words prediction [36]. In [37] this same KLM
model is used to evaluate Web accessibility methods for blind people. The Fitts law
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[38], which models the reaction time in a pointing task, is used by many authors in
the context of assistive technology in particular to assess new sensors for example
based on head motions [39] or lower lip motions [40]. For simple reactions to vi-
sual or auditory stimuli we can call upon MHP model (Human Model Processor
[35]). However, when we use these various psychophysical laws, well established for
healthy people, it should be taken into account if they are also valid for the chosen
panel of disabled people [41, 42]. Hence, to assess an assistive human-machine sys-
tem, in addition to performance measurements, it is essential to make sure that the
task realization does not imply a too important physical or mental workload for the
user. This evaluation can be carried out offline using standardized questionnaires
as the NASA-TLX (Task Load Index) that breaks down the mental workload into
6 components (performance, frustration level, effort, temporal demand, physical
demand and mental demand) [43]. To evaluate the workload online some authors
propose to measure physiological parameters like heart rate [9]. In addition, we
can usually call upon the double task paradigm where we add a secondary task in
parallel with the main task in order to detect overloads [44]. In [31], for example,
the reaction time (action on a switch) to an auditory stimulus is measured to assess
the attentional mechanisms of a powered wheelchair driver.

As shown in this chapter, the design and the evaluation of assistive devices
are not always easy tasks to accomplish. It should be noted that every device must
be thought for specify classes of users, if not specific users, and the results based
on quantitative performance criteria validated by statistical tools are not always
convenient during experimentation on a panel of disabled people. It is indeed of-
ten difficult to constitute user groups of sufficiently large sizes and with homoge-
neous clinical characteristics. Then, most certainly, we will need to carry out only
case studies with qualitative data. Moreover, an assessment carried in laboratory
for practical reasons should always be supplemented by experiments in ecological
situations to guarantee the utility and the usability of the assistive technology.
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Conceituacao
Realidade Virtual

A expressdo Realidade Virtual (RV) foi cunhada no final da década de 80,
por Jaron Lanier (Biocca, 1995). Entretanto, as primeiras propostas de concep-
¢do de RV antecedem, em muito, a sua conceituagio. Na década de 60, Ivan Su-
therland criou o Sketchpad, sistema que usa principios de Computacdo Grafica
na geragao do primeiro capacete de Realidade Virtual (ver Figura 1).

De fato, a Realidade Virtual é uma forma de interface que, baseada em com-
putadores, prové condigdes de interagdo com ambientes virtuais concebidos em
3D, imersdo, fisica e/ou emocional, com tais ambientes de navegagao. Tais requi-
sitos (interagdo, imersdo e navega¢do) fundamentam as solugoes de Realidade
Virtual. Além do uso da visdo, geralmente, sistemas de Realidade Virtual exci-
tam outros sentidos e sdo capazes de rastrear a¢des dos usuarios.
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Figura 1: Head Mounted Display (HMD) de Ivan Sutherland.

Vantagens do uso de interfaces de Realidade Virtual

Nos tltimos anos, tanto a Medicina, quanto outras dreas da Sadde tém se
beneficiado dos avangos tecnoldgicos propiciados pela Realidade Virtual. De
fato, no caso da Reabilitagio Humana, a natureza intuitiva da interagdo hu-
mano computador, inerentes a RV, favorecem o treinamento das habilidades
cognitivas e motoras dos pacientes (Weiss et. all, 2004)

A seguir, apresentam-se algumas vantagens de utiliza¢do da Realidade Vir-
tual nas dreas de Reabilitacdo e Satude:

1. Utilizagdo, de forma segura, sem exposi¢ao a riscos presentes nos am-
bientes reais, tais como a contaminacdo, ferimentos, exposi¢éo a fatores
de risco etc.;

2. E possivel visualizar, navegar e interagir com estruturas virtuais a se-
melhanga das reais, sem custos inerentes aos ambientes reais;
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3. E possivel simular operacdes e situagdes de risco, sem danos reais a
equipamentos, instalagdes e pessoas;

4. Agdes permeadas em ambientes virtuais permitem projetar comporta-
mentos adequados a situagdes rotineiras;

5. A RV requer maior quantidade de tentativas para treinamento, que
aquelas efetuadas em ambientes reais, gerando, em consequéncia, um
treinamento mais robusto (Sebuk at al, 2002);

6. Permite ao paciente refazer sessoes, de forma atemporal;

7. Permite ao médico (ou assemelhado) customizar os ambientes virtuais,
atendendo demandas especificas de cada perfil de paciente, com uso de
bibliotecas de objetos virtuais comuns a distintos tratamentos;

8. Prové igual oportunidade de comunicagao para profissionais de cultu-
ras diferentes, a partir de representagdes comuns, alicercadas em co-
nhecimentos inerentes a um dado dominio.

Com a finalidade de analisar trabalhos correlatos a drea de Realidade Vir-
tual associada a saude e mapear as areas de maior concentracéo de trabalhos e
de publicagoes, uma busca sistematica foi elaborada com uma detalhada revisao
dos artigos publicados nos tltimos dez anos e que estdo disponiveis na Web em
diferentes bibliotecas digitais. Dentre as bibliotecas examinadas, a IEEE Xplo-
re Digital Library e a ACM Digital Library se destacaram por manterem uma
maior concentracio dos trabalhos analisados.

Foram investigados trabalhos publicados que contivessem em seus titulos
as palavras-chave “Realidade Virtual” para os trabalhos escritos em portugués
e “Virtual Reality” para trabalhos escritos em inglés, seguido de anilise de titu-
los, resumos, autores, data de publicagdo, areas beneficiadas e consideragdes. O
resultado foi sintetizado na Tabela 1, onde pode-se notar a forte concentragio
na Fisioterapia e Reabilitacdo, Ortopedia, Neurologia, Anatomia e Psicologia.

A Figura 2 apresenta dados da distribuigao das areas de concentragdo, ao
longo dos ultimos dez anos. A linha de ligacdo entre as distintas areas de con-
centragdo e os anos tem espessura proporcional ao nimero absoluto de artigos
publicados. Ademais, a espessura das bandas, em cada um dos anos é determi-
nada por tal nimero.

A observagdo da mesma permite identificar uma evolugdo progressiva e
continua da pesquisa, com utilizagdo de Realidade Virtual na Saude Humana.
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Tabela 1: Areas de aplicacdo de Realidade Virtual.

Odontologia _ 2.40%
Fisiologia _ 4.79%

Endocrinologia | 0.00%

Gastroenterologia F 1.03%

Geriatria _ 2.40%

Oncologia | 0.34%

Neurologia _ 14.38%
Radiologia _ 3.42%

Cardiologia

Psicologia — 11.30%
Otorrinolaringologia _ 4.11%

Qutros

Nefrologia | 0.34%

Pneumologia F 0.68%

Anatomia IS 11.99%
Ortopedia — 15.41%
Fisioterapia e reabilitacdo — 20.55%

Realidade Aumentada

Pode-se definir Realidade Aumentada (RA) como a inser¢do de objetos
virtuais no ambiente real (meio fisico), em tempo real, com o apoio de algum
dispositivo tecnolégico, usando a interface do ambiente real para visualizar e
manipular os objetos reais e virtuais (Kirner e Kirner, 2007).
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Interfaces de RA permitem amplificacdo da percepgdo sensorial humana,
além da interagdo com objetos virtuais sobrepostos a objetos reais. Estratégias
para geragao de tais objetos pressupdem dispositivos de captura do ambiente
real, de registro de elementos reais e a geragdo, em tempo real, dos objetos vir-
tuais. Assim, a interagdo ocorre no dominio dos ambientes reais, envolvendo,
de forma mista, componentes reais e virtuais. As informagdes de registro sio
relevantes para prover condigdes de sobreposi¢do e associagdo de tais objetos.

FISIOTERAPLA e REABILITACAO

20,55%

2010 2011 2012

Figura 2: Evolugio de nimero de publicagdes entre 2004 e 2014.

A Figura 3 apresenta um exemplo de aplicagdo de RA, com o objetivo de
mostrar partes do sistema muscular, em diferentes niveis de profundidade, so-
brepostas ao corpo humano utilizando dispositivos méveis (Galvao and Zorzal,
2013). Esta aplicagdo permite a interacdo de objetos virtuais, representados pelas
partes do sistema muscular, que podem ser visualizados sobre o corpo do usua-
rio. O usudrio pode realizar capturas das imagens sobrepostas e armazena-las
no dispositivo para uma analise futura.
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Figura 3: Utilizagao da RA a partir da aplicagdo MuscleView Portable para visualizar partes do

sistema muscular (Galvao e Zorzal, 2013).

Vantagens do uso de interfaces de Realidade Aumentada

Baseada na sobreposi¢ao de informagdes virtuais no ambiente real, RA tem,
como principal diferencial, a ampliagdo da percepgio sensorial, notadamente, a
percepgao visual.

Considerando as areas da Saude, a possiblidade de incremento da percep¢io
sensorial, de imediato, possibilita ganhos inerentes a visualizagdo das informa-
¢oes. Destacam-se, ainda:

1. RA prové condi¢des de sobreposicao de informagoes virtuais a ambien-

tes cirdrgicos e/ou de tratamento;

2. Com uso de RA associada a jogos sérios, é possivel conceber sistemas

destinados a reabilita¢éo;

3. A RA é promissora no ensino da saude uma vez que é possivel visuali-

zar objetos virtuais que representam a anatomia humana, por exemplo,
sobre o corpo do usuario;
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4. A possibilidade de interacdo entre imagens reais e virtuais, que ocorre
por meio da RA, pode oferecer, ao usuario, melhores informagdes sen-
sitivas, facilitando a associagao e a reflexdo sobre uma dada situagao.

Realidade Aumentada Aplicada a Saude

O uso da RA aplicada na saude vem sendo alvo de pesquisas nos tltimos anos.
Varios trabalhos estdo sendo desenvolvidos com o objetivo de implementar siste-
mas de visualizagdo com RA para fornecer interfaces acessiveis e de facil utiliza-
¢ao que apoiam as intervengdes médicas e apresentam informagdes do paciente.

Podem-se citar os mais diversos trabalhos de RA na satide como, por exem-
plo, o sistema Mirracle (Blum, et al. 2012) desenvolvido para ser utilizado em
ambientes educacionais e que permite criar a ilusdo de que seus usuarios estio
visualizando as estruturas internas de seus corpos. O sistema utiliza o sensor de
movimentos Kinect para estimar a posi¢ao do usudrio e projetar sobre ele imagens
de musculos e ossos que foram previamente obtidas a partir de exames de tomo-
grafia computadorizada. A Figura 4 apresenta a interface utilizada no Mirracle.

Figura 4: Sistema Mirracle (Blum, et al. 2012).
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A pratica de utilizar jogos terapéuticos para apoiar a fisioterapia e a reabi-
litagdo com pacientes ja vem sendo usada e tem apresentado bons resultados
(Alankus et al. 2011). O projeto desenvolvido por Lin, et all. (2012) é um exem-
plo dessa afirmacéo e foi desenvolvido para apoiar a reabilitacdo de pacientes.
Utilizando apenas um computador doméstico. A reabilitagao de pacientes ¢é rea-
lizada a partir de jogos sérios na Internet e uso de redes sociais para a integragao
de mais pacientes.

O trabalho desenvolvido por Hsu et al. (2013) ¢ outro exemplo de utiliza¢io
de jogos sérios. O trabalho visa o melhoramento na postura de criangas com
problemas na coluna, como escoliose, usando o sensor de movimentos Kinect e
utiliza animais no enredo do jogo para estimular seus usudrios.

Por fim, também pode-se mencionar o trabalho desenvolvido por Vander-
maesen et al. (2014) que propde facilitar o processo de neuroreabilitagdo, para
pessoas que sofreram lesdes nos membros superiores, a partir de jogos (Figura
5) que estimulam a prética de exercicios em suas residéncias com materiais de
baixo custo.

Figura 5: Sistema PhysiCube (Vandermaesen, et al. 2012).
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Com a finalidade de analisar trabalhos correlatos a area de RA aplicada
a saide e mapear os principais desafios, realizou-se uma revisiao dos artigos
publicados nos ultimos dez anos e que estao disponiveis na Web em diferentes
bibliotecas digitais. Dentre as bibliotecas examinadas a IEEE Xplore Digital Li-
brary e a ACM Digital Library se destacaram por manterem uma maior concen-
tracdo dos trabalhos analisados.

Buscaram-se trabalhos publicados que contivessem em seus titulos as pala-
vras-chave “Realidade Aumentada” para os trabalhos escritos em portugués e
“Augmented Reality” para trabalhos escritos em inglés. Foram analisados os ti-
tulos de todos os trabalhos encontrados e quando houve duvida se o artigo seria
considerado dentro da drea de satude, seus resumos e textos foram analisados.
Para que um artigo fosse selecionado para leitura completa deveria contemplar
revisdo, desenvolvimento ou reflexdo sobre aplicagdes de RA na saude. Foram
selecionados 76 trabalhos que apresentaram as pesquisas focadas em aplicacdes
de RA na satde (a lista dos artigos selecionados pode ser encontrada no seguinte
sitio eletronico: http://www.hiperrealidade.com.br/R Asaude.pdf}.

A Figura 6 apresenta a classificagdo dos trabalhos analisados em fungdo das
categorias de utilizagao. Percebe-se que grande parte das aplicagdes, principal-
mente nos ltimos anos, foi desenvolvida com o foco maior em apoiar procedi-
mentos médicos e no treinamento de usudrios utilizando para isso sistemas de
RA baseados no uso de monitores de videos ou capacetes. Este acontecimento
deve estar associado ao grande interesse de transferéncias de tecnologias, que
tem como objetivo assegurar que o desenvolvimento cientifico e tecnoldgico
seja acessivel para um grupo maior de usudrios que pode desenvolver e explorar
a tecnologia em novos produtos, materiais e servigos.
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Figura 6: Classificagao dos trabalhos analisados em fungao das categorias

As areas das ciéncias da saude sao amplas e apresentam varios ramos espe-
cificos. Geralmente, estas especialidades estdo relacionadas a algum 6rgio ou
sistema do corpo humano. A classificagao em fungédo da drea de especializagao
baseou-se no conhecimento especialmente projetado na aplicagdo para emular
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a especializagdo humana de algum dominio especifico. Cabe ressaltar que em
muitos casos as aplicagdes foram classificadas como multiespecialistas tornan-
do-as especialistas em dois ou mais ramos de dreas distintas.

A Figura 7 apresenta o grafico da classificagdo dos trabalhos analisados em
fungdo das especialidades. Nota-se que, apesar de existirem diversas aplicagdes
de RA nos mais diferentes ramos da satide, as dreas da Fisioterapia e reabilitacao,
Radiologia, Anatomia, Ortopedia e Cardiologia se destacaram por representa-
rem juntas quase 50% das especialidades oferecidas pelas aplicagdes analisadas
neste trabalho. Este alto indice pode estar relacionado ao fato de que a maioria
dessas aplicagoes foi desenvolvida com a finalidade de melhorar a concepgao
das informagoes, que comumente sao representadas por laudos de exames de
imagem, com representagdes tridimensionais sobrepostas ao corpo do usudrio.

T
132%

Odontologia

Fisiologia 2,63%

Endocrinologia h 3.95%
Gastroenterologia _ 5,26%
Geriatria H 132%
Oncologia _ 6,58%
Neurologia h 395%
|
|

i

Radiologia

|
cosoces N 5o~
|
|
pocoops | 5264
|

I
Otorrinolaringologia _ 132%
|

i
Outros — 2632%
!
|
Pneumologia _ 5,26%
|
|
!

11,84%

18,47%

Figura 7: Classificagdo dos trabalhos analisados em fungdo das categorias

As dreas relacionadas a saude tém sido beneficiadas nos ultimos anos com os
avangos tecnoldgicos apresentados pela RA. Acredita-se que tais avangos propicia-

412



REALIDADE VIRTUAL E AUMENTADA NA SAUDE E REABILITACAO — A. Cardoso, E.
Lamounier Jr., E. Zorzal, F. L. S Nunes, M. Miranda Neto e A. Porto Proenca

ram um recurso impar para o ensino e treinamento. Entretanto, alguns desafios
ainda precisam ser explorados. A proxima se¢io apresenta alguns destes desafios.

Desafios identificados nos trabalhos analisados

A construcio de ambientes e solucdes de Realidade Virtual demanda uma
definicdo de escopo e de dominio de aplicagio, que sera fundamental para esco-
lha de estratégias de Hardware e Software. As etapas que envolvem a concepgao
das solugdes, envolvem, dentre outras:

1. Modelagem Geométrica: elaboragao de modelos, em 3D, que comporao

os ambientes virtuais;

2. Modelagens actsticas: definido de sons associados aos distintos obje-
tos virtuais;

3. Modelagem Fisica e de restrigdes cinematicas: restrigdes que serdo apli-
cadas aos objetos e as cendrios virtuais, assemelhadas, em geral, a res-
tricoes Fisicas reais;

4. Elementos de simulagdo e de tempo real;

5. Segmentagdo do modelo, para prover condigdes de reducdo de custo
de renderizacio e interacio adequada com modelos no campo visual
do usudrio;

6. Mapeamento de interagdes, considerando os elementos de hardware
providos para a solucéo.

Zhao (2011) distingue dez problemas relacionados com o desenvolvimento,
genérico, de solugdes de Realidade Virtual: Modelos Digitais compativeis com
modelos reais; complexidade, similaridade e credibilidade de tais modelos; quali-
dade das imagens; possiveis gap entre o ambiente real e o ambiente virtual (tempo
real); elementos basicos que determinam o comportamento fisico, material e com-
portamento de modelos, integragdo de imagens, de forma suave e performance.

Acresce-se a esta lista que, no caso de desenvolvimento de solugoes de Reali-
dade Virtual para simulagdes, treinamento e educagio que envolvam a concep-
¢do de ambientes virtuais assemelhados a 6rgaos humanos, ha grande diversida-
de de modelos e a distingdo de perfis dos mesmos, em fung¢ao das caracteristicas
inerentes a modelos reais humanos.
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Considerando Realidade Aumentada, varios desafios foram identificados nos
trabalhos analisados. Um dos desafios mais discutidos esta relacionado ao pro-
blema de registro dos objetos virtuais inseridos ao ambiente real. O problema do
registro diz respeito a necessidade de alinhar de maneira precisa os objetos vir-
tuais que serdo sobrepostos aos objetos reais. Em aplicagdes em que ha exigéncias
precisas do mapeamento dos objetos virtuais sobre o ambiente real, por exemplo,
aplicagdes que apoiem procedimentos cirtirgicos de alta precisao, os problemas
relativos ao registro ¢ crucial e podem ocasionar erros graves e até mesmo fatais.

Outro desafio importante na area é fazer com que as aplicagdes oferecam
caracteristicas realistas. Partindo do pressuposto que as propor¢des de tamanho
e localiza¢ao dos objetos no mundo virtual devem ser observadas a fim de que
representem com propriedade o mundo real, é interessante implementar técni-
cas que melhoram a percepgdo do usudrio e a correlagao espacial entre objetos
fisicos e virtuais.

Inserir novas abordagens de ensino na cultura tradicional é um desafio cor-
rente para as aplicagdes que atuam na area da educagdo. Verifica-se que algumas
aplicagoes tém feito isso principalmente utilizando dispositivos méveis com aces-
so a Internet, aproveitando a recente disseminacdo de uso de tais dispositivos por
estudantes. Nesse contexto, os jogos tém sido explorados para abordar héabitos de
saude principalmente para criancas e adolescentes. No entanto, ainda verificam-
se limitagoes de tamanho e capacidade de processamento em tais dispositivos.

Outra preocupagdo importante consiste em entender o tipo de atividades
que os usudrios estao realizando quando estdo interagindo com as aplicagdes.
As aplicagdes devem ser projetadas para fornecer feedback adequado aos usua-
rios, assegurando que eles conhe¢am os proximos passos durante a realizagdo
das tarefas. As aplicacdes desenvolvidas para a area de satde exigem ambientes
virtuais realisticos e feedback que fornecam ao usudrio a sensagdo de estarem
realizando o procedimento como se fosse, de fato, real. Esta afirmagdo esta ligada
diretamente em aspectos ergonomicos e o modelo de interagao. Projetar aplica-
¢Oes interativas com boa ergonomia e usabilidade ¢ um desafio para a area. Ain-
da, fornecer ao usudrio uma realimentagéo fisica de forma natural e realista, sem
o uso de dispositivos hapticos especiais, também é um grande desafio para a RA.

Outro desafio identificado ¢ a auséncia de avaliacdo das aplicagdes e a par-
ticipagdo efetiva de profissionais da area da satde no projeto e desenvolvimento
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das aplicagdes. Nota-se que hda uma necessidade de realizar avaliagoes e estudos
de casos longitudinais para a validagao das caracteristicas gerais das aplicacdes
em termos de eficdcia, eficiéncia e satisfagdo, nao apenas no que diz respeito ao
funcionamento do produto e a conformidade com os padrdes de usabilidade, mas
também acerca das opinides dos usuarios sobre as suas exploragdes no sistema.

A industria de jogos eletronicos estd se dedicando cada vez mais ao desen-
volvimento de dispositivos nao convencionais que permitem a interacao natu-
ral do usudrio com o jogo. Técnicas de RA tém sido usadas nas mais diversas
modalidades de jogos na saude. No entanto, a escolha e a capacitagio da equipe
multidisciplinar, além da condugdo sistematica do desenvolvimento de jogos
com RA aplicada na satide tem sido um grande desafio para area. Um projeto
mal elaborado pode néo ser capaz de atrair os jogadores. O uso de marcadores ja
ndo é algo inovador e pode inibir a motiva¢ao dos jogadores, e 0s jogos que per-
mitem a interacdo sem marcadores ainda possuem algumas limitagdes, sendo
assim, a elabora¢do de novas técnicas de interagao e jogabilidade pode ser alvo
de pesquisas para a area.

Diversos outros desafios tais como a elimina¢do de marcadores fisicos, que
comumente sao utilizados em sistemas de rastreamento, a dificuldade na in-
terpretagdo de sistemas baseados em gestos em ambientes multiusuarios ou em
condi¢des de ma iluminacio, e a limita¢do do sistema de rastreamento que im-
pede movimentos naturais do usudrio, também foram identificados nos artigos
analisados neste trabalho.

Solugdes para estes e outros problemas sdo essenciais para a construgdo de
novas abordagens tecnologicas capazes de apoiar de maneira eficiente o ensino
em saude, garantir a seguranga ao paciente no momento da intervencao, aper-
feicoar o desenvolvimento de produtos tecnoldgicos e facilitar a transferéncia do
mesmo para o setor produtivo.
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