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RESUMO

A Fibromialgia (FM) ¢ uma sindrome de dor cronica generalizada, abrangendo aspectos sensoriais e
emocionais, o que resulta em padrdes de processamento cerebral anomalos nas areas relacionadas a
dor. O mecanismo central na fisiopatologia da FM ¢ a sindrome de sensibilizacao central (SSC) que
se caracteriza pelo aumento da atividade neural devido ao desequilibrio entre processos excitatorios
e inibitorios, ocasionando hiperalgesia, alodinia e somagdo. Esse desequilibrio pode explicar a dor
migratoria, fadiga generalizada, disturbios do sono, déficits de memoria, humor depressivo e
pensamentos catastroficos. Essas alteragdes prejudicam as conexdes de estruturas corticais e
subcorticais que compdem a rede neural denominada neuromatriz da dor, incluindo o cortex
somatossensorial primario (SI) e secundario (SII), cortex cingulado anterior (CCA), cortex insular,
cortex pré-frontal (CPF) e o tdlamo. Medicamentos como os anticonvulsivantes, antidepressivos
duais e triciclicos afetam a transmissdo desses circuitos neurais. Além disso, uma terapia nao
farmacologica, como a Estimulag¢dao Transcraniana por Corrente Continua (ETCC), pode reorganizar
esses circuitos disfuncionais ligados a origem e persisténcia dos sintomas. A eletroencefalografia
(EEG) analisa a atividade elétrica cerebral sendo considerada como possivel biomarcador na
neurofisiologia da dor cronica oferecendo insights dos processos neurais relacionados a percepcao
da dor de modo a auxiliar no diagnostico da dor cronica. No entanto, ¢ importante notar que a
pesquisa nesse campo estd em andamento. Esta tese busca responder a questdes que estimulam os
dois estudos que a compdem: o EEG pode ser um marcador de disfuncao relacionada a gravidade
dos sintomas da FM e um indicador neural do efeito terapéutico da ETCC?

No primeiro estudo, comparamos a coeréncia defasada da conectividade entre as seguintes regides
de interesse associadas a neuromatriz da dor, ao cortex pré-frontal dorsolateral (CPFDL), CCA, Sl e
insula, medida por EEG em estado de repouso em mulheres com FM e saudaveis. Avaliamos 64
participantes (49 com FM e 15 controles) realizando EEG nas condi¢des de olhos abertos (OA) e
olhos fechados (OF). Além disso, avaliamos os sintomas clinicos e psicoldgicos, assim como 0s
niveis séricos do fator neurotréfico derivado do cérebro (BDNF, do inglés: brain-derived
neurotrophic factor). Calculamos a coeréncia defasada da conectividade em oito bandas de
frequéncia do EEG. Quanto aos resultados, o grupo de mulheres com FM apresentou maior
coeréncia defasada da conectividade entre o CPFDL e o CCA, na banda de frequéncia beta-3
(t=3,441, p=0,044), na condicao de OA. Entre as condi¢des de olhos abertos e fechados (OA-OF),
observamos nas mulheres com FM maior conectividade inter-hemisférica na frequéncia beta-3 entre

as insulas esquerda e direita (=3,372, p=0,024) ¢ entre a insula esquerda e o CPFDL direito



(t=3,695, p=0,024). Também identificamos uma correlacdo negativa entre a disfuncdo devido a dor
e conectividade na frequéncia beta-3 entre o CCA esquerdo e o SI esquerdo (r=-0,442, p=0,043) na
condicdo de OF. Por outro lado, na condigdo de OA, o grupo de mulheres com FM mostrou
correlacdo positiva entre a coeréncia defasada da conectividade e a gravidade da sensibiliza¢do
central na frequéncia alfa-2 entre o CCA e SI (r=0,428, p=0,043). Além disso, na diferenca OA-OF,
a coeréncia defasada da conectividade entre o CPFDL esquerdo e o cortex insular direito
demonstrou uma correlagdo negativa com os niveis séricos de BDNF na frequéncia gama (r=-0,506,
p=0,012). Assim, esses resultados indicam que o aumento da coeréncia defasada da conectividade,
especialmente na faixa de frequéncia beta-3 durante o EEG em estado de repouso, pode servir como
um biomarcador neural associado a neuroplasticidade mal-adaptativa e a gravidade dos sintomas da
FM.

No segundo estudo, realizamos um ensaio clinico randomizado que comparou a aplica¢do de vinte
sessdes da ETCC ativa com a ETCC simulada realizada em ambiente domiciliar e direcionada ao
CPFDL e ao cortex motor primario (M1). O objetivo foi analisar a coeréncia defasada da
conectividade das oito regides de interesse em oito bandas de frequéncia por meio de EEG em
estado de repouso nas condi¢des de OA e OF. O estudo incluiu 48 mulheres com FM, com idade
entre 30 e 65 anos, distribuidas aleatoriamente em uma propor¢do de 2:1:2:1 para os grupos de
ETCC ativa no CPFDL esquerdo (n=16); ETCC simulada no CPFDL esquerdo (n=8); ETCC ativa
no M1 esquerdo (n=13) e ETCC simulada no M1 esquerdo (n=6). Registramos o EEG antes ¢
depois do tratamento. Na condi¢do de OF, comparando o pré e o pds-tratamento, a ETCC ativa
sobre o CPFDL esquerdo diminuiu a conectividade na frequéncia delta entre a insula direita e o
CCA esquerdo (t=-3,542, p=0,048). Quanto ao tratamento da ETCC ativa com a ETCC simulada
sobre CPFDL esquerdo, observamos uma diminui¢do da conectividade na frequéncia delta entre a
insula direita e o CCA esquerdo (t=-4,000, p=0,017). Na condi¢ao de OA, a ETCC ativa no CPFDL
esquerdo, em comparagdo a ETCC simulada no M1 esquerdo, resultou em aumento da
conectividade entre CPFDL esquerdo e o CCA esquerdo na frequéncia teta (1=-4,059, p=0,048).
Em andlises de regressdo, verificamos que o tratamento da ETCC ativa sobre o CPFDL esquerdo
apresentou correlacao positiva da coeréncia defasada da conectividade e a qualidade do sono. A
ETCC ativa sobre o MI1 apresentou uma correlacdo positiva entre a conectividade e a
catastrofizacdo da dor. Assim, concluimos que a aplicacdo da ETCC ativa sobre o CPFDL resultou
na modulacdo da coeréncia defasada da conectividade entre as regides envolvidas nos aspectos
afetivos e de atengdo associados a dor, especialmente nas bandas de frequéncia mais baixas do EEG

durante o estado de repouso. Essas descobertas sugerem que os efeitos da ETCC ativa sobre as



oscilagdes neurais podem caracterizar um marcador neural associado ao impacto dos sintomas na
FM.

Registro no Clinical Trial: identifier [NCT03843203].

Palavras-chave: Fibromialgia, ETCC domiciliar, EEG, Conectividade, BDNF,



ABSTRACT

Fibromyalgia (FM) is a generalized chronic pain syndrome comprising sensory and emotional
dimensions that activate atypical cerebral rhythms in areas related to pain. The main
physiopathological mechanism of FM is central sensitization syndrome (CSS), which is
characterized by increased neural activity due to an imbalance in the neurobiological processes of
facilitation and inhibition, resulting in hyperalgesia, allodynia, and summation. This imbalance may
explain the spread of pain, fatigue, sleep disturbances, memory loss, depressive mood, and
catastrophic thinking. These changes affect cortical and subcortical structure connections, which
comprise the neural circuits and are denoted as pain neuromatrix, which include the primary (SI),
and secondary somatosensory cortex (SII), anterior cingulate cortex (ACC), insular cortex,
prefrontal cortex (PFC) and thalamus. Medications, such as dual or tricycle antidepressants and
anticonvulsivants, affect transmission in these neural circuits. Moreover, non-pharmacological
therapies, such as transcranial direct current stimulation (tDCS), rearrange neural dysfunctional
circuitry linked to FM symptoms. Electroencephalography (EEG) analyzes electrical brain activity
and is a potential biomarker of chronic pain neurophysiology, providing insights into the neural
processes underlying pain perception and helping diagnose chronic pain. However, this research
field is under development. This thesis aims to answer two questions about brain electrical activity:
Is EEG a marker of dysfunction associated with severity symptoms in FM? Is EEG a neural marker
of tDCS therapeutic effects? These questions generate two studies that comprise this thesis.

The first study compared the lagged coherence connectivity between regions of interest (ROIs)
related to the pain neuromatrix anterior cingulate cortex (ACC), primary somatosensory cortex (SI),
dorsolateral prefrontal cortex (DLPFC), and insula, as measured by resting-state EEG in women
with FM and healthy women. Moreover, we evaluated 64 participants (49 FM and 15 controls)
during resting-state EEG sessions under both eyes open (EO) and eyes closed (EC) conditions. In
addition, we assessed clinical and psychological symptoms and serum levels of brain-derived
neurotrophic factor (BDNF). We measured the lagged coherence connectivity between the eight
ROIs computed across eight different EEG frequencies. The FM group demonstrated increased
connectivity between the left DLPFC and right ACC, specifically in the beta-3 frequency band
(t=3.441, p=.044) during the EO condition. In the difference between EO and EC conditions (EO-
EC), the FM group exhibited heightened interhemispheric connectivity in the beta-3 frequency band
between the left and right insula (7=3.372, p=.024) and between left insula and right DLPFC
(t=3.365, p=.024). In addition, we identified a negative correlation between pain disability and

connectivity in the beta-3 frequency band between the left ACC and the left primary somatosensory



cortex (S1) (r=-0.442, p=.043) in the EC condition. In contrast, in the EO condition, the FM group
showed a positive correlation between central sensitization severity and lagged coherence
connectivity in the alpha-2 frequency band between the right ACC and left S1 (r=0.428, p=.014).
Moreover, in the difference EO, the lagged coherence connection between the left DLPFC and right
insular cortex (INS) showed a negative correlation with serum BDNF levels in the gamma
frequency band, (r=-0.506, p=.012). Thus, these findings indicate that increased lagged coherence
connectivity, particularly in the beta-3 frequency band during the EEG resting state, serves as a
neural biomarker associated with maladaptive neuroplasticity and the severity of FM symptoms.
The second study was a randomized clinical trial that compared 20 sections of active tDCS (a-tDCS)
with sham tDCS (s-tDCS) at home applied over the DLPFC and primary motor cortex (M1). This
study analyzed lagged coherence connectivity in eight ROIs across eight resting-state EEG
frequencies during EO and EC. We included 48 women with FM, aged 30 to 65 years, randomly
assigned to a 2:1:2:1 ratio to a-tDCS groups over I-DLPFC (n=16); s-tDCS over I-DLPFC (n=8), a-
tDCS over the left M1 (n=13), and s-tDCS on the left M1(n=6). EEG recordings were obtained
before and after treatment.In the EC condition, comparing pre-to post-treatment, the a-tDCS on I-
DLPFC decreased the lagged coherence connectivity in the delta frequency band between the right
insula and left anterior cingulate cortex (ACC) (t=-3.542, p=.048). Comparing the a-tDCS
treatment with the s-tDCS treatment over the left DLPFC, we observed a decreased lagged
coherence connectivity in the delta frequency band between the right insula and left ACC (#=-4.000,
p=.017). In the EO condition, a-tDCS over the left DLPFC compared with s-tDCS over the left
M1 resulted in an increased lagged coherence connectivity between the 1-DLPFC and left ACC in
the theta band (t=-4.059, p=.048). In the regression analysis, we verified that the a-tDCS effect on
the left DLPFC presents a positive correlation between lagged coherence connectivity and sleep
quality, whereas a-tDCS applied over M1 shows a positive correlation between lagged coherence
connectivity and pain catastrophizing. We conclude that a-tDCS application over the left DLPFC
results in lagged coherence connectivity modulation between brain regions involved in the
affective-attentional aspects of pain, especially at lower EEG frequencies during the resting state.
These findings indicate that the effects of a-tDCS on neural oscillations could serve as a neural
marker associated with its impact on fibromyalgia symptoms.

Clinical Trial Registration: identifier NCT03843203].

Keywords: Fibromyalgia, Home Based-tDCS, EEG, Connectivity, BDNF
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INTRODUCAO

A fibromialgia (FM) ¢ uma condi¢do cronica caracterizada por dor musculoesquelética
difusa e generalizada, frequentemente acompanhada de sintomas como rigidez matinal, fadiga,
depressao e problemas cognitivos (GELONCH et al., 2018). Além disso, pacientes com FM, nao
raro, enfrentam dificuldades para adormecer, despertando continuamente durante a noite (WOLFE
et al., 1990). Estima-se que entre 2% e 4% da populacdo seja diagnosticada com FM, com uma
prevaléncia maior entre as mulheres, em uma propor¢ao de aproximadamente 2:1 em relacdo aos
homens (CLAUW, 2014; GALVEZ-SANCHEZ et al., 2020).

A dor cronica e a falta de vitalidade t€ém um impacto significativo na qualidade de vida dos
pacientes com FM, especialmente quando combinadas com sintomas de depressdo e ansiedade.
Além disso, o tratamento que muitas vezes envolve varias medicacdes e o tabagismo podem agravar
ainda mais o bem-estar desses pacientes (FERNANDEZ-FEIJOO; SAMARTIN-VEIGA;
CARRILLO-DE-LA-PENA, 2022). Isso resulta em uma desagregacio na vida social e profissional,
levando a interrup¢do de relacionamentos, diminuicdo das atividades diarias e de lazer, ao
isolamento social, além de prejuizos na carreira e na educagdo (ARNOLD et al., 2008). Assim, a
FM se torna uma doenca de relevancia social devido ao impacto nas atividades didrias e a perda de
produtividade, contribuindo para seu elevado custo econdmico (WOLFE et al., 2018; BAIR;
CREBS, 2020).

A compreensao da fisiopatologia da FM ainda ¢ incompleta, mas varias evidéncias apontam
para uma hipersensibilidade do sistema nervoso central (SNC) no processamento da dor (JAY;
BARKIN, 2015). Isso sugere que a FM esta relacionada a disfun¢des no sistema modulatorio
descendente da dor (SMDD) (CAUMO et al., 2016). A maioria dos tratamentos disponiveis para a
FM, sejam farmacologicos ou nao, geralmente apresenta eficacia limitada ou transitoria, destacando
a necessidade de desenvolver novas abordagens terapéuticas que visem aos mecanisSmos
disfuncionais centrais da fisiopatologia (BRIGHINA et al., 2019).

Nesse contexto, as técnicas de estimulagdo cerebral ndo invasiva (NIBS, do inglés:
Nonlnvasive Brain Stimulation), que incluem estimulos magnéticos, elétricos ou sonoros no cortex
cerebral, tornam-se uma area de pesquisa promissora (GEBODH et al., 2019). A estimulagao
transcraniana de corrente continua (ETCC), em particular, tem sido recomendada como uma opg¢ao
terapéutica de nivel B (com eficacia provavel) para o tratamento da FM. Estudos relataram uma
reducdo significativa na intensidade da dor apds o tratamento com ETCC, melhorias na qualidade
de vida e potenciais efeitos positivos em relagdo a sintomas depressivos e a ansiedade

(LEFAUCHEUR et al., 2017).
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Uma meta-anélise realizada por Zortea et al. (2019) revelou que a ETCC possui um efeito
moderado na reducao da dor cronica, com uma média de redugdo de dor de 27,26% no final do
tratamento em comparacdo com a estimulacdo simulada. A ETCC parece modular os circuitos
neurais disfuncionais envolvidos no sistema inibitdrio descendente da dor, proporcionando alivio da
dor cronica. A escolha dos parametros da ETCC, como a polaridade da carga, as areas de
estimulagdo e o nimero de sessdes, pode variar, mas geralmente envolve M1 e o CPFDL (ZORTEA
etal.,2019).

Por um lado, a ETCC anddica aplicada sobre o M1 mostrou-se eficaz na reducdo da dor e na
qualidade de vida dos pacientes com FM. Por outro, a estimulagdo do CPFDL teve efeitos positivos
nos aspectos cognitivos e afetivos, possivelmente devido a conectividade entre as regides frontais e
o sistema limbico (BRIGHINA ef al., 2019). Além disso, estudos recentes, como o de Caumo et al.
(2022), demonstraram que a ETCC ativa pode reduzir a catastrofizagdo da dor, melhorar a
qualidade do sono e aumentar o limiar de dor ao calor, provavelmente devido a efeitos
neuroplasticos induzidos pela técnica.

A FM frequentemente esta associada a transtornos depressivos, afetando entre 13% e 63%
dos pacientes (UCAR et al., 2015). Tocchetto et al. (2023) mostraram que a gravidade dos sintomas
depressivos na FM esta relacionada ao grau de comprometimento clinico, o que reverbera na
intensidade da dor, qualidade de sono e sensibilizagdo central. Além disso, a temperatura corporal
periférica (PBT do inglés: peripheral body temperature) foi identificada como um marcador
fisiologico que pode refletir a relacdo entre a gravidade dos sintomas depressivos e a intensidade da
dor nas mulheres com FM.

Os pacientes com FM frequentemente relatam problemas cognitivos, incluindo "fibrofog",
que envolve dificuldades de aten¢do, memdria e fungdes executivas (GLASS, 2008; KRATZ et al.,
2020). No entanto, ¢ importante destacar que esses prejuizos cognitivos podem ser influenciados
por outros sintomas, como depressao, ansiedade e problemas de sono (GELONCH et al., 2018). Em
um estudo clinico realizado por Serrano et al. (2022a), foram observadas melhorias significativas
nas fung¢des cognitivas, como aten¢do e memoria de trabalho, em pacientes com FM submetidos a
ETCC bifrontal em comparagdo com a estimulagao simulada. Essas melhorias foram associadas a
gravidade da disfungao no SMDD e aos niveis séricos de BDNF (SERRANO et al., 2022a).

Estudos eletrofisioldgicos e de imagem, como ressonancia magnética funcional (fMRI do
inglés: functional Magnetic Ressonance Image), tém revelado alteragdes na atividade cerebral nas
areas envolvidas no processamento da dor na FM, incluindo as areas pré-frontais mediais, insula,
cortex sensorial, motor e cingulado (LUERDING et al., 2008). Diferentes técnicas podem ser

usadas para investigar as redes neuronais relacionadas a dor na FM, incluindo fMRI, espectroscopia
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de infravermelho proximo (NIRS, do inglés: near-infrared spectroscopy) e tomografia por emissao
de positrons (PET, do inglés: positron emission tomography) para identificar as areas-chave. Ja o
eletroencefalograma (EEG), devido a sua alta resolugdo temporal, ¢ capaz de avaliar a atividade
cerebral relacionada ao processamento da dor (APKARIAN, et al., 2005; SCHULZ et al., 2012).
Essa técnica permite a identificacdo das redes associadas a dor cronica por meio da correlagdo da
conectividade funcional entre diferentes areas cerebrais (MOURAUX; IANNETTI, 2018).
Ressaltamos que se trata de uma abordagem ndo invasiva, portatil e economicamente viavel em
comparagdo a outras técnicas de neuroimagem (KRIGOLSON et al., 2017). O EEG pode ser
utilizado tanto em estado de repouso quanto para registrar potenciais relacionados a eventos (ERP
do inglés: event-related potentials). Em estado de repouso, ele ¢ tutil para avaliar as diferengas
basais na atividade cerebral em pacientes com dor cronica, diferente dos ERPs que sao mais
indicados para estudar as respostas do cérebro a estimulos dolorosos agudos (PLAGHKI;
MOURAUX, 2005).

Em um estudo recente, que utilizou fNIRS para avaliar justamente a conectividade funcional
entre o M1 ¢ o CPFDL em resposta a estimulos dolorosos agudos em mulheres com FM. Os
resultados mostraram que as pacientes com FM e genotipo heterozigoto para BDNF Val66Met
apresentaram maior varia¢do na conectividade entre o M1 e o CPFDL em resposta a dor aguda, o
que foi associado a percep¢do da dor e ao impacto dos sintomas na qualidade de vida dessas
pacientes (DE OLIVEIRA-FRANCO et al., 2022).

Uma meta-analise recente conduzida por Rockholt et al. (2023) destacou a capacidade do
EEG de identificar marcadores neurais preditivos em pacientes com dor cronica. Embora haja uma
escassez de estudos comparando a atividade cerebral entre pacientes com dor cronica e controles
sauddveis, a maioria dos estudos que investigaram os efeitos terapéuticos de intervencdes na
atividade cerebral relataram diferencgas significativas nas frequéncias teta, alfa, beta ¢ gama em
regides associadas a dor (ROCKHOLT et al., 2023).

Dado o cendrio atual de pesquisa, ¢ importante considerar a aplicagdo do EEG em estado de
repouso para avaliar as alteragcdes funcionais nos circuitos neurais relacionados a dor na FM
(ANNARUMMA et al., 2018). Isso permitiria a investigacao da influéncia da ETCC ativa na FM
por meio da andlise da conectividade entre areas relacionadas a dor no cérebro.

Portanto, com base nessas informagdes, a pesquisa esta avangando na compreensdo dos
mecanismos do processamento da dor na FM e na avaliagdo dos efeitos da ETCC por meio de
técnicas do EEG. Logo, a ETCC surge como uma abordagem promissora para o tratamento da dor

cronica e outros sintomas relacionados a FM, como depressao e comprometimento cognitivo. Para
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avangar nesse campo do conhecimento, esta tese propde duas questdes principais que originaram
dois artigos.

No primeiro estudo, comparamos a coeréncia defasada da conectividade entre as seguintes
regides de interesse associadas a neuromatriz da dor: CPFDL, CCA, SI e insula, medida por EEG
em estado de repouso em mulheres com FM e saudédveis. No segundo estudo, realizamos um ensaio
clinico randomizado que comparou a aplicacdo de vinte sessdes de ETCC ativa com a ETCC
simulada realizada em ambiente domiciliar, direcionada ao CPFDL e ao M1. O objetivo foi analisar
a coeréncia defasada da conectividade das oito regides de interesse em oito bandas de frequéncia
por meio de EEG em estado de repouso nas condi¢des de olhos abertos (OA) e olhos fechados (OF).
Para delimitar o conhecimento sobre essas questdes, realizamos uma revisdo sistematizada da
literatura.

Esclarecidos esses aspectos, destacamos que a estrutura de apresentacao desta tese segue as
normas do Programa de P6s-Gradua¢do em Medicina: Ciéncias Médicas da Faculdade de Medicina
da Universidade Federal do Rio Grande do Sul (UFRGS). A formatagao dos artigos foi realizada

conforme as normas dos periddicos aos quais foram submetidos.

1.2 ESTRATEGIAS PARA LOCALIZAR E SELECIONAR INFORMACOES

Para realizar a revisdo literaria, aplicamos a estratégia PICO (acronimo para P: populagao; I:

intervencao; C: comparagao; O: outcome/destecho).

P (population) Fibromyalgia patients with age between 18 and 65 years old.
I (intervention) tDCS active

C (comparison) Clinical Trial (tDCS sham)

O (outcomes) EEG resting-state connectivity

A estratégia de busca envolveu as seguintes bases de dados: PubMed, Lilacs-BVS e
Cochrane. Utilizamos Mesh terms ou palavras textuais em artigos publicados no periodo entre julho
de 2018 e julho de 2023, conforme Tabela 1. A selecdo dos artigos foi realizada seguindo o

esquema da Figura 1.

Tabela 1. Termos utilizados para a estratégia de busca nas bases de dados:

PUBMED
TERMOS:
1 — Fibromyalgia
2 - Transcranial DESCRITORES

direct current
stimulation (tDCS)
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3 — Clinical Trial
4 -EEG

("Fibromyalgia"[Mesh] OR “Fibromyalgia”’[Tw] OR "Fatigue Syndrome,
Chronic"[Mesh] OR “Fibromyositis” OR “Secondary Fibromyalgia” OR
“Secondary Fibromyalgias” OR “Primary Fibromyalgia” OR “Primary
Fibromyalgias™)

"transcranial direct current stimulation"[MeSH Terms] OR Transcranial
Direct Current Stimulation[ Text Word] OR tDCS[Text Word] OR
Cathodal Stimulation Transcranial Direct Current Stimulation| Text Word]
OR Cathodal Stimulation tDCS[Text Word] OR Anodal Stimulation
Transcranial Direct Current Stimulation[ Text Word] OR Anodal
Stimulation tDCS[Text Word]

(randomized controlled trial[pt] OR controlled clinical trial[pt] OR
randomized controlled trialsfmh] OR random allocation[mh] OR double-
blind method[mh] OR single blind method[mh] OR clinical trial[pt] OR
clinical trialsfmh] OR ("clinical trial"[tw]) OR ((singl*[tw] OR
doubl*[tw] OR trebl*[tw] OR tripl*[tw]) AND (mask*[tw] OR
blind*[tw])) OR ("latin square"[tw]) OR placebos[mh] OR placebo*[tw]
OR random*[tw] OR research design[mh:noexp] OR follow-up
studies|mh] OR prospective studies[mh] OR cross-over studiesfmh] OR
control*[tw] OR prospective*[tw] OR volunteer*[tw]) NOT (animal[mh]
NOT human[mh]) OR ("pilot projects"[MeSH Terms] OR pilot
study[Text Word])

((((("electroencephalography"[MeSH Terms] OR
"electroencephalographic"[All Fields] OR
"electroencephalographic"[Text Word] OR "electroencephalogram"[Text
Word] OR "electroencephalogram"[All Fields] OR "EEG"[ALII Fields] OR
"EEG"[Text Word]) AND "brain waves"[Text Word] AND "brain
wave'"[Text Word]) OR "brain waves"[Text Word] OR "brainwaves"[Text
Word] OR "brainwave"[Text Word] OR*“neuroimaging”[MeSH Terms]
OR brain imaging[Text Word] OR “functional neuroimaging”[MeSH
Terms] OR Functional Brain Imagings[ Text Word] OR "functional"[All
Fields]) AND "connectivity"[All Fields]) OR "functional
connectivity"[All Fields])

COCHRANE

“Fibromyalgia” OR “Secondary Fibromyalgias™ OR “Secondary
Fibromyalgia” OR “Primary Fibromyalgia” OR “Primary Fibromyalgias”
OR “Fibromyalgias” OR “Fibromyalgia Fibromyositis Syndrome” OR
“Fibromyositis Fibromyalgia Syndrome” OR “Chronic Fatigue-
Fibromyalgia Syndrome” OR “Chronic Fatigue Fibromyalgia Syndrome”

“Transcranial direct current stimulation” OR “tDCS” OR “Anodal
Stimulation Tdcs” OR “Anodal Stimulation Transcranial Direct Current
Stimulation” OR “Anodal Stimulation tDCSs” OR “tDCSs” OR
“Stimulation Tdcs” OR “Cathodal Stimulation Tdcs” OR “Cathodal
Stimulation Transcranial Direct Current Stimulation” OR “Cathodal
Stimulation tDCSs”

“randomize” OR “randomized controlled trial” OR “controlled clinical
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trial” OR “randomized controlled trials” OR “random allocation” OR
“double-blind” OR “single blind” OR “clinical trial” OR “placebo” OR
“random” OR ““follow-up” OR “cross-over” OR “prospective” OR
“volunteer” OR “pilot projects” OR “pilot study™

"electroencephalography" OR "electroencephalographic" OR
"electroencephalogram" OR "EEG" AND “brain wave” OR “brain waves”
OR “brainwaves” AND “Brain Imaging,” OR “Functional Brain” OR
“Functional Brain Imagings” OR “Functional Brain Imaging” OR
“Neuroimaging, Functional” AND “connectivity”

LILACS-BVS

TW: “Fibromyalgia” OR “Diffuse Myofascial Pain Syndrome” OR
“Fibromyalgia Fibromyositis Syndrome” OR “Fibromyalgia-
Fibromyositis Syndrome” OR “Fibromyalgia-Fibromyositis Syndromes”
OR “Fibromyalgias” OR “Fibromyositis Fibromyalgia Syndrome” OR
“Fibromyositis-Fibromyalgia Syndrome” OR “Fibromyositis-
Fibromyalgia Syndromes™ OR “Fibrositides” OR “Fibrositis” OR
“Primary Fibromyalgia” OR “Primary Fibromyalgias” OR “Secondary
Fibromyalgia” OR “Secondary Fibromyalgias™

TW:“Transcranial direct current stimulation” OR “tDCS” OR “Anodal
Stimulation Tdes” OR “Anodal Stimulation Transcranial Direct Current
Stimulation” OR “Anodal Stimulation tDCSs” OR “tDCSs” OR
“Stimulation Tdcs” OR “Cathodal Stimulation Tdcs” OR “Cathodal
Stimulation Transcranial Direct Current Stimulation” OR “Cathodal
Stimulation tDCSs”

TW:"randomised controlled trial” OR “controlled clinical trial” OR
“randomized controlled trials” OR “random allocation” OR “double-blind
method” OR “single blind method” OR “clinical trial” OR “clinical trials”
OR “placebos™ OR “placebo” OR “random™ OR “follow-up studies” OR
“prospective studies” OR “cross-over studies” OR “prospective” OR
“volunteer” OR “pilot projects” OR “pilot study™

TW: "electroencephalography" OR "electroencephalographic" OR
"electroencephalogram" OR "EEG" AND “brain wave” OR “brain waves”
OR “brainwaves” AND “Brain Imaging” OR “Functional Brain” OR
“Functional Brain Imagings” OR “Functional Brain Imaging” OR
“Neuroimaging, Functional” AND “connectivity”

Nota: busca realizada em 03/07/2023
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TERMOS DE BUSCA:
1 - Fibromyalgia

2 - Transcranial direct current stimulation (tDCS)
3 - Clinical Trial
PUBMED/
4-EEG MEDLINE COCHRANE
1 o 1.751 i 2.185
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Figura 1. Sequéncia dos critérios e elei¢do de artigos para revisdo sistematica
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2 REVISAO DE LITERATURA

2.1 FIBROMIALGIA

2.1.1 Aspectos Historicos e Conceituais

Em 1904, Gowers definiu “fibrosite” para descrever a dor muscular secundaria a inflamagao
da regido lombar. Esse termo seguiu sendo utilizado posteriormente para designar a dor
musculoesquelética generalizada acompanhada de sono ruim, fadiga e multiplos pontos dolorosos.
Em 1981, Yunes realizou um estudo sugerindo o termo fibromialgia para pacientes afetados por
uma dor cronica generalizada com multiplos pontos dolorosos e que estavam associados a outros
sintomas como disturbios do sono, fadiga, parestesia, sindrome de intestino irritdvel e enxaquecas
(JAY; BARKIN, 2015).

A Associagdo Americana de Reumatologia (ACR, do inglés, American College of
Reumatology) estabeleceu os critérios diagnosticos da FM de forma essencialmente clinica em 1990,
que foram revisados em 2010 e mais recentemente em 2016 (JONES, et al., 2015). A FM se
caracteriza por uma dor musculoesquelética generalizada, difusa e cronica, com duragdo superior a
trés meses, acompanhada de rigidez, fadiga, distirbios do sono, transtornos do humor e problemas
cognitivos (DURUTURK; TUZUN; CULHAOGLU, 2015). Os principais sintomas psiquiatricos
observados, ansiedade ou depressdo, resultam numa perda consideravel por parte do sujeito afetado
pela doenga da sua capacidade de realizar atividades diarias (JAY; BARKIN, 2015).

A fisiopatologia da FM ¢ entendida pela SSC um fendomeno de hiperexcitabilidade dos
neurdnios implicados no processamento nociceptivo (JAY; BARKIN, 2015; DEITOS, et al., 2015).
Dessa forma, pacientes com fibromialgia apresentam limiares mais baixos para responder a dor
(hiperalgesia) e a outros estimulos. Além disso, podem desenvolver hipersensibilidades secundarias
que afetam sua percepcao da dor, sintoma de alodinia, ou seja, sentem dor em resposta a um
estimulo nao doloroso (SCHWEINHARDT; SAURO; BUSHNELL, 2008; YUNUS, 2008;
GALVEZ-SANCHEZ; DUSCHEK; REYES DEL PASO, 2019).

Evidéncias recentes, derivadas de dados psicofisicos e neurofisiologicos, sugerem que a
sensibilizacdo encontrada na FM envolve mecanismos como o wind up, potenciagdo de longa
duracdo (LTP do inglés: long-term-potentiation) e facilitagdo de longo prazo que estao relacionados
a disfun¢ao do SMDD (CAUMO), et al., 2016) responsavel por controlar o equilibrio entre estimulo
periférico e resposta central. Nesse processo, sdo enviados sinais de facilitagdo e inibi¢do desde o
cérebro, modulando os estimulos nociceptivos ascendentes da periferia (VANEGAS; SCHAIBLE,
2004). A Figura 2 apresenta as estruturas envolvidas no SMDD. A disfun¢ao prejudica os
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mecanismos de inibicdo dos sinais sensoriais ao nivel cortical, reduzindo a inibi¢do intracortical

medida por meio da estimulagdo magnética transcraniana (EMT) (CAUMO, et al., 2017).

E Trato

Espinotalamico \  ISinapse inibitéria

\
! no corno dorsal
AdouC

Entrada
“nocioceptiva” -
A

Ascendente

MEDULA
ESPINHAL

Figura 2. Ilustrag@o do sistema modulatdrio descendente da dor (SMDD) e suas relagoes com multiplas regides do SNC.
(A) Os impulsos inibitérios descem para o corno dorsal do segmento da medula espinhal onde os respectivos estimulos
dolorosos sdo transmitidos ao neurénio de segunda ordem. Os interneurdnios inibitorios ativados liberam
neurotransmissores inibitdrios, como endorfinas, noradrenalina e serotonina. (B) Sistema ascendente contralateral. (C)
Sistema e modulagio PAG-RVM. (D) Regides corticais, como o cortex cingulado e o insular e regides subcorticais,
como talamo, hipotdlamo e amigdala, projetam sinais para a PAG que recebe respostas e inicia impulsos nervosos
inibitorios os quais descem o SNC por toda a extensdo medial e vias laterais. TH, talamo; HT, hipotalamo; AMI,
amigdala; NCF, nucleo cuneiforme; PAG, substancia cinzenta periaquedutal, DLPT, tegmento pontino dorsolateral;

RVM, medula rostral ventromedial. Adaptado de Zortea et al., 2019.

Como resultado dessa disfuncdo, os sujeitos apresentam fadiga, problemas de memodria,

sono e transtornos de humor, provavelmente pela acdo que neurotransmissores mediadores da dor
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também executam nesses sistemas. Tais efeitos estdo associados ao equilibrio entre excita¢do
(glutamatergica) e inibicdo (GABAergica) das sinapses neuronais (BINDER; SCHARFMAN, 2004).

As respostas das vias inibitérias controladas pelo SMDD podem ser avaliadas pelo
paradigma da modulagdo condicionada da dor (CPM do inglés: conditioned pain modulation). O
CPM est4 baseado na teoria da “dor inibe a dor”. Neurdnios que respondem a ampla gama de
estimulos sensoriais no corno dorsal da medula espinhal recebem um estimulo nocivo condicionante
que ativa as fibras nociceptivas Ad e C, inibindo a recepg¢do de outro estimulo doloroso denominado
estimulo teste (LE BARS, et al., 1991, PETERSEN, et al., 2019).

Em um sistema saudavel, a aplicagdo do estimulo de condicionamento resultarda em
diminuicao da sensibilidade a dor. No entanto, as condi¢des de dor cronica estdo associadas ao
aumento da sensibilidade a dor quando o estimulo condicionante ¢ aplicado, indicando a
disfuncionalidade dos sistemas inibitérios descendentes endogenos (NIR; YARNITSKY, 2015).

As vias endogenas da dor compreendem um sistema sensorial complexo que, além da
funcdo inibitéria do SMDD, estd composta por uma via ascendente lateral a codificar o componente
sensorial da dor e uma via ascendente medial a codificar o componente de sofrimento relacionado a
dor (DE RIDDER; ADHIA; VANNESTE, 2021). Por um lado, a informag¢ao nociceptiva da via
lateral € transmitida as areas cerebrais envolvidas no processamento sensorial da dor incluindo o SI,
PAG, a amigdala (AMI), o HT e o ntcleo accumbens. Por outro, a informagdo codificada pela via
medial caracteriza-se no cérebro por atividades na insula, CCA dorsal e subgenual, &reas
responsaveis pelo processamento dos aspectos efetivos e motivacionais da dor. Além disso, a via
medial induz a atividade cerebral do CPF medial responsavel por executar o processamento dos
componentes emocional e cognitivo na dor crénica (YANG; CHANG, 2019). Essas areas
configuram-se como alvos terapéuticos envolvidos nos aspectos sensoriais e afetivos da dor cronica,
enquanto o M1 e o SI apresentam-se como alvos da modulacao do sistema inibitorio descendente da
dor devido a conexdes com o CCA pregenual e a PAG, principais centros das vias inibitorias
descendentes (VOLKERS, et al., 2020).

A disfuncdo do SMDD pode ser mediada pelos niveis enddgenos de BDNF que
desenvolvem uma importante funcao na sensibilizagdo das vias da dor no corno dorsal da medula
espinhal facilitando a ativacdo dos receptores NMDA (do inglés: N-methyl-D-aspartate) que
contribuem para o aumento da sensibilidade aos estimulos nociceptivos, hiperalgesia. Além disso,
niveis elevados de BDNF endogenos contribuem para a promog¢do de processos de plasticidade
adaptativa e de recuperagao funcional (KERR, et al., 1999; BRIETZKE, et al., 2019).

Conforme estudos com animais, a plasticidade neuronal expressa pelos niveis de BDNF tem

sido observada nas vias ascendentes sensoriais, mediando a transicdo da dor aguda para a crénica
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(SIKANDAR, et al., 2018), e nos mecanismos subjacentes a indu¢ao e manutengdo dos aspectos
afetivo-emocionais ligados a dor associados aos niveis de BDNF no CCA (THIBAULT, et al.,
2014). Isso € o que também ocorre na conservacao do estresse cronico associado aos niveis de
BDNF no CPF (SOSANYA, et al., 2019). A seguir, apresentaremos as fun¢des do BDNF como um

marcador fisioldgico de neuroplasticidade e preditor de resposta na FM.

2.1.2 Plasticidade Neuronal na FM

O BDNF ¢ uma neurotrofina que se distribui amplamente pelo sistema nervoso central e
periférico (YAN, et al., 1997) e desempenha uma importante funcdo na manuten¢do neuronal,
plasticidade e neurogénese (SCHINDER; BERNINGER; POO, 2000). Os niveis séricos do BDNF
sdao apontados como um relevante marcador de doengas neuropsicologicas, tais como a depressao
(AYDEMIR et al, 2006) e esquizofrenia (PIRILDAR, et al., 2004). Altos niveis de BDNF sérico se
relacionam com altos escores de dor e de incapacidade em pacientes com FM (ZANETTE, et al.,
2014) e estdo associados a maior disfungdo do SMDD (CARDINAL, et al., 2019). De forma oposta,
baixos niveis de BDNF sérico estao associados a disfun¢des do sono e insonia (GIESE, et al., 2014).

Por isso, sendo uma das moléculas relacionadas ao processamento da dor, consideramos os
niveis endogenos do BDNF um marcador da plasticidade neural por sua acdo relacionada aos
receptores NMDA presentes nas vias ascendente e descendente da dor na FM (ZANETTE, et al.,
2014; BRIETZKE, et al, 2019). Em pacientes com FM, os niveis séricos de BDNF estdo
aumentados e se correlacionam ao baixo limiar de dor a pressdao (ZANETTE, et al, 2014). Além
disso, atuam como moderadores na relagao entre a gravidade do prejuizo cognitivo e a disfun¢do do
SMDD na FM (SERRANQO, et al., 2022b).

Em sindromes dolorosas, como FM, sindrome dolorosa miofascial e osteoartrite, os niveis
de séricos BDNF se correlacionam inversamente com a inibi¢do intracortical e alteracdes dos
escores de dor aferidos pelo CPM-test sugerindo uma grande desinibicdo no cortex motor € no
sistema inibitorio descendente da dor (DIPS) (do inglés: descending inhibitory pain system)
(CAUMO, et al., 2016).

Além disso, verificamos que o BDNF sérico atua como um preditor de resposta aos
tratamentos com estimulagdo elétrica transcraniana (EET). Pacientes com FM apresentaram maior
eficacia no tratamento com ETCC nos escores relacionados a memoria de curto prazo. Isso somente
quando considerado o estado de neuroplasticidade basal medido pelos valores séricos de BDNF
(SANTOS, et al., 2018). Igualmente, o BDNF basal foi um preditor na diminui¢do dos escores de
dor em pacientes com FM apos a aplicagdo de 60 sessoes da ETCC domiciliar (BRIETZKE, et
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al.,2020). Ademais, a melhora cognitiva em pacientes com FM esta relacionada a diminui¢do do
BDNF sérico apds 20 sessoes de tratamento com ETCC ativa (SERRANO, et al., 2022a). Esses
resultados demonstram que a ETCC age modulando a neuroplasticidade disfuncional na FM e

apontam a possibilidade da experimentacdo de outras técnicas de EET.

2.2 ESTIMULACAO CEREBRAL NAO INVASIVA: HISTORICO

2.2.1 Aspectos Historicos e Conceituais

Os primeiros relatos historicos do uso de estimulacao cerebral (EC) para fins medicinais
remontam a Antiguidade, conforme descricdo do médico romano Scribonius Largus, com a
aplicagdo da descarga elétrica do “peixe-torpedo” para alivio de dores de cabega. Foi no periodo da
Modernidade que a utilizagdo da eletricidade para fins terapéuticos ganhou impulso. Em 1800,
Alessandro Volta desenvolveu a pilha voltaica e, no final do século XIX, Michael Faraday
descreveu o fendmeno da indugdo eletromagnética, ou seja, a geracdo de um campo magnético pela
passagem de uma corrente elétrica (BRUNONI; BOGGIO; FREGNI, 2012).

Somente no século XX a estimulacdo cerebral ndo invasiva (NIBS) sera aplicada para fins
terapéuticos. Em 1938, os psiquiatras da Universidade de Roma, Ugo Cerletti ¢ Lucio Bini
defenderam o uso de eletroconvulsoterapia (ECT) como forma de indugdo de convulsio em
pacientes psicéticos. A ECT foi amplamente empregada apds a II Guerra Mundial, mas, devido ao
uso indiscriminado e punitivo em manicomios, a técnica perdeu forca nos anos 80, principalmente
com a difusdo do movimento antipsiquiatrico (PASSIONE, 2004). Além disso, o crescimento da
industria farmacéutica com o aperfeicoamento dos psicofarmacos na psiquiatria e neurologia
levaram ao abandono das N/BS (BRUNONI; BOGGIO; FREGNI, 2012).

As NIBS voltaram ao cendrio clinico somente no final do século XX com o surgimento da
EMT desenvolvida por Anthony Barker, através de um campo magnético oscilante, gerado por uma
bobina posicionada sobre o cranio, que induz uma corrente elétrica no cortex cerebral, ativando ou
inibindo as redes neuronais (GEORGE; ASTON-JONES, 2010). Desde entdo, diversas técnicas de
estimulacdo cerebral ndo invasivas se desenvolveram além da EMT. A EET, por exemplo, envolve
a passagem de uma corrente elétrica por eletrodos posicionados sobre o cranio € a modulagdo
transcraniana por ultrassom que emprega o posicionamento de um transdutor de ultrassom sobre o
cranio (GEBODH, et al., 2019).

Dentro do conjunto das técnicas que utilizam a passagem de corrente elétrica diretamente

pelo cérebro via eletrodos, destacamos: a estimulagdo transcraniana por corrente continua (ETCC);
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estimulacdo transcraniana por corrente alternada (ETCA); estimulacdo transcraniana por ruido
(tRNS, do inglés: transcranial random noise stimulation), estimula¢do transcraniana por corrente
pulsada (¢PCS, do inglés: transcranial pulsed current stimulation); estimulagdo transcraniana por
corrente continua oscilatoria (o-tDCS, do inglés: oscillating tDCS) ou estimulagdo transcraniana por
corrente continua oscilatéria sinusoidal (sotDCS, do inglés: sinusoidal oscillating tDCS). Além
dessas técnicas, a ECT e a terapia convulsiva com administracao elétrica focal (FEAST, do inglés:
focal electricallyadministered seizure therapy) fazem parte do cenario (GEBODH, et al., 2019).

A ETCC ¢ uma técnica promissora e segura para o tratamento de varias condigdes de dor
cronica (PACHECO-BARRIOS, et al., 2020), incluindo a FM (LLOYD, et al., 2020). Trata-se de
um método terap€utico que modula o potencial de membrana pela aplicacdo de estimulos elétricos
sobre o escalpo. A aplicacao de estimulos com carga positiva (anodicos) facilita a despolarizacao da
membrana e aumenta a excitabilidade cortical, mas a aplicagdo de estimulos de carga negativa
(catddicos) inibe o potencial de membrana (REATO, et al., 2019).

O estabelecimento de parametros bem determinados contribuem para o desenvolvimento de
protocolos de tratamento eficazes. Assim, a intensidade da corrente, duracao do estimulo, o tipo de
montagem, tamanho do eletrodo influenciam na dire¢cdo do fluxo de corrente e no campo elétrico
gerado, afetando a quantidade de corrente que alcanga o cortex cerebral (ANTAL,ef al., 2022).

A ETCC apresenta-se como uma técnica com poucos efeitos colaterais e alta tolerabilidade
(BENLIDAYT,2020), tendo um elevado potencial de eficicia terapéutica como demonstrado nas
doencas neurodegenerativas (RAHMAN-FILIPIAK, et al., 2019), doencas neurologicas e
transtornos psiquiatricos (FREGNLer al., 2021; BRUNONI; PALM, 2019), cognicao (SHAH-
BASAK, et al, 2019), memoria episoddica (GALLLet al., 2019), dor cronica (KNOTKOVA, et al.,
2021) e transtornos do neurodesenvolvimento (SALEHINEJAD, et al., 2022). Além dos efeitos
neuromodulatorios imediatos sobre o SNC, a ETCC também produz efeitos prolongados que visam
a neuroplasticidade das redes neuronais. Esse fenomeno ocorre a partir dos mecanismos de LTP ¢
depressdo de longa duracdo (LTD do inglés: long-term depression). Na LTP, ocorre o
fortalecimento da conexao sindptica por uma resposta facilitada e duradoura amplamente distribuida
no SNC. Em oposi¢do, na LTD, verifica-se o enfraquecimento da conexao sinaptica por um periodo
prolongado (REATO et al., 2019).

Nesse sentido, o uso frequente da técnica de ETCC produz efeitos mais duradouros e
estaveis (BRIETZKE, et al., 2020). O desenvolvimento do aparelho de ETCC para uso domiciliar
implica a potencializa¢do desses efeitos terapéuticos no tratamento de diversas doencas e inimeros
transtornos. Assim, Carvalho et al., (2018) demonstraram a viabilidade da utilizagdo de um

dispositivo de ETCC para uso domiciliar, salientando a facilidade de utilizacdo do dispositivo,
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indicada por uma alta adesdo dos pacientes ao tratamento, além da seguranga e confiabilidade

devido a baixa incidéncia de efeitos adversos. O dispositivo de ETCC domiciliar encontra-se

exemplificado na Figura 3.

Figura 3. Modelo da ETCC domiciliar. (A) Maleta. (B) Touca customizada para posicionamento de eletrodos. (C)
equipamento de ETCC para uso domiciliar. (D) Exemplo de utilizacao.

Em nossos estudos, a aplicagdo de uma sessdo de ETCC na area do CPFDL associada a uma
tarefa cognitiva melhorou a funcdo de redes neurais envolvidas na ateng¢do espacial e executiva,
assim como reduziu a percepcao da dor em pacientes com FM (SANTOS, ef al., 2018). Em outro
ensaio clinico, demonstramos que o uso de duas sessoes de ETCC, prévias a cirurgia para corre¢ao
de halux valgus por dor incapacitante, reduziu a dor didria ao repouso € ao movimento, bem como o
consumo de analgésicos durante a primeira semana de pos-operatorio (RIBEIRO, et al., 2017). Em
estudo com desenho fatorial, o uso de ETCC combinada a estimulagdo intramuscular foi superior a
cada uma das técnicas usadas isoladamente e ao efeito do tratamento simulado na dor de osteoartrite
de joelho severa (DA GRACA-TARRAGO,et al., 2019).

O efeito da ETCC esta relacionado ao alvo da estimulagdo. O M1 tem sido relacionado a
modulagdo do sistema somatossensorial (AGBOADA, et al., 2019), o que explica o uso dessa area
para aplicagdo de estimulos no tratamento da dor. Evidéncias sugerem que o emprego da ETCC
sobre M1 modula a dor por efeitos corticais reduzindo a conectividade entre os nucleos talamicos
ventrolateral, CPF e a area motora suplementar (Pacheco-Barrios, et al., 2020). Outra area-alvo da
ETCC relacionada a dor ¢ o CPFDL, comumente ativo durante os episddios algicos, com fungao

importante nos processos de predi¢do, avaliacdo e reinterpretacdo da dor (ONG; STOHLER; HERR.
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2019). O CPF faz parte da rede de conexdes do SMDD e parece modular estruturas envolvidas com
os componentes emocional e cognitivo da dor, que incluem o CPF medial bilateral, cortex insular
anterior, CCA, amigdala bilateral, ntiicleo magno da rafe, substancia cinzenta periaquedutal e giro
frontal médio conforme evidenciado em varios estudos recentes (DELDAR, et al., 2018; DUTRA et
al., 2020; DE BRITO ARANHA, et al. 2022).

Esses resultados refor¢am o pressuposto de que a estimulagdo do CPFDL possa influenciar
aspectos emocionais e cognitivos da dor. Além disso, em pesquisa atual, demonstramos que 60
sessdes de ETCC, aplicadas sobre o CPFDL, reduziram ndo apenas a percep¢ao da dor, mas
também os sintomas depressivos, melhorando a capacidade funcional de mulheres diagnosticadas
com FM (BRIETZKE,et al., 2020). Esse conjunto de dados contribuem para a hipotese de que a
estimulagdo do CPFDL constitui uma via para a modulacao da dor, especialmente relacionada aos
sintomas psicoafetivos.

Considerando o impacto negativo dos sintomas associados a FM, a relevancia de estudar
essa patologia ¢ inquestionavel pela necessidade de progredirmos na compreensao dos mecanismos
fisiopatoldgicos ai implicados com vistas ao avango terapéutico. Neste cenario, estd inserido o
presente estudo, que busca avaliar o efeito da ETCC domiciliar comparando a aplicacdo sobre o
CPFDL e M1 e seu impacto na conectividade dos circuitos neuronais relacionados a dor. Isso ¢
particularmente relevante frente a complexidade dos mecanismos envolvidos na fisiopatologia da
FM, motivo que justifica a utilizagdo de recursos diversos para compreender como essa técnica de
neuromodulacdo pode modificar os processos disfuncionais de plasticidade mal-adaptativa,
subjacente a sensibiliza¢do central, que parece ser um mecanismo central em sua fisiopatologia.
Assim sendo, ratificamos nosso objetivo de colaborar com a descoberta e disseminagdo de
informagdes que possam trazer maior clareza sobre o efeito da ETCC nos diferentes mecanismos
que permeiam a fisiopatologia da FM. Através disso, almejamos, consequentemente, contribuir com
0 avango no tratamento da doenca, atenuando o expressivo prejuizo causado a vida dos pacientes e

o pesado encargo socio-econdmico a eles e a sociedade.

2.3 RITMOS CEREBRAIS E CONECTIVIDADE NEURAL NA FM

Ritmos cerebrais ou oscilagdes cerebrais referem-se a flutuagdes ritmicas dos sinais de
conjuntos neurais registrados por técnicas como EEG ou MEG. As oscilagdes cerebrais originam-se
da interacao dinamica de excitacdo e inibicdo de redes neuronais promovendo a sincronizagao
periodica de potenciais de acdo. A sincronizacdo da atividade cerebral pode ocorrer dentro de e

entre areas cerebrais diferentes e estdo associadas a uma ampla variedade de fungdes sensoriais,
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cognitivas e comportamentais. A interpretacdo de seu significado funcional varia conforme a

dinamica do fluxo de informagdes entre as redes envolvidas (PLONER; SORG; GROSS, 2017).

2.3.1 Conectividade Funcional

A conectividade cerebral visa descrever os padroes de interagdo dentro de e entre diferentes
regidoes cerebrais baseada no conceito de integragdo funcional, ou seja, descrever a ativagao
coordenada de conjuntos de sistemas neurais distribuidos em diferentes areas corticais. Assim, a
conectividade funcional (CF) pode ser definida em termos de conexdes estatisticas (correlagdes ou
covariancia), das respostas neurais, em diferentes localizagdes anatOmicas subjacentes as
configuragdes funcionais corticais. Dito de outro modo, conexdes através das quais podemos
averiguar como os neuronios interagem entre si, sincronizando sua atividade dindmica (CHIARION,
etal.,2023).

A CF pode ser medida em termos de acoplamento (ndo direcionada) e causalidade
(direcionada). O acoplamento refere-se a existéncia de uma relacdo estatistica (correlagdao e
informacao mutua) dos sinais registrados por meio de medidas de conectividade simétrica que
quantificam a ocorréncia de eventos neurofisiologicos simultaneos temporalmente, mas
espacialmente distantes. Em contraste, a causalidade refere-se a presenca de uma relagao de causa e
efeito entre dois sinais cerebrais, defasada no tempo, que pode ser avaliada por meio de medidas de
conectividade direcionada como causalidade de Granger, coeréncia direcionada, coeréncia
direcionada parcial e entropia de transferéncia. A coeréncia ¢ uma abordagem que avalia a
conectividade direcionada no dominio da frequéncia do sinal assumindo que os dados adquiridos

sdo ricos em componentes ritmicos individuais (CHIARION, et al., 2023).

2.3.2 Coeréncia defasada

As oscilagdes cerebrais derivam da atividade neural e sdo normalmente avaliadas através da
medicao de sua forga ou coeréncia. No entanto, nenhuma medida reflete diretamente a principal
caracteristica das oscilagdes, sua ritmicidade. Ela deriva da natureza repetitiva das oscilagdes
neurais permitindo a previsdo de fases futuras a partir da fase corrente. Assim, quanto mais
periodica a forma da onda, mais ritmico € o sinal e mais fases futuras da onda podem ser previstas.
No entanto, a atividade neuronal nao ¢ totalmente oscilatéria, sendo composta por atividades
transitorias (FRANSEN; VAN EDE; MARIS, 2015).

As oscilagdes neuronais podem ser estimadas pela densidade espectral de poténcia (PSD do

inglés: potential spectral density) para detectar as periodicidades das oscilagdes através da
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observagdo dos picos nas frequéncias correspondentes a essas periodicidades. No entanto, os ritmos
e a periodicidade dificilmente podem ser quantificados diretamente a partir da representacao no
dominio do tempo. A base da estimativa espectral ¢ a transformada de Fourier que decompde um
sinal em um conjunto de componentes senoidais, isto €, a soma de todos os componentes descreve
perfeitamente o sinal observado. A PSD pode ser calculada com base na transformada de Fourier e
descreve como a poténcia de um sinal aleatdrio € distribuida em diferentes frequéncias. No entanto,
a PSD nao reflete apenas a amplitude média dos componentes senoidais, mas também das
atividades cerebrais transitérias (ZHANG, 2019).

A coeréncia defasada ¢ uma medida direta da ritmicidade, pois quantifica a consisténcia de
fase entre diferentes intervalos de tempo no mesmo local de registro. A coeréncia defasada nao
depende da amplitude da onda, e, ao contrario da PSD, diferencia entre sinais ritmicos e transientes,
sendo adequada para investigar a conectividade funcional entre diferentes locais do cérebro
(FRANSEN; VAN EDE; MARIS, 2015). A coeréncia defasada (L) é a coeréncia entre um sinal (Xn)

e a versao defasada desse mesmo sinal (x,+1) conforme expressada pela seguinte formula:

N-1 H
A(k) — Zn=1 f(xn)kf(xn+1)k (1 )
J(zﬁ;ﬂﬂxnm2)(2ﬁ;11|f(xn+1)k|2)

Onde:

MK) significa coeréncia defasada.

f(xn) significa a transformada de Fourier do sinal xn.

k indica o indice da frequéncia de interesse na série de frequéncias de Fourier.

H denota a transposicao Hermitiana (conjugado complexo).

A figura 4 ilustra como ¢ calculada a coeréncia defasada, utilizando o registro de um sinal
hipotético gravado, denominado x. Esse processo de calculo ¢ denominado de multitaper estimation
(MARIS; SCHOFFELEN; FRIES, 2007). O sinal ¢ segmentado em epochs adjacentes de periodos
iguais (conforme Fig. 4A). A seguir, sao calculados os coeficientes de Fourier para cada epoch, as
amplitudes e fases desses coeficientes sao representados pelos comprimentos e os angulos dos
vetores, respectivamente (Fig. 4B). Na sequéncia, também ¢ calculado o produto f (%) f (Xns1)¥
para cada par de epochs adjacentes. A fase desse produto equivale a relagdo de fase entre as duas
epochs que compodem esse par. A figura 4C expressa os vetores resultantes no plano complexo
desse calculo no qual o comprimento do vetor representa a amplitude e o angulo do vetor a relagao
de fase entre as duas epochs. A consisténcia de fase entre as epochs indexa a ritmicidade: quanto

mais ritmico o sinal, mais consistentes sdo as diferencas de fase. A consisténcia das diferencas de
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fase ¢ calculada pela média dos valores dos vetores ao longo dos pares de epochs, valor esse que
corresponde ao autoespectro defasado (Fig. 4D). A amplitude do autoespectro defasado aumenta
com a relacdo da consisténcia de fase entre epochs adjacentes ao longo das epochs analisadas

(FRANSEN; EDE; MARIS, 2015).
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Figura 4. A coeréncia defasada mede a consisténcia de fase entre dados segmentados (epochs) ndo sobrepostos.
Adaptado de FRANSEN; EDE; MARIS, 2015.

A coeréncia defasada ¢ calculada normalizando o autoespectro defasado pela amplitude
média de todas as epochs, resultando em valores entre 0 e 1, que quantificam a ritmicidade do sinal.
Sinais ritmicos apresentam valores proximos a 1, enquanto sinais arritmicos, totalmente
imprevisiveis, apresentam valor proximo a 0 (FRANSEN; EDE; MARIS, 2015).

Conforme exposto acima, podemos afirmar que a andlise da coeréncia defasada se apresenta
como uma medida da ritmicidade das oscilagdes neurais confidvel para determinar a conectividade
entre conjuntos neuronais distantes, bem como permite avaliar a modulagdo da ritmicidade dessas

oscilacoes.

2.3.3 ELETROENCEFALOGRAMA (EEG)

O registro continuo da atividade cerebral pela EEG configura-se uma técnica atraente para

analise das oscilagdes e dos circuitos cerebrais relacionadas a dor devido a sua disponibilidade,
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seguranga e baixo custo. A verificagdo de anormalidades das fungdes cerebrais permite o
estabelecimento de marcadores cerebrais relacionados a dor cronica. Embora nenhum biomarcador
robusto relacionado a percep¢ao da dor medido pela EEG tenha sido identificado (ZIS,et al., 2022),
a investiga¢do de potenciais marcadores torna-se util para a definicdo do diagndstico, classificagdo
da dor cronica, favorecendo a descoberta de novas estratégias terapéuticas, como as N/BS (DINH, et
al., 2019).

Nesse sentido, o CPF demonstra exercer um papel importante na relagdo entre dor e
depressdo, ansiedade e perda de cogni¢do. Alteragdes estruturais sdo observadas pela perda na
substancia cinzenta do CPF em pacientes com dor cronica, que podem ser revertidas justamente
através do manejo biopsicossocial dessa dor e do uso de terapéuticas como a EMT repetitiva, ETCC,
entre outras (ONG; STOHLER; HERR, 2019).

Descobertas recentes sugerem que o CPF medial pode desempenhar um papel central na
vinculagdo da rede de modo padrio com as outras trés redes neuronais relacionadas a dor,
especialmente em pacientes com dor lombar cronica (TU, et al, 2020). Na FM, observamos
alteracdes funcionais e estruturais nas redes neurais relacionadas a dor, principalmente envolvendo
areas do CPF, do cortex cingulado e das regides limbicas. Particularmente, o cortex pré-frontal
ventromedial e o CPFDL parecem estar no centro das alteragdes desses circuitos neurais,
configurando-se, dessa forma, sitios para os quais podem ser direcionadas terapéuticas que atuem
na regulagdo dos processos inibitorios da dor cronica (MOSCH, et al., 2023).

Na FM, os estudos com EEG apresentam uma variabilidade de resultados indicando
diminui¢do da poténcia na faixa de frequéncia delta na insula e giro temporal médio e superior,
acompanhado de um aumento na faixa de frequéncia beta localizada na regido frontal e giro médio
do cingulo (GONZALEZ-ROLDAN, et al., 2016). Também foram observados aumento nas bandas
teta, beta e gama no CPFDL esquerdo e cortex orbitofrontal (LIM, et al., 2016).

Com o intuito de verificar possiveis alteragdes funcionais produzidas pela FM nos circuitos
neuronais relacionados a dor, Zortea et al (2021), utilizando o EEG no paradigma do estado de
repouso, avaliaram a PSD entre mulheres com FM usudrias e ndo usudrias de medicamentos
opidides. Os resultados mostraram que os picos de amplitude considerando a diferenga da PSD
entre as condi¢cdes de olhos abertos e fechados (OA-OF) foram menores em usuarios de opiodides
nas frequéncias delta parietal, teta central, beta central e beta parietal. A variacdo da densidade
espectral na condi¢ao de OA-OF da frequéncia delta parietal se correlacionou negativamente com a
incapacidade devido a dor. As variagdes da atividade beta central e parietal correlacionaram-se

positivamente com a qualidade do sono. Importante salientar que a frequéncia beta nas regides
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central e parietal demonstrou ser um marcador sensivel para discriminar pacientes com FM usudrias
e ndo usuarias de opidides (ZORTEA, et al., 2021).

Em estudo recente, a aplicacio de ETCC anodica sobre o CPFDL esquerdo de idosos
saudaveis aumentou as amplitudes dos componentes P200 e P300. Em idosos com doenca de
Alzheimer, a aplicagdo da ETCC catddica aumentou a amplitude do componente P200 e a atividade
da frequéncia teta na regido frontal. Os resultados sugerem que a ETCC tem capacidade de modular
a atividade cerebral da regido frontal demonstrando uma potencial melhora da memoria de trabalho
(CESPON, et al., 2019).

Em outro estudo, a aplicacdo de dois protocolos de ETCC aplicadas sobre M1, por 5 e 10
dias consecutivos, comparados a estimulacdo simulada, ndo apresentaram efeitos significativos na
redu¢do da dor em mulheres diagnosticadas com FM. No entanto, ambos os protocolos foram
capazes de modular a atividade cortical da faixa de frequéncia alfa-2, nas regides frontal e parietal,
alterando aspectos comportamentais relacionados a atencao (DE MELO, et al., 2020).

Considerando outros cenarios terapéuticos, a ETCC foi efetiva em modular a PSD e a CF
em pacientes que sofreram acidente vascular cerebral (AVC), diminuindo o poder espectral das
oscilagdes delta e da CF global e aumentando o poder espectral e a conectividade global e local das
oscilagdes na frequéncia alfa (LIU,et al., 2023). No tratamento da epilepsia focal, a estimulacao
com ETCC catodal durante 5 dias consecutivos diminuiu a descarga da regido epileptiforme
interictal melhorando a rede funcional medida por EEG (LUO,et al., 2021).

O EEG apresenta-se como uma abordagem confidvel para rastrear alteragdes
eletrofisiologicas induzidas pela ETCC, auxiliando a compreensao dos mecanismos de agdo dessa
técnica terapéutica. Isso permite a discriminagdo entre respondedores e ndo respondedores ao
tratamento e melhora o rastreamento de alteragdes neuroplasticas induzidas pelas técnicas de
estimulagdo elétrica, como a ETCC (BOLOGNINI; DIANA, 2021).

Diante disso, a ETCC consegue modular os ritmos cerebrais em regioes especificas do
cérebro. Portanto, ¢ importante compreender como a condi¢do de dor cronica na FM altera os
ritmos cerebrais e a conectividade entre as areas relacionadas a dor. Essas alteracdes podem ser
analisadas através do EEG em estado de repouso, sendo possivel também verificar o efeito que a

ETCC exerce sobre a atividade neural para alivio da dor e melhora dos sintomas na FM.

3 JUSTIFICATIVA
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A fibromialgia ¢ uma sindrome que se caracteriza pela presenga de dor musculoesquelética
cronica e difusa associada a sintomas que afetam o sistema nervoso central incluindo transtornos do
sono, cognitivos € de humor. A compreensdao da fisiopatologia da FM e das comorbidades
associadas podem auxiliar no diagndstico e na defini¢do de indicadores de sua evolugdo auxiliando
na defini¢do de seu tratamento.

O uso de diversos grupos de medicamentos configura o principal tratamento da FM
atualmente, acarretando, muitas vezes, efeitos colaterais que aumentam as queixas por parte dos
pacientes. Tratamentos fisioterdpicos, massagens, acupuntura, psicoterapia, pratica de atividades
fisicas s3o complementos ou alternativas.

As técnicas de neuromodulagdo, devido a facilidade em termos de aplicacdo, surgem como
uma novidade para o tratamento das sindromes de dor cronica. A ETCC domiciliar representa uma
das técnicas de estimulacdo ndo invasivas com alta tolerabilidade, seguranca e poucos efeitos
colaterais. Além disso, trata-se de uma técnica econdmica e potencialmente movel, permitindo
aplicacdes clinicas que a tornam uma proficua alternativa ao uso de medicamentos.

Justificamos o presente estudo para demonstrar que o uso da ETCC de uso domiciliar
modula os circuitos neuronais relacionados ao processamento da dor e, consequentemente, diminui
essa dor cronica em pacientes com FM. Através desse auxilio no manejo dos sintomas associados a

doenga, propomos essa técnica como promissora alternativa de tratamento para sindromes dolorosas.

4 MAPA CONCEITUAL
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Figura 5. Mapa conceitual do estudo. Cortex motor primario (M1); Cortex somatosensorial primario (S1) e secundario
(S2); Cortex cingulado anterior (CAA) e posterior (CCP); Coértex pré-frontal dorsolateral (CPFDL), ventromedial
(CPFVM) e medial (CPFM); Insula (INS); Amigdala (AMI); Talamo (TH); Substéncia cinzenta periaquedutal (PAG);
Medula rostroventral (RMV); Eletroencefalografia (EEG).

5 OBJETIVOS

5.1 OBJETIVO PRIMARIO

1) Comparar o efeito da ETCC domiciliar ativa e simulada sobre M1 ¢ o CPFDL na coeréncia
defasada da conectividade das redes neurais relacionadas a percepcao e ao processamento da
dor nas diferentes faixas de frequéncias - delta (1-3.5 Hz), teta (4-7.5 Hz), alfa-1 (8-0 Hz),
alfa-2 (10-12Hz), beta-1 (13-18 Hz), beta-2 (18.5-21 Hz), beta-3 (21.5-30 Hz) e gama (30.5-
44 Hz) - medidas pela EEG em estado de repouso. Consequentemente, averiguar a
associacao desse efeito a medidas de disfuncionalidade relacionadas a dor, qualidade de

sono, humor e a niveis séricos de BDNF em mulheres com FM.
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5.2 OBJETIVOS SECUNDARIOS

2)

3)

4)

Comparar coeréncia defasada da conectividade dos circuitos neurais relacionados a
percepgao e ao processamento da dor nas diferentes faixas de frequéncia medidas pelo EEG
em estado de repouso entre mulheres com FM e saudaveis;

Determinar a coeréncia defasada da conectividade dos circuitos neurais relacionados a
percepcao e ao processamento da dor nas diferentes faixas de frequéncia medidas pelo EEG
em estado de repouso com as medidas de disfuncionalidade relativas a dor, qualidade de
sono e a sintomas depressivos em mulheres com FM;

Investigar a coeréncia defasada da conectividade dos circuitos neurais relacionados a
percepgdo e ao processamento da dor nas diferentes faixas de frequéncia em estado de

repouso do EEG com os niveis séricos de BDNF basais em pacientes com FM.
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cross-sectional study

Rael Lopes Alves’?, Maxciel Zortea??, Paul Vicufia Serrano??,
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Background: Electroencephalography (EEG) has identified neural activity in
specific brain regions as a potential indicator of the neural signature of chronic
pain. This study compared the lagged coherence connectivity between regions of
interest (ROIs) associated with the pain connectome in women with fiboromyalgia
(FM) and healthy women (HC).

Methods: We evaluated 64 participants (49 FM and 15 HC) during resting-state
EEG sessions under both eyes open (EO) and eyes closed (EC) conditions. In
addition to EEG measurements, we assessed clinical and psychological symptoms
and serum levels of brain-derived neurotrophic factor (BDNF). The connectivity
between eight ROIs was computed across eight different EEG frequencies.

Results: The FM group demonstrated increased connectivity between the left
dorsolateral prefrontal cortex (DLPFC) and right anterior cingulate cortex (ACC),
specifically in the beta-3 frequency band (t = 3441, p = 0.044). When comparing the
EO and EC conditions, FM patients exhibited heightened interhemispheric connectivity
between insular areas (t = 3.372, p = 0.024) and between the left insula (INS) and right
DLPFC (t = 3.695, p = 0.024) within the beta-3 frequency band. In the EC condition,
there was a negative correlation between pain disability and connectivity in the beta-3
frequency band between the left ACC and the left primary somatosensory cortex (Sl;
r=-0442,p = 0.043). In the EO condition, there was a negative correlation between
central sensitization severity and lagged coherence connectivity in the alpha-2
frequency band between the right ACC and left Sl (r = 0428, p = 0.014). Moreover, in
the EO—-EC comparison, the lagged coherence connection between the left DLPFC
and right INS, indexed by the gamma frequency band, showed a negative correlation
with serum BDNF levels (r = —0.506, p = 0.012).

Conclusion: These findings indicate that increased connectivity between different
pain processing circuits, particularly in the beta-3 frequency band during rest,
may serve as neural biomarkers for the chronic pain brain signature associated
with neuroplasticity and the severity of FM symptoms.
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1 Introduction

Fibromyalgia (FM) is a nociplastic pain syndrome characterized
by widespread chronic musculoskeletal pain, fatigue, disrupted sleep,
cognitive impairment, and mood disturbances (Wolfe et al., 2016). It
ranks as the third most common musculoskeletal condition,
increasing with age and being more common in women (Jones et al.,
2015). FM is a primary chronic pain syndrome caused by either less
inhibition of neurons in the medullary and supramedullary
nociceptive pathways or more excitability and efficiency of synapses
(Yunus, 2007).

The nociceptive system connects with multiple brain regions
during pain perception modulated by interactions of ascending and
descending pathways. These brain areas compose the pain network
that includes the thalamic nuclei (TH), primary and secondary
somatosensory cortices (SI and SII), insula (INS), anterior cingulate
cortex (ACC), and prefrontal cortex (PFC; Apkarian et al., 2005).
These structures collectively constitute a complex neural network,
often called the pain matrix, involved in diverse processes such as
motor withdrawal, attention, anticipation, memory, and habituation
(Peyron and Fauchon, 2019).

The insula, situated deep within the lateral sulcus, between the
frontal, temporal, and parietal lobes, acts as a convergence point for
diverse information, serving as a hub where sensory, affective, and
cognitive inputs converge. Specifically, the anterior insula regulates
pains affective and motivational aspects, while the posterior insula is
involved in processing sensory and discriminative aspects (Lu et al.,
2016). The connection between the insula and the ACC acts as a
salient stimulus switch, sending attention to the PFC, which connects
to the default mode network (DMN) and the executive control
network (CEN). Chronic pain patients may exhibit structural and
functional connectivity changes within pain network regions (Kim
and Kim, 2022).

The medial PFC also plays a role in pain control by sending direct
projections to the periaqueductal gray (PAG), a key component of the
descending pain modulatory system (DPMS; Kummer et al., 2020).
Alterations in the PFC’s structure, activity, and connections have
been associated with both acute and chronic pain (Ong et al., 2019).
Functional near-infrared spectroscopy (NIRS) measurements have
indicated that increased activation of the left PFC following thermal
stimulation is a sensitive indicator in FM patients with more severe
clinical symptoms (Donadel et al., 2021).

The brain-derived neurotrophic factor (BDNF) plays a critical
role in promoting the survival, growth, and plasticity of brain
neurons. It is involved in various aspects of neural development,
synaptic plasticity, and communication between neurons (Antal
et al,, 2010). The association between pathological conditions and
serum BDNF levels, including depression, anxiety, and chronic
musculoskeletal pain, has been established (Boulle et al., 2012;
Caumo et al., 2017). Brain activity studies have explored the
correlation effects with the BDNE. Theta and beta power positively
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correlate with serum BDNF levels in the right temporoparietal region
in gambling disorder (Kim et al., 2022). Brain connectivity areas
involved in pain processing, particularly functional connectivity
between the thalamic subregions with the PFC, have been found to
be associated with BDNF in individuals with long-term primary
dysmenorrhea (Han et al., 2019). The Val/Met BDNF polymorphism
has been linked to increased functional connections between the PFC
and the motor cortex (MC) in FM patients. In contrast, the Val/Val
polymorphism has been linked to reduced functional connections
between the PFC and the MC, less active engagement of the DPMS,
and M symptoms that have a greater effect on the quality of life (de
Oliveira Franco et al., 2022a). Therefore, it is important to observe
possible correlations between serum BDNF levels and brain
oscillation in pain-related areas in FM.

Electrophysiological data demonstrates that multiple pain-
associated areas present overactivation in theta and low-beta brain
oscillations in chronic neurogenic pain patients, which agrees with
the concept of thalamocortical dysrhythmia (TCD) that predicts an
increase in cortical brain oscillations related to thalamic deactivation
(Stern et al., 2006; Ploner and May, 2018).

According to a recent review, electroencephalography (EEG)
power spectral analysis of neuropathic pain studies has consistently
demonstrated increased theta and high-beta bands and decreased
high-alpha and low-beta bands, independent of pain intensity
(Mussigmann et al., 2022). Moreover, patients with chronic
neuropathic pain have exhibited diminished reactivity across
broad EEG bands between eyes open (EO) and eyes closed (EC)
conditions over the parieto-occipital region (Vuckovic et al., 2014).
This relationship between EC and EO conditions concerning
frequency bands and cortical locations provides a valuable
physiological approach to analyzing brain functions (Mussigmann
et al., 2022).

In another study, FM patients who used opioids on an as-needed
basis showed reduced changes in peak amplitudes of EEG oscillations
when transitioning from EO to EC conditions. This reduction was
particularly pronounced in central theta, central beta, and parietal
beta frequency bands. Reduced oscillatory activity in the parietal
delta band of cortical activity was negatively correlated with pain-
related disability, indicating that FM severity is associated with
impaired cortical processing (Zortea et al., 2021). Analyzing brain
electrical activity oscillations may serve as a sensitive and valuable
approach to understanding the impact of neuroplasticity on
disease severity.

Functional connectivity analysis using EEG data provides
insights into how different brain regions communicate and work
together. One method commonly used for source localization and
functional connectivity analysis of EEG data is standardized
low-resolution electromagnetic tomography (SLORETA). sSLORETA
is a distributed source localization method that estimates the neural
sources of EEG signals by solving the inverse problem. It uses a
three-dimensional head model and EEG recordings to estimate
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electrical activity in different brain regions. This method was
validated through correlations with other imaging techniques, such
as functional magnetic resonance imaging (fMRI) and MRI (Mulert
et al,, 2004; Kim et al., 2022). Despite the use of a limited number
of electrodes, SLORETA has provided valuable insights into the
underlying sources of brain activity (Michel and Brunet, 2019). In
recent years, several studies have supported the use of SLORETA to
explore cortical activity patterns and functional connectivity in
various psychiatric and neurological conditions, including bipolar
disorder, autism spectrum disorder (ASD), obsessive-compulsive
disorder (OCD), tinnitus, and FM (Vanneste et al., 2011; Coben
et al., 2014; Vanneste et al., 2017; Yoshimura et al., 2018; Painold
et al.,, 2020).

Functional EEG connectivity has been employed to investigate
the interaction among brain structures implicated in chronic pain.
The functional dynamics of brain networks in FM patients
demonstrate inhibition of the connectivity between the DLPFC,
DMN, and descending pain pathways. These connectivity effects were
obtained mainly in the alpha-2 frequency band, which indicates the
integration of pain in the self-perception characterizing the chronic
pain condition (Vanneste ct al., 2017).

In a study examining pain in sickle cell disease (SCD) using the
sLORETA approach, patients exhibited decreased theta activity in the
precuneus while showing increased theta and beta-2 activity in areas
related to pain processing, such as the PFC, ACC, the left operculum-
insular region and caudate nucleus. The increased theta activity
observed in SCD patients is likely caused by the TCD mechanism
(Case etal,, 2018). Another study assessing patients with radicular or
musculoskeletal chronic pain revealed heightened activation of theta
and low-alpha bands across various brain regions in the left
hemisphere (Prichep et al., 2018).

Functional connectivity describes the pattern of interaction in
terms of the statistical methods, correlation, or covariance between
different anatomical locations. The coherence method calculates the
slope of the phase difference spectrum (phase-lag), providing
estimates of the time delay between corresponding time series across
a range of frequencies (Chiarion et al., 2023). Regarding EEG
coherence source analysis, the SLORETA approach may offer a more
comprehensive and accurate assessment than other pairwise
measurement techniques (Coben et al., 2014).

Based on the information provided, the objective of this study
was to investigate whether the connectivity of regions of interest
(ROIs) involved in pain processing differs between FM patients and
healthy controls (HC). The study also examined the relationship
between brain oscillations in these ROIs and clinical, psychological,
and serum BDNF levels in FM patients. By analyzing these
relationships, the researchers sought to gain insights into the neural
correlates of FM and potentially identify neural markers associated
with the severity of clinical symptoms.

2 Methods
2.1 Study design and settings

We conducted a cross-sectional study and wused the
Strengthening the Reporting of Observational Studies in
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Epidemiology (STROBE) guidelines to report the methods and
results, which were approved by the Research Ethics Committee at
the Hospital de Clinicas de Porto Alegre (HCPA) under the
registration number (2020-0369) according to the international
ethical standards based on the Declaration of Helsinki. The study
was conducted in accordance with the relevant guidelines and
regulations. All participants provided written informed consent
before participating in this study.

The study started in September 2019 and stopped due to the
COVID-19 pandemic in March 2020. The study restarted in
November 2020 with several modifications and restrictions to
prioritize the safety of participants and researchers. Data collection
was completed in November 2022.

2.2 Participants, recruitment, inclusion, and
exclusion criteria

Participants were recruited from the outpatient pain clinic of
the HCPA Pain Service, the Basic Health Unit, and across the
media. They were women aged 30-65 years diagnosed with FM,
according to the American College of Rheumatology (ACR) 2016
(Wolfe etal., 2016). They needed to be literate and report a score of
6 or higher on the Numerical Pain Scale (NPS 0-10) most of the
time in the last 3 months. A team of physicians with extensive
experience in pain management confirmed the diagnosis.
Participants were excluded from the study if they had used alcohol
or drugs in the last 6 months, were pregnant, had a neurological
disease, or had a history of head trauma or neurosurgery. Additional
exclusion criteria were if the patients had decompensated systemic
diseases, chronic inflammatory diseases, uncompensated
hypothyroidism, another metabolic disease, or were receiving
cancer treatment.

In this study, screening was performed on 133 FM participants
who were eligible to participate. However, 67 did not meet the
inclusion criteria for different reasons, such as living far away from
the research center, having trouble getting around on public
transportation, and being unemployed. Some screened participants
did not meet the diagnostic criteria for FM. In addition, they were
excluded if they met the following diagnosis criteria: their pain levels
were lower than 6 (NPS 0-10) or if they had another uncompensated
clinical disease (rheumatoid arthritis, lupus, hypothyroidism, etc.).
Thus, 66 FM were included in the study, but 17 were excluded because
of low-quality EEG signals. Thus, in the end, 49 subjects were
included in the analysis.

The HC subjects were literate women aged 30-65 years. They
were recruited from the local community through social media. They
had to take a phone test to ensure they were not sick or on medicine.
In the HC, 33 participants were screened, and 16 were included.
Seventeen people were excluded from the study because their Beck
Depression Inventory-II (BDI-II) score was higher than 13 (Gomes-
Oliveira et al.,, 2012) or because they regularly took painkillers,
antidepressants, anticonvulsants, anxiety-reducers, hypnotics, etc. In
addition, one subject was excluded from the EEG preprocessing data
because of low-quality signals. Thus, the final sample of HC
comprised 15 participants.

The final sample comprised 64 participants (49 M and 15 HC).
Demographic and clinical measures are presented in Table 1.
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TABLE 1 Demographic and clinical characteristics of the study sample.

FM group (N = 49) HC group (N =15)

Mean (SD) or Median Mean (SD) Median p-values
RF (%) (1Q 25-75) or RF (%) (1Q 25-75)

Demographic measures

Age (years) 48.06 (9.83) 47.00 (40.50, 56.00) 41.47 (8.42) 40.00 (34.00,50.00) <0.05
Years of formal study 12.07 (4.00) 11.00 (9.25, 15.50) 15.73 (5.06) 17.00 (11.00, 20.00) <0.05
American College of Rheumatology (ACR) diagnosis tool 22.78 (3.74) 23 (19.50, 25.00) - - -
Employed (yes/no)% 29/20 (59.2%) - 12/3 (80.0%) - 0.220
Smoking* (yes/no)% 12/37 (24.5%) - 0/15 (0.0%) - 0.054
Drinking* (yes/no)% 24/25 (49.0%) - 10/5 (66.7%) - 0.225
Clinical comorbidity

HAS (yes/no) 15/34 (30.0%) - 3/12 (20.0%) - -
Cardiac disease (yes/no) 2/47 (4.1%) - 1/14 (6.7%) - -
Diabetes disease (yes/no) 4/45 (8.2%) - 0/15 (0.0%) - -
Hypothyroidism (yes/no) 7/42 (14.3%) - 0/15 (0.0%) - -
Asthma (yes/no) 12/37 (24.5%) - 0/15 (0.0%) - -
Epilepsy (yes/no) 0/49 (0.0%) - 0/15 (0.0%) - -
Renal insufficiency (yes/no) 1/48 (2.0%) - 0/15 (0.0%) - -
Biochemical measures

Serum BDNF (pg/mL) 45.25 (32.87) 31.64 (21.16, 68.65) - - -

Mood, pain, and sleep quality measures

Beck Depression Inventory (BDI-II) 24.82 (11.01) 24.00 (14.50, 34.50) - - -
Brazilian Portuguese Central Sensitization Inventory (BP-CSI) 62.90 (13.88) 65.00 (52.00, 75.50) - - -
Brazilian Portuguese Pain Catastrophizing Scale 35.57 (10.88) 36.00 (29.00, 44.00) - - -
Pittsburgh Sleep Quality Index (total score) 12.22 (3.53) 13.00 (9.50, 14.00) - - -
Fibromyalgia Impact Questionnaire (FIQ; total score) 67.41 (16.66) 71.57 (62.17, 78.40) - - -
Psychiatric disorder

Major Depressive Disorder (MDD; current; yes/no) 24/25 (49.0%) - - - -
Generalized Anxiety Disorder® (GAD; yes/no) 10/39 (20.4%) - - - -

Medication use

Antidepressant (yes/no) 29/20 (59.2%) - - - -
Anticonvulsant (yes/no) 11/38 (22.4%) - - - -
Benzodiazepines (yes/no) 7/42 (14.3%) - - - -
Opioid analgesic (yes/no) 13/36 (26.5%) - - - -
Non-opioid analgesic (yes/no) 45/4 (91.8%) - - - -
HAS? (yes/no) 12/37 (24.5%) - - - -

Data are presented as mean and standard deviation (SD) and as median and interquartile (n=64) or relative frequencies (RF) and percentage (1 =64).

2.3 Instruments and assessment of characteristics, clinical and psychiatric chronic diseases, and
outcomes psychotropic and analgesic medications. The sequence of assessments
is presented in Figure 1.
2.3.1 Dependent and independent variables
The dependent variables (outcome) were the lagged coherence  2.3.1.1 Assessment of the primary outcome
between ROIs of the pain connectome assessed by delta, theta,

alpha-1, alpha-2, beta-1, beta-2, beta-3, and gamma EEG frequencies a. EEG recording: Assessments were conducted in a quiet room
in the resting state. Other variables of interest were evaluated in FM with the subjects sitting in a comfortable armchair. EEG was
subjects, such as pain intensity, BDNF serum levels, pain recorded using 18 scalp sites according to the 10-20 system
catastrophizing, depressive symptoms, sleep quality, demographic (Jurcak et al., 2007). FP1, FP2, F7, F3, Fz, F4, F8, T7, C3, Cz,
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C4, T8, P7, P3, Pz, P4, P8, Oz, and the left ear (EXT), with
reference to the right ear (CMS/DRL). The EEG system was the
ENOBIO 20, made by Neuroelectrics in Barcelona, Spain. It
has a cap with 1.75 cm? gel electrodes in a circle. The impedance
was 5 kQ for all electrodes, with a high dynamic resolution (24
bits, 0.05 uV) and a sampling rate of 500 Hz. A line noise filter
(60-Hz) was applied to remove the main line artifacts from the
EEG data.

. Resting-state paradigm: Resting-state EEG was collected for
8min, with 2min switched between EC and EO conditions.
Participants were instructed to remain awake, relaxed, and
thinking-free. During the EO condition, the participants were
instructed to keep their eyes on a black cross fixed on the front
wall at eye level 1.5m ahead of the armchair. The EC condition
is the level of arousal at rest, and the EO condition is the level
of arousal at activation. The difference between EO and EC
represents the activation process (Barry et al., 2007).

2.3.1.2 Preprocessing and functional connectivity analysis

The EEG data were cleaned using the open-source toolbox
EEGLAB 14.1 (Delorme and Makeig, 2004), which ran in the
MATLAB environment (The MathWorks Inc., Natick, Massachusetts,
United States). Visual inspection was performed for artifact detection,
and segments of bad channels were removed if necessary. Continuous
EEG data were band-pass filtered using a simple FIR filter with cutoft
frequencies of 0.5-40 Hz, resampled to 250 Hz, and split into 4.096 s
epochs (Ponomarev et al., 2014).

Rejection thresholds were determined according to the artifact
attributes. To eliminate eye blinks and other quick movements from
nonfiltered continuous EEG, 50 uV thresholds were set for the FP1
and FP2 electrodes and 100 uV thresholds for the other electrodes.
To eliminate artifacts associated with slow head or body movements,
50V thresholds were used for slow waves (0-1Hz band), while
30pV thresholds were used for fast waves (20-35 Hz band). Epochs
containing artifacts were automatically excluded from the analysis
(Jincke and Alahmadi, 2016). The mean size of the data after artifact

10.3389/fnins.2023.1233979

rejections according to conditions was 107 s for the HC group in the
EO condition, 1405 for the HC group in the EC condition, 123 s for
the FM group in the EO condition, and 146 for the FM group in the
EC condition. To compute brain connectivity, the minimum
threshold was fixed at 40s for each resting-state condition (EO, EC,
and the difference between EO and EC; Ponomarev et al., 2014).
Subjects or conditions below this threshold were excluded from
the analysis.

Functional connectivity measures were estimated using the
sLORETA algorithms, which compute the linear dependence
(coherence) of electric neuronal activity from several brain regions
(Pascual-Marqui et al., 1994; Pascual-Marqui, 2002; Pascual-Marqui,
2007a). Lagged coherence connectivity expresses the coherence
measured by the corrected standardized covariance of scalp electric
potentials, extracting instantaneous, non-physiological effects due to
volume conduction and the low spatial resolution of EEG (Pascual-
Marqui, 2007a; Pascual-Marqui, 2007b).

The SLORETA functional connectivity images of lagged coherence
were computed in the following discrete frequency bands identified
via factor analysis (Kubicki et al, 1979; Paszkiel, 2020): delta
(1-3.5Hz), theta (4-7.5Hz), alpha-1 (8-10Hz), alpha-2 (10-12Hz),
beta-1 (13-18 Hz), beta-2 (18.5-21Hz), beta-3 (21.5-30Hz), and
gamma (30.5-44 Hz).

The EEG electrode coordinates employed by the software are
based on the MRI anatomical template from the Montreal
Neurological Institute (MNI152), which slices and classifies the
neocortical volume (limited to the gray matter) in 6,239 voxels of
dimension 5mm?® (Mandal et al., 2012).

A voxel-wise approach was used to identify the ROIs, and the
MNI coordinates of the areas beneath the electrode were determined
using SLORETA. The ROIs were established as 10-mm-diameter
spheres (Coben et al.,, 2014; Bosch-Bayard et al., 2022), centered on
the peak coordinates obtained from the seed points. These seed points
included the left and right primary somatosensory cortex (BA01; Dai
etal, 2018), the left (Wang et al., 2022) and right (Cifre et al., 2012)
insular cortex (BA47-BA48), the left and right anterior cingulate
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Flowchart of the study assessments. FM, Fibromyalgia; HC, Health Controls; ACR, American College of Rheumatology; FIQ, Fibromyalgia Impact
Questionnaire; BDI, Beck Depression Inventory; MINI, Mini International Neuropsychiatric Interview; BP-PCS, Pain Catastrophizing Scale; BP-CSI,
Central sensitization inventory—Brazilian Portuguese version; PSQI, Pittsburgh Sleep Quality Index.
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cortex (BA24; Fauchon et al., 2020), and the left and right dorsolateral
prefrontal cortex (BA09-BA10-BA46; Fauchon et al., 2020), as
indicated by previous studies on the pain network. The specific
coordinates are presented in Table 2.

We employed the following steps to characterize changes in
EEG-lagged coherence connectivity across ROIs:

Step I: Independent group comparison of lagged coherence—
We compared the lagged coherence between the FM and HC
groups in two arousal states, EC and EO. The independent
group test was performed to assess whether FM ;)= HC xc) and
FM0y=HCieo)-

Step 2: Independent group comparison of lagged coherence—
We examined the difference in lagged coherence between the
EC and EO conditions (EO-EC) within the FM and HC
groups. The independent group test was conducted to
determine if (FM o) — FMzc)) = (HCzo) — HCire))-

Step 3: Regression analysis of lagged coherence with
independent variables (IV)—In the FM group, we performed
regression analysis to explore the relationship between
EEG-lagged coherence connectivity and IV in both EC and EO
conditions. Single regression analyses were conducted for
FM ) vs. IV, FM o) vs. IV, and the difference between the EC
and EO conditions (EO-EC). Paired contrasts were performed
for FMgo e vs. IV.

2.3.2 Assessment of clinical, psychological, and
biochemical variables

The tools used to measure psychological and clinical measures
were validated in the Brazilian population, and the assessment was
performed by psychiatrists and trained psychologists.

a. The sociodemographic questionnaire contains information
related to age, years of study, clinical diagnoses, health
problems (self-reported), and medication use.

b. Mini-International Neuropsychiatric Interview (MINI) is a
short (15-30min) structured diagnostic interview aimed at
screening for DSM-IV and ICD-10 diagnoses. In the present
study, we reported information related to major depressive and
manic episodes, panic disorder, social phobia, OCD,

TABLE 2 Regions of interest (ROls).

MNI coordinates Brodmann
area
Left ST =21 =35 68
BAO1 (trunk region)
Right SI 20 -33 69
Left INS =36 16 -6 BA47 and BA48
Right INS 36 6 6 (anterior region)
Left ACC -3 36 16
BA24
Right ACC 2 36 16
Left DLPFC =35 40 —24 BA09, BA10 and
Right DLPFC 34 42 24 BA46

ACC, anterior cingulate cortex; INS, insula; DLPFC, dorsolateral prefrontal cortex; SI,
primary somatosensory cortex.
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post-traumatic stress disorder, and generalized anxiety disorder
(Amorim, 2000).

c. The Beck Depression Inventory (BDI) is a self-report
questionnaire that evaluates depressive symptom severity
(Gomes-Oliveira et al., 2012).

d. The of the
Catastrophizing Scale (BP-PCS) was used to assess the

Brazilian Portuguese translation Pain
emotional dimension of pain and measure how patients
perceive it. It is divided into three domains: magnification,
helplessness, and rumination, and questions are asked to
determine the patient’s feelings and thoughts when they are in
pain (Schn et al,, 2012).

e. The central sensitization inventory (CSI) is a tool that identifies
key symptoms related to central sensitization processes by
quantifying their severity. Part A is a 25-item self-report
questionnaire designed to assess health-related symptoms, and
Part B (not rated) is designed to determine the presence of one
or more specific disorders (Caumo et al., 2017).

f. The Fibromyalgia Impact Questionnaire (FIQ) was used to
assess how the quality of life is negatively influenced by FM
clinical conditions. The questionnaire is composed of 10 items
with scores of 0 to 10. Therefore, the maximum score is 100.
Higher scores denote a greater impact of FM symptoms on
quality of life (Marques et al., 2006).

g. The Pittsburgh Sleep Quality Inventory (PSQI) measures sleep
quality. This self-reported instrument was used to assess the
sleep quality and sleep disturbances that were present over a
month through questions about how long it takes to fall asleep,
how long people sleep, how they feel about the quality of their
sleep, if they take sleeping pills, if they have trouble sleeping
during the day, how well they sleep, and if they have problems
sleeping. The sum of these items classified the subjects into two
groups: good sleepers and poor sleepers (Bertolazi et al., 2011).

h. Enzyme-linked immunosorbent assay (ELISA) monoclonal
antibodies specific for BDNF were used to measure the blood
levels of BDNF (R&D Systems, MN, United States; ChemiKine
BDNF Sandwich ELISA kit, CYT306; Chemicon/Millipore,
Billerica, MA, United States). The inter-assay variance was
performed using two plates per kit on 2 days during the same
week. All procedures adhered to the manufacturer’s

recommendations, with 7.8 pg./mL being the lowest detection

limit for BDNE ELISA was performed at an optical density of
450nm (Promega, WI, USA; GloMax®-Multi Microplate

Reader). Multiplexing assay measurements were performed using

a Bio-Plex®-200 instrument (Bio-Rad). Total protein was assessed

using bovine serum albumin following the Bradford method.

2.4 Sample size estimation

The sample estimation was based on a prior study that evaluated
speech decoding using ANOVA (2 groups x 3 conditions x 4 blocks).
Functional connectivity (lagged coherence) was the dependent
variable (outcome) measured by EEG between bilateral auditory-
related cortical areas (ARCAs) and the Broca’s area (I'lmer et al,,
2017). This study found an Eta Square =0.15 (Cohen’s d =0.84) to an
alpha of 0.05 and a power of 0.80. For an independent f-test,
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we determined a sample size of 72 participants according to an
allocation ratio of 4:1 between FM and HC. We increased the sample
size by 15%, bringing the total to 82 cases (66 FM and 16 HC). This
was done to guarantee the power of the study due to possible
unexpected events. During the EEG preprocessing data, 17 FM and
one HC were excluded because of low-quality EEG signals. Thus, 49
FM subjects and 15 HC were included in the analysis. Sample size
estimation was performed using G*Power 3 software (Faul
et al., 2007).

Given that this study is exploratory in nature and that the sample
size was estimated a priori, the power of the analysis was reassessed to
ensure the robustness of the results. Based on this assumption, and
according to the mean (standard deviation) of lagged coherence
connectivity between the left DLPFC and right ACC in the FM
group 20.60 (2.22) compared with the HC group 18.19 (2.87), the
effect size was d =0.93 for an alpha error lower than 5% and power of
0.87 (means and SD values multiplied by 107*).

2.5 Statistical analysis

Descriptive statistics were utilized to provide a summary of the
primary demographic characteristics of the sample. The normality of
data distribution was assessed using the Shapiro-Wilk test. To
compare continuous variables between groups, independent sample
t-tests were employed. Categorical variables were compared between
groups using the chi-square test and Fisher’s exact tests.

Considering the imbalance on age and education between the FM
and HC groups, we performed a linear regression model using the
stepwise forward method between groups, adjusting the average of ROIs
as a dependent variable in all frequency bands for years of formal
education and age as covariates. We transpose each matrix of each
participant and perform multiple regression for each ROI in all frequency
bands for both conditions, EO and EC. A value of p of 0.05 was required
to include the covariates in the model. We used the adjusted value for the
ROIs whose difference was significant to rebuild all matrices and
transpose them to the Loreta package for lagged coherence connectivity
analysis between groups. Multiple regression analysis was performed
using SPSS software version 22.0 (SPSS, Chicago, IL, United States).

For the independent group analysis of lagged coherence,
we employed the SLORETA package, which utilizes nonparametric
statistical analyses to compute functional connectivity nodes in lagged
coherence for each frequency band across the eight ROIs. To establish
contrasts, we performed statistical nonparametric mapping (SnPM)
using a t-statistic for unpaired groups, with corrections for multiple
comparisons. The significance threshold was determined based on a
randomization test involving 5,000 permutations. This nonparametric
approach is an alternative method rooted in permutation test theory,
eliminating the need for Gaussian assumptions while correcting for
multiple comparisons (Nichols and Holmes, 2002).

Regression analysis of the lagged coherence was exclusively
conducted on FM patients, focusing on lagged coherence for each
frequency band between ROIs (the dependent variable) and various
independent variables, including FIQ, CSI, BDI, BP-PCS, PSQIL, and
serum BDNF levels. Linear regressions were computed separately for
the EO, EC, and EO-EC conditions. SnPM with 5,000 permutations
was employed to determine the significance threshold and correct for
multiple comparisons.
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3 Results

The demographic measures present significant differences in years
of formal study and age between the FM and HC groups, as
demonstrated in Table 1.

3.1 Evaluation of lagged coherence
connectivity in FM and HC according to EO
and EC conditions

Tables 3, 4 show regression analysis using linear regression analyses
following the stepwise method to adjust for years of education level and
age according to according to the FM and HC groups. We adjusted
each ROI'in the EO condition for years of education level and age using
linear regression analyses following the stepwise method. The variables
of age and education level were retained in the regression models only
when they correlated with ROIs that showed a statistically significant
difference (p <0.05). We found that age and education level were
negatively correlated in the delta and beta-3 frequency bands, whereas
they were positively correlated in the alpha-1 and gamma frequency
bands, mainly involving the connectivity between the insula with ACC
and DLPFC. In the EC condition, age and education levels were
negatively correlated with ROIs in the delta, beta-1, and beta-2
frequency bands and positively correlated between ROIs in the alpha-1,
beta-3, and gamma bands involving connections between the insula
and SI with ACC and DLPFC.

3.2 Analysis of lagged coherence
connectivity in the EO, EC conditions
according to FM and HC

Figure 2 depicts the lagged coherence connectivity in the EO, EC,
and the difference between the EO and EC conditions for comparisons
between FM and HC subjects. In the EC condition, there were no
significant differences in lagged coherence connectivity between the
FM and HC groups.

However, during the EO condition in FM, there was a notable
increase in lagged coherence connectivity in the beta-3 frequency
band between the left dorsolateral prefrontal cortex (DLPFC) and the
right ACC. This enhanced connectivity is presented in Figure 2A.

Furthermore, when comparing the difference between EO and EC
(EO-EC), FM patients exhibited heightened
interhemispheric connectivity in the beta-3 band between the left and

conditions

right insular areas and between the left insula and right
DLPEC. Increased connectivity is shown in Figure 2B.

3.3 Relationship between lagged
coherence connectivity and severity of
clinical symptoms and BDNF in FM subjects

Linear regression analyses were conducted in FM patients to
explore the relationship between ROI connectivity in distinct
frequency bands and various factors, including mood, pain-related
measures, sleep quality, and serum BDNEF. The results are summarized
in Table 5, and the corresponding patterns are shown in Figure 3.
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TABLE 3 Linear regression model by stepwise forward method for each ROIls adjusted for years of formal study and age between the FM and HC groups
in the EO condition (n = 64).

EO CONDITION

Std error pSd Cl 95% Predicted Adjusted

mean* (SD*) mean* (SD*)

Frequency band (delta)
Dependent variable: ROI (INS left <> ACC left) 308,785 (4,445) 308,749 (4,472)
Age ‘ —450.34 200.4 ‘ —-0.274 ‘ —2.247 ‘ 0.028 ‘ —851.06 t0-49.62
Dependent variable: ROI (INS right <> DLPFC left) 320,514 (5,398) 320,472 (5,431)
Age ‘ —546.93 ‘ 258.1 ‘ —0.260 ‘ —=2.119 ‘ 0.038 ‘ —1062.9 t0-30.90
Dependent variable: ROI (INS right < ACC left) 273,976 (4,844) 273,927 (4,885)
Age ‘ —490.7 ‘ 229.9 ‘ —0.262 ‘ —2.134 ‘ 0.037 ‘ —=950.3 to-31.14
Frequency band (Alpha-1)
Dependent variable: ROT (SI left <> INS right) 3574.6 (436.2) 3572.3 (442.9)
Formal education ‘ 96.74 ‘ 42.48 ‘ 0.278 ‘ 2277 ‘ 0.026 ‘ 11.82 to 181.6
Frequency band (beta-3)
Dependent variable: ROI (INS right <> ACC right) 1260.8 (54.35) 1261.1 (55.50)
Formal education ‘ —12.05 ‘ 5.87 ‘ —0.252 ‘ —2.2054 ‘ 0.044 ‘ —23.78 to —0.322
Frequency band (gamma)
Dependent variable: ROI (SI left <> DLPFC right) 4072.7 (122.9) 4073.1 (124.8)
constant 3207.4 287.65 11.150 0.000 2,632 to 3,782
Age 12.94 4,47 0.378 2.890 0.005 3.98 to 21.90
Formal education 20.35 9.80 0.272 2.076 0.042 0.75 to 39.96
Dependent variable: ROI (SI right«<> DLPFC right) 4420.0 (89.75) 4420.1 (90.57)
Age ‘ 9.09 ‘ 4.40 ‘ 0.254 ‘ 2.065 ‘ 0.043 ‘ 0.28 to 17.89
Dependent variable: ROI (INS left <> DLPFC right) 934.78 (35.40) 934.42 (35.76)
Age ‘ 3.58 ‘ 1.587 ‘ 0.276 ‘ 2.260 ‘ 0.027 ‘ 0.41 to 6.75
Dependent variable: ROI (INS right <> DLPFC left) 2477.5 (79.26) 2477.5 (81.04)
Formal education ‘ 17.57 ‘ 7.96 ‘ 0.270 ‘ 2.206 ‘ 0.031 ‘ 1.65 to 33.50
Dependent variable: ROI (INS right <> ACC left) 934.78 (35.40) 934.42 (35.76)
Formal education ‘ 17.44 ‘ 6.55 ‘ 0.320 ‘ 2.662 ‘ 0.010 ‘ 4.32 to 30.54
Dependent variable: ROI (INS right <> ACC right) 2119.8 (46.03) 2119.6 (46.67)
Formal education 10.20 ‘ 4.69 ‘ 0.266 ‘ 2.176 ‘ 0.033 ‘ 0.83 t0 19.58

B, Unstandardized Coefficients; [35‘1, Beta Standardized. ACC, anterior cingulate cortex; INS, insula; DLPFC, dorsolateral prefrontal cortex; SI, primary somatosensory cortex. *Values

multiplied for (10°). **p <0.05.

In the EC condition, pain disability, as measured by FIQ, exhibited
a negative correlation with lagged coherence connectivity in the beta-3
frequency band. FM patients with higher pain disabilities
demonstrated reduced connectivity between the right ACC and the
right SI. This relationship is illustrated in Figure 3A.

In the EO condition, the severity of central sensitization, as
assessed by a central sensitization score, was negatively correlated with
lagged coherence connectivity between the right ACC and the left SI
in the alpha-2 frequency band. The details of this correlation can
be found in Table 5 and Figure 3B provides a visual representation.

Furthermore, when examining the paired contrast between EO
and EC conditions (EO-EC), serum BDNF levels negatively correlated
with the lagged coherence connection between the left DLPFC and the
right insular cortex in the gamma frequency band. This association is
depicted in Figure 3C; further information can be found in Table 5.
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4 Discussion

The main findings of this study indicate that individuals with FM
showed heightened connectivity between the left DLPFC and right
ACC, which are brain regions involved in attention and emotion
processing during the EO condition. When comparing the conditions
of EO and EC, FM patients demonstrated increased connectivity
between interhemispheric insular cortices, indicating enhanced
integration of sensory stimuli and the sensory-discriminative aspects
of pain. Moreover, in the difference between EO and EC conditions,
FM patients present increased connectivity between the left insula and
right DLPFC. FM patients display distinct patterns of lagged
coherence connectivity in specific brain regions, particularly in the
beta-3 frequency band, during the EO condition, and in the EO-EC
comparison. The beta-3 frequency band emerged as a potential
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TABLE 4 Linear regression model by stepwise forward method for each ROls adjusted for years of formal study and age between the FM and HC groups

in the EC condition (n = 64).

EC CONDITION

Std error

BSd

Cl 95%

10.3389/fnins.2023.1233979

Predicted

mean* (SD*)

Adjusted

mean* (SD*)

Frequency band (delta)

Dependent variable: ROT (ST left <> IN'S left)

134,853 (5,329)

134,908 (5,349)

Age ‘ —539.93 ‘ 204.11 ‘ —0.318 ‘ —2.645 ‘ 0.010 —947.9 to —131.9

Dependent variable: ROI (SI left <> ACC right) 212,996 (2,551) 213,026 (2,563)

Age ‘ —258.47 111.44 ‘ —0.283 ‘ —2.319 ‘ 0.024 —481.2 to =35.7

Dependent variable: ROI (SI right < INS left) 263,788 (9,221) 263,929 (9,250)

Age ‘ —934.26 383.36 ‘ —0.266 ‘ —2.437 ‘ 0.018 —1,700 to =167

Dependent variable: ROI (INS left <> DLPFC left) 254,675 (7,310) 254,802 (7,369)

Age ‘ —740.60 ‘ 352.59 ‘ —0.257 ‘ —2.095 ‘ 0.040 —1,447 to —33.78

Dependent variable: ROI (INS left < DLPFC right) 249,394 (8052) 249,513 (8070)

Age ‘ —815.79 ‘ 308.38 ‘ —0.318 ‘ —2.645 ‘ 0.010 —1,432 to —199.3

Dependent variable: ROI (INS left < ACC left) 306,061 (7,214) 306,167 (7,227)

Age ‘ —730.88 ‘ 310.59 ‘ —0.286 ‘ —2.353 ‘ 0.022 —1,351 to —110.0

Dependent variable: ROI (INS left <> ACC right) 349,631 (8,654) 349,777 (8,689)

Age ‘ —876.82 ‘ 384.04 ‘ —-0.278 ‘ —2.283 ‘ 0.026 —1,644 to —109

Dependent variable: ROI (ACC left <& ACC right) 465,832 (7,000) 465,933 (7,055)

Age ‘ —70.21 ‘ 347.10 ‘ —0.251 ‘ —2.043 ‘ 0.045 —1,403 to —15.36

Frequency band (alpha-1)

Dependent variable: ROI (SI right <> INS right) 1463.34 (69.84) 1461.91 (69.64)

Age ‘ 7.077 3.519 ‘ 0.247 ‘ 2.011 ‘ 0.049 0.042 to 14.11

Dependent variable: ROI (INS left < INS right) 1378.44 (138.40) 1378.92 (136.73)

Formal education ‘ 30.694 13.367 ‘ 0.280 ‘ 2.296 ‘ 0.025 3.97 to 57.41

Dependent variable: ROTI (INS left <> ACC right) 7983.54 (177.36) 7983.22 (179.04)

Formal education ‘ 39.336 ‘ 19.503 ‘ 0.248 ‘ 2.017 ‘ 0.048 0.350 to 78.32

Frequency band (alpha-2)

Dependent variable: ROT (S left <> INS left) 597,403 (15,888) 16,030 (16,030)

Age ‘ —1609.6 ‘ 793.93 ‘ —0.249 ‘ —-2.027 ‘ 0.047 —3,196 to —22.60

Dependent variable: ROI (INS left <> INS right) 223,576 (4,305) 223,662 (43,41)

Age ‘ —436.18 212.37 ‘ —0.252 ‘ —2.054 ‘ 0.044 —860.7 to —11.66

Frequency band (beta-1)

Dependent variable: ROT (SI left <> ACC right) 48995.6 (455.9) 49002.2 (454.1)

Age ‘ —46.192 18.465 ‘ —0.303 ‘ —2.502 ‘ 0.015 —83.10 to —9.28

Dependent variable: ROI (INS left <> DLPFC left) 63278.0 (789.8) 63287.4 (787.7)

Age ‘ —80.016 ‘ 32.804 ‘ —0.296 ‘ —2.439 ‘ 0.018 —145.59 to —14.44

Frequency band (beta-2)

Dependent variable: ROI (SI left <> ACC right) 221,818 (4,050) 221,879 (4,103)

Age ‘ —410.39 196.42 ‘ —-0.256 ‘ —2.099 ‘ 0.041 —803.0 to —17.74

Dependent variable: ROI (SI right <> ACC right) 319,276 (5,927) 319,341 (5,959)

Age ‘ —600.49 ‘ 252.40 ‘ —0.288 ‘ —-2.370 ‘ 0.021 —1,107 to —93.94

Frequency band (beta-3)

Dependent variable: ROI (SI right <> DLPFD left) 868.89 (118.59) 868.55 (119.44)

Age ‘ 12.015 ‘ 5.707 ‘ 0.258 ‘ 2.105 ‘ 0.039 0.607 to 23.42

(Continued)

Frontiers in Neuroscience 09 frontiersin.org




Alves et al.

TABLE 4 (Continued)
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EC CONDITION
Predicted Adjusted

Std error pee S mean* (SD*) meaJ “ (SD*)
Dependent variable: ROI (SI right <> DLPFC right) 598.36 (52.29) 598.54 (52.70)
Age ‘ 5.298 ‘ 2.220 ‘ —0.290 ‘ 2.386 ‘ 0.020 ‘ 0.86 t0 9.73
Dependent variable: ROI (INS left < INS right) 706.30 (23.47) 706.37 (23.42)
Formal education ‘ 5.205 2.087 ‘ 0.302 ‘ 2.495 ‘ 0.015 ‘ 1.03 to 9.37
Dependent variable: ROI (INS left <> DLPFC right) 2414.2 (112.58) 2413.9 (112.92)
Formal education ‘ 24.969 ‘ 10.920 ‘ 0.279 ‘ 2.287 ‘ 0.026 ‘ 3.14 to 46.79
Dependent variable: ROI (ACC left <> ACC right) 796.74 (44.49) 796.67 (44.91)
Age ‘ 4.507 ‘ 2.138 ‘ 0.259 ‘ 2.108 ‘ 0.039 ‘ 0.234 to 8.781
Frequency band (gamma)
Dependent variable: ROI (SI left < DLPFD left) 3556.6 (211.92) 3554.82 (212.96)
Age ‘ 21.470 ‘ 9.589 ‘ 0.274 ‘ 2.239 ‘ 0.029 ‘ 2.302 to 40.63
Dependent variable: ROI (SI left <> DLPFD right) 3896.4 (124.0) 3895.5 (124.7)
Age ‘ 12.566 ‘ 6.181 ‘ 0.250 ‘ 2.033 ‘ 0.046 ‘ 0.209 to 24.92
Dependent variable: ROI (SI left <> ACC right) 1653.6 (40.29) 1653.2 (40.12)
Formal education ‘ —8.936 3.845 ‘ —0.283 ‘ —2.324 ‘ 0.023 ‘ —16.62 to —1.25
Dependent variable: ROI (SI right <> DLPFC left) 3669.7 (212.8) 3667.9 (213.9)
Age ‘ 21.563 ‘ 9.460 ‘ 0.278 ‘ 2.279 ‘ 0.026 ‘ 2.65 to 40.47
Dependent variable: ROI (SI right < ACC left) 1390.0 (54.83) 1389.9 (54.42)
Formal education ‘ —12.16 ‘ 5.163 ‘ —0.287 ‘ —2.356 ‘ 0.022 ‘ —22.48 to —1.84
Dependent variable: ROI (INS right < ACC left) 2178.2 (71.64) 2177.8 (71.69)
Formal education ‘ —15.888 ‘ 7.640 ‘ —0.255 ‘ —2.080 ‘ 0.042 ‘ —31.15 to-0.61
Dependent variable: ROI (DLPFC left <> ACC left) 2163.5 (159.2) 2163.0 (160.0)
Age ‘ 16.137 ‘ 7.190 ‘ 0.274 ‘ 2.245 ‘ 0.028 ‘ 1.76 to 30.50
Dependent variable: ROI (DLPFC left <> ACC right) 2121.8 (81.06) 2121.6 (81.75)
Age ‘ 8.213 ‘ 3.956 ‘ 0.255 ‘ 2.076 ‘ 0.042 ‘ 0.30 to 16.12

B, Unstandardized coeflicients; f, Beta Standardized. ACC, anterior cingulate cortex; INS, insula; DLPFC, dorsolateral prefrontal cortex; SI, primary somatosensory cortex. *Values multiplied

for (10°). **p <0.05.

marker reflecting the intricate relationship between sensory, affective,
and attentional circuits in FM pain processing. In addition, the
connectivity measures between SI and ACC, sensory and affective
areas, were linked to pain disability and central sensitization in FM
patients. Interestingly, higher levels of serum BDNF were inversely
correlated with left DLPFC and the right insular cortex neural circuits
involved in integrating attentional networks with pain stimuli,
indicating a potential role for BDNF in modulating pain-related
neural activity in FM.

These findings underscore the relevance of cerebral rhythms and
provide insights into the potential of brain oscillations. They include
essential details about brain oscillations and how they help different
parts of the brain communicate and work together. Furthermore, they
can serve as potential markers for various conditions, aiding diagnosis
and developing novel therapeutic approaches. According to Alkire
et al. (2008), low frequencies have a widespread distribution
throughout the brain and are associated with lower arousal states such
as deep sleep or anesthesia. According to the same study, higher
frequencies show specific spatial interactions during high levels of
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alertness, such as when you are stressed or on high alert. Hauck et al.
(2015) stated that the sensorimotor system and beta frequency band
are closely related. These oscillations are associated with impairments
in motor performance (Gilbertson et al., 2005). Furthermore, in terms
of cognitive functions, beta bands play a pivotal role in visual
attention, perception, emotion, and working memory (Wang, 2010).
Abnormal changes in beta oscillations or beta band coherence may
result in behavioral and cognitive changes (Engel and Fries, 2010).
Patients with neuropathic pain exhibit an increased peak frequency in
the beta band (Goschl et al,, 2015; Mussigmann et al., 2022). This
activity is related to sensory processing and underscores the
importance of beta oscillations in chronic pain. Gonzédlez-Roldin
et al. (2016) discovered that people with FM have a high degree of
coherence in the beta-3 band (23-30 Hz) in the left hemisphere of
their brains’ centroparietal areas. This result indicates a significant
change in functional connectivity in the cortex resulting from
sustained chronic pain. These studies show that brain frequencies,
especially those in the beta band, are essential for understanding
different brain states, such as sensorimotor processing, as well as how
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FIGURE 2
Connectivity (frontal, axial, and sagittal planes) and color maps of the FM group compared with those of the HC group. (A) In the EO condition, the FM
group exhibited increased lagged coherence connectivity between the right ACC and left DLPFC in the beta-3 frequency band (Cohen's d = 0.44).
(B) In the activation process, difference between EO and EC conditions, FM group shows enhanced connectivity between left and right insula and
between the left insula and right DLPFC in the beta-3 frequency band (Cohen's d = 0.44). Effect sizes are based on Cohen's d: small = 0.2,
medium = 0.5, large = 0.8. The colored edge represents connections with significant differences. Values are given as t-values. ACC, anterior cingulate
cortex; INS, insula; DLPFC, dorsolateral prefrontal cortex; SI, primary somatosensory. *p <0.05.

pain and other conditions affect the brain and influence
people’s behavior.

In patients with FM, lagged coherence analysis revealed
heightened connectivity in the beta-3 frequency band between the left
DLPEC and right ACC during EO conditions (see Figure 2A). The
ACC comprises the salience network and plays a role in emotional and
attentional monitoring before perceiving painful stimuli. It facilitates
the integration of somatosensory inputs with prefrontal areas involved
in decision-making related to pain-related behaviors. The
dysfunctional connectivity between pain regions and prefrontal and
sensorimotor areas indicates a potential disruption in descending pain
inhibition mechanisms (Flodin et al., 2014).

The results of this study suggest that DLPFC is a critical
component within pain-related brain regions, including the salience
network and the DPMS (Hubbard et al., 2014; Kucyi and Davis, 2015).
These regions are also associated with increased connectivity within
the DMN (mPFC-posterior cingulate cortex (PCC)/precuneus) or
between the DMN and the PAG and periventricular gray (PVG; Kucyi
etal, 2014). The dynamic communication between these systems is
crucial for attentional engagement with pain (Kucyi and Davis, 2015).
When considering the differences between the EO and EC conditions,
the FM group exhibited an increased lagged coherence connection
between the left and right insula and between the left insula and right
DLPEC in the beta-3 band (see Figure 2B). Neuroimaging studies of
experimentally induced acute pain have shown that the insula is a key
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structure for integrating sensory information with brain regions
involved in cognitive, emotional, and executive functions (Bastuji
et al., 2016; Adeyelu et al., 2021; Wang et al., 2022). However, the
functions of the insula extend beyond pain processing because they
are associated with unpleasant interoceptive and exteroceptive
experiences (Craig, 2002). The right insula is believed to have a crucial
role in regulating negative emotions, including pain, whereas the left
insula is known to be activated during empathetic experiences across
various emotions (Gu et al., 2013; Lu et al., 2016). Nonetheless, further
research is necessary to explore the potential link between insula
thickness, insula asymmetry, and widespread pain and their possible
relationship with the severity of clinical symptoms. This would
contribute to a more comprehensive understanding of these factors
and their impact on the manifestation and severity of symptoms.

In the EC condition, we observed a negative correlation between
the right ACC and SI in the right hemisphere, as indicated in Table 5
and Figures 3A,B. Specifically, the connectivity within the beta-3
frequency band in the right hemisphere demonstrated an inverse
correlation between the impact of FM symptoms on quality of life and
the connectivity between the ACC and SI. ACC, a crucial component
of the limbic system, is involved in various cognitive and emotional
processes. Previous studies have shown that higher levels of
connectivity among cortical areas involved in pain processing are
associated with decreased pain perception. ACC is particularly
involved in the affective aspects of pain because the excitatory activity

frontiersin.org



Alves et al. 10.3389/fnins.2023.1233979

TABLE 5 Regression analysis between ROIs and independent variables.

Intercept B SD Frequency band R P

EC CONDITION

Dependent variable: ROI (right-ACC « right-SI)

Fibromyalgia Impact Questionnaire (FIQ) ‘ 7.774 ‘ —0.033 ‘ 1.079 ‘ Beta-3 ‘ —0.442 ‘ 0.043

EO CONDITION

Dependent variable: ROI (right-ACC « left-SI)

Central Sensitization Inventory (CSI) ‘ 4,771 ‘ 9.227 ‘ 267.3 ‘ Alpha-2 ‘ 0.428 ‘ 0.014

EO-EC CONDITION

Dependent variable: ROI (left-DLPFC < right-INS)

BDNF serum level 2.587 0.012

2.838 ‘ —0.046 Gamma ‘ —0.506

Linear regression analyses for FM patients between ROI connectivity in different frequency bands for mood, pain-related, sleep quality, and biochemical measures according to EO, EC, and
differences between EO and EC conditions (EO-EC; n=49). p, Unstandardized coefficients; Cohen r, correlation coefficient: small=0.1, medium=0.3, large =0.5. ACC, anterior cingulate
cortex; INS, insula; DLPFC, dorsolateral prefrontal cortex; SI, primary somatosensory. EO, eyes-open; EC, eyes-closed. *Intercept, [ and SD values multiplied by (10*). *#p <0.05.

of its neurons contributes to the experience of negative emotions  elevated levels of BDNF in the spinal cord have been linked to reduced
related to pain (Foland-Ross et al., 2015; Bliss et al., 2016). inhibitory activity of gamma-aminobutyric acid (GABA) and increased
During EO, we found a link between the severity of central  excitability of the spinothalamic tract (Spezia Adachi et al., 2015).
sensitization symptoms and connectivity in the alpha-2 frequency  Another study involving individuals with FM observed that a standard
band between the right ACC and left SI. The SI is responsible for  pain stimulus led to enhanced connectivity between motor areas and
encoding sensory aspects of pain, whereas the ACC is involved in ~ PFC (de Oliveira Franco et al, 2022a). In addition, a positive
affective processing. According to an earlier study, when patients with ~ correlation was found between gamma oscillations and serum BDNF
central sensitization are exposed to sensory stimuli, there is more  levels in response to visuotactile integration processes related to
neuronal activity in areas that process sensory information (de  changesin human body image (Hiramoto et al., 2017). These findings
Oliveira I'ranco et al., 2022b). Significant structural, chemical, and  shed light on the complex relationship between serum BDNF levels,
functional changes have also been observed in pain-related brain ~ gamma oscillations, and pain processing in FM. However, further
areas, such as the cingulate and somatosensory cortices (Nir et al.,  research is necessary to fully comprehend the implications of these
2008; Harte et al., 2018). How the ACC decodes and distinguishes  associations and their potential clinical relevance.
between sensory and affective pain is unclear. According to an earlier Our findings indicate that individuals with FM exhibit increased
study (Schrepf et al., 2016), in pain central sensitization, there might  connectivity and activity within the beta-3 frequency band in key brain
be a reduced antinociceptive brain response in the ACC. This finding  regions involved in sensory, affective, and attentional processing. Our
implies that the brain’s ability to regulate and modulate pain signals  results heightened connections and activity in the SI, ACC, and
could be compromised in individuals experiencing central  DLPFC, which are integral components of the sensorimotor, affective,
sensitization (Caumo et al, 2017). In addition, research has  and attentional circuits, respectively. The increased connectivity in
demonstrated that chronic pain can enhance the connections between  these circuits in FM may reflect altered processing of pain signals and
SIand ACC, resulting in heightened nociceptive responses and pain-  intensified integration of sensory, emotional, and attentional aspects of
aversive behaviors (Singh et al., 2020). These findings provide valuable  pain. This heightened engagement of pain-related circuits in FM could
insights into the neurobiological processes underlying FM and  contribute to the experience of heightened stress, anxiety, and pain
indicate potential avenues for utilizing techniques with the potential ~ symptoms commonly associated with FM (Abhang et al., 2016).
to remap dysfunctional neural networks. Among these techniquesare ~ Although we do not have a clear explanation for these findings, they
transcranial electrical stimulation and transcranial magnetic  provide valuable insights into the neurobiological mechanisms
stimulation. However, further studies are necessary to understand the ~ underlying FM and shed light on the complex interactions between
implications of these correlations in the context of FM symptoms. sensory, affective, and attentional processes in pain perception. It is
Our results show that serum BDNF levels and the lagged coherence  plausible that the increased beta-3 oscillations express the current
connection in the gamma frequency band between the DLPFC and the ~ sensorimotor state involved in pain perception, regulating the affective
right insula are negatively correlated (see Table 5; Figure 3C). Although ~ experience of pain and promoting pain-related behavioral responses
the underlying mechanisms are not yet fully understood, it is plausible ~ (Engel and Fries, 2010; Singh et al., 2020). Their relevance lies in
that gamma frequency band activity is associated with directed  improving the comprehension of these alterations in brain connectivity,
attention to pain in sensorimotor areas and positively correlated with ~ which may serve as a neural marker of dysfunctional neuroplasticity
increased pain intensity (Hauck et al., 2007). Additionally, individuals ~ and help develop therapeutic approaches for managing FM symptoms.
with chronic pain, particularly those with nociplastic pain, tend to Several methodological aspects must be addressed in interpreting
exhibit higher levels of serum BDNF (Deitos et al., 2015; Stefani et al,,  these results: First, this study was cross-sectional; therefore, we could
2019). Notably, serum BDNF levels have been conversely correlated ~ not determine whether long-term chronic pain or a more severe
with the function of DPMS (Soldatelli et al., 2021). Furthermore,  disease was responsible for the electrophysiological changes. Second,
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FIGURE 3
Connectivity (frontal, axial, and sagittal planes) and color maps of the linear regression analyses for FM patients between ROI connectivity and mood,
pain-related symptomes, sleep quality, and biochemical measures. (A) In the EC condition, diminished lagged coherence connectivity in the beta-3
band between the right ACC and right INS negatively correlates with pain disability measured by FIQ. (B) In the EO condition, increased lagged
coherence connectivity between right Sl and right ACC correlates with central sensitization score in the alpha-2 band. (C) Serum BDNF level
conversely correlates with lagged coherence connectivity between left DLPFC and right insula in the gamma band. Values given in Cohen
r = correlation coefficient (small = 0.1; medium = 0.3; large = 0.5). ACC, anterior cingulate cortex; INS, insula; DLPFC, dorsolateral prefrontal cortex; SI,
primary somatosensory. *p < 0.05.

Frontiers in Neuroscience

13

frontiersin.org



Alves et al.

the source localization has a low resolution because of the small
number of EEG sensors (18 electrodes). This is sufficient for source
reconstruction, but it leads to blurring of the solution and low accuracy.
Third, the groups were not matched and had different years of schooling
and ages. Fourth, only women were included because FM is more
common in women and because men and women have different ways
of dealing with pain, brain activity, and connections (Wolfe et al.,
2018). Fifth, it is not possible to control all possible confounding
factors. Antidepressants, painkillers, mood stabilizers, and
antipsychotic medications are a few of these factors that affect people
with FM. Sixth, the results should be interpreted parsimoniously
because the low resolution of EEG connectivity analysis compared to
other consolidated neuroimage methods to determine functional
connectivity. Lastly, because this is a cross-sectional study, more
longitudinal research is needed to determine the role of pain matrix
connectivity as a predictor of how chronic pain will change over time.

These findings indicate that increased connectivity between different
pain processing circuits, particularly in the beta-3 frequency band during
rest, may serve as neural biomarkers for the chronic pain brain signature

associated with neuroplasticity and the severity of FM symptoms.
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9 CONSIDERACOES FINAIS

Os resultados obtidos nesta tese de doutorado podem ser sintetizados assim: (1) a banda de
frequéncia beta-3 apresenta-se como um potencial biomarcador da elevada conectividade entre os
circuitos envolvidos nos componentes sensoriais, afetivos e de aten¢ao no processamento da dor na
FM; (2) as redes sensoriais ¢ afetivas estdo associadas a disfuncionalidade devido a dor e ao
processo de sensibilizacdo central na FM; (3) os niveis séricos de BDNF s3ao marcadores da
atividade neural nos circuitos atencionais relacionados a dor na FM; (4) a aplicagdo de 20 sessdes
de ETCC domiciliar ativa sobre o CPFDL reduz a conectividade, principalmente das bandas de
frequéncia delta e teta entre as regides envolvidas no processamento cognitivo € emocional da dor,
aumentando a integracdo das redes neurais dessas regides; (5) o efeito da ETCC domiciliar ativa
sobre o CPFDL também contribui para o (re)mapeamento da conectividade das areas relacionadas a
dor, melhorando a qualidade do sono € o comportamento catastrofico em mulheres com FM. Esses
resultados demonstram a efetividade terapéutica da ETCC em modular os circuitos neurais
relacionados a dor e destacam o CPFDL como uma area-alvo chave para a aplicacao da estimulagao
na neuromodulacdo desses circuitos e diminui¢ao dos sintomas associados a FM.

Considerando o impacto adverso dos sintomas associados & FM, tem havido avancos
significativos na area ndo apenas na compreensao dos mecanismos fisiopatologicos subjacentes a
doenga, mas também no desenvolvimento de abordagens terapéuticas. Nesse contexto, o presente
estudo demonstra que a ETCC aplicada em ambiente domiciliar, com a comparagao entre a CPFDL
e a M1, emerge como uma opg¢do terapéutica promissora. A pesquisa evidencia as alteragdes
causadas pela doenca e a capacidade da ETCC de modular a conectividade entre diversos circuitos
neurais relacionados a dor, especialmente aqueles responsaveis pelos aspectos sensoriais, afetivos e

atencionais.
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10 PERSPECTIVAS FUTURAS

Nossas descobertas podem contribuir significativamente para o avango da ETCC como uma
interven¢do terapéutica na FM, considerando a complexidade dos mecanismos envolvidos na
fisiopatologia dessa condicdo. Isso justifica a exploracdo de diversas abordagens de
neuromodulagdo para compreender como as técnicas podem modificar os processos disfuncionais
subjacentes a plasticidade mal-adaptativa, que estd associada a sensibilizagdo central e parece ser
um componente crucial na fisiopatologia da FM.

Adicionalmente, acreditamos no potencial da utilizacdo dessa técnica no contexto do
Sistema Unico de Satude (SUS), devido & sua simplicidade de aplicagdo, custos acessiveis e alto
nivel de seguranca. Com isso em mente, estamos buscando ampliar as opg¢des de tratamento
disponiveis em ambientes clinicos e ambulatoriais, incentivando a incorporagdo da ETCC como
terapia complementar no controle da dor e dos sintomas associados a FM. Isso abrange melhorias
no humor, cognicao, fadiga e qualidade do sono, aspectos que frequentemente sdo adversamente
afetados na vida de pacientes com dor cronica.

Como mencionado anteriormente, varias dimensdes da vida dos pacientes com dor cronica
sofrem impacto negativo. Nesse contexto, a importancia de novas pesquisas ¢ indiscutivel, uma vez
que tais estudos proporcionam avangos significativos na compreensdo dos mecanismos
fisiopatologicos da FM. Essas pesquisas impulsionam o progresso terapéutico visando a melhora
dos sintomas e a reabilitagdo da FM. Além disso, existe a perspectiva de expansao dessa técnica

para o tratamento de outras doengas no futuro.
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ANEXO A. MODELO DO TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO
(TCLE)

TERMO DE CONSENTIMENTO LIVRE E ESCLARECIDO (TCLE)
N° do projeto CAAE: 36995020.3.0000.5327

Titulo do Projeto: MAPEAMENTO DO IMPACTO DA MONTAGEM DA ESTIMULACAO
TRANSCRANIANA DE CORRENTE CONTINUA (ETCC) DOMICILIAR NAS FUNCOES
CORTICAIS, PSICO-COGNITIVAS, CAPACIDADE FUNCIONAL E RITMO BIOLOGICO NA
FIBROMIALGIA: UM ENSAIO CLINICO RANDOMIZADO FATORIAL (ACRONIMO: HFTDCS-
TRIAL).

Vocé esta sendo convidado(a) a participar de uma pesquisa cujo objetivo ¢ avaliar a condi¢ao do seu cérebro,
bem como do seu organismo quanto aos aspetos clinicos e comportamentais para compreender como as
alteracdes do ritmo bioldgico se relacionam com a FM e como a estimulacio transcraniana de corrente
continua (ETCC)pode modular os sistemas da dor ¢ do sono nessa doenca. Esta pesquisa estd sendo
realizada pelo Laboratdrio de Dor & Neuromodulagao do Hospital de Clinicas de Porto Alegre (HCPA).
EXPLICACAO DOS PROCEDIMENTOS
Quais sao as avaliagdes?

Se a senhora aceitar participar da pesquisa, além de autorizar a utilizagdo dos dados coletados pelo
projeto ao qual a senhora ja aceitou participar. Serd realizada uma coleta de sangue (15 mL, equivalente a 3
colheres de cha). O material bioldgico coletado sera utilizado exclusivamente para essa pesquisa. Apos as
analises previstas, o material restante sera descartado. Na sequéncia, vocé ficard sentada numa cadeira
confortavel e respondera a questionarios sobre dor, depressdao, ansiedade, qualidade do sono e questdes
clinicas gerais. Seguiremos com uma avaliacdo da atividade elétrica cerebral. Para isso, vocé ficara sentada
numa cadeira confortavel, colocaremos em sua cabega uma touca de neoprene com eletrodos ocos dispostos
sobre ela. Cada eletrodo sera preenchido com gel, para aumentar a condutividade do sinal e assim captarmos
as ondas cerebrais. Primeiramente, serd pedido que vocé relaxe e mantenha seus olhos fixos numa cruz
disposta a sua frente, passados dois minutos pediremos que a senhora feche os olhos durante mais dois
minutos. Repetiremos essa sequéncia de procedimento mais uma vez intercalando olhos abertos e fechados.
A avaliacdo da atividade cerebral demorara 20 minutos, aproximadamente. Também usard um actigrafo pelo
periodo de 10 dias. O actigrafo ¢ um acelerometro (mede intensidade dos movimentos do corpo), que além
de medir a atividade, mensura também a luz ambiental e a temperatura corporal. Deve-se usar no punho
esquerdo, retirando somente para tomar banho e colocando-o em seguida. Esses procedimentos serdo
realizados no mesmo dia de uma das visitas do projeto que vocé ja participa. No seu retorno serdo repetidas
as avaliagOes da atividade cerebral e os questionarios.
POSSIVEIS RISCOS E DESCONFORTOS
Um possivel desconforto podera ser sentido na coleta de sangue, devido a introdug¢do da agulha, com o
possivel surgimento de um hematoma (mancha roxa na pele) ou outro desconforto no local da coleta. Outros
possiveis desconfortos poderdo ocorrer devido ao gel no cabelo ap6s a avaliagdo da atividade cerebral, basta
usar um pente para retirar o excesso. Também poderd sentir-se desconfortavel ao responder alguns
questionarios, considerando que ha perguntas sobre problemas pessoais e sobre seu estado de satide. Um
incomodo podera ser sentido no punho de uso do actigrafo, se a pulseira do acelerémetro estiver apertada.
Para isso, basta afrouxar a pulseira de forma que fique confortavel para senhora. As técnicas para avaliar
conectividade funcional e excitabilidade cortical sdo ndo-invasivas, o que significa que ndo sera feito
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qualquer tipo de corte ou furo ou uso de produtos que atentem a sua saide. Uma equipe estara todo o tempo
a sua disposi¢do para auxilia-lo

POSSIVEIS BENEFiICIOS DESTE ESTUDO

Os dados sobre este estudo podem auxiliar no avango do conhecimento na area da neuromodulacgdo e das
neurociéncias. Desse modo, os beneficios sdo indiretos para vocé€, uma vez que se os resultados forem
positivos, poderao servir para melhorar o diagnéstico e o tratamento de pacientes com fibromialgia no futuro.
Além disso, vocé recebera um retorno dos resultados da pesquisa de forma ndo individual, ou seja, em
termos de grupos clinicos e controles.

DIREITO DE DESISTENCIA

Sua participagdo no estudo ¢ totalmente voluntaria, e voc€ podera desistir de participar a qualquer momento
da pesquisa, sem qualquer prejuizo. Caso vocé decida ndo participar, ou ainda, desistir de participar e retirar
seu consentimento, ndo havera nenhum prejuizo ao atendimento que vocé recebe ou possa vir a receber na
instituigao.

CUSTOS

Nao estd previsto nenhum tipo de pagamento pela sua participacdo na pesquisa € voc€ ndo terd nenhum custo
com respeito aos procedimentos envolvidos. Vocé ndo terd despesas com a sua participacdo na pesquisa,
além de transporte ¢ alimentagdo. Nao havera ressarcimento destes gastos.

CONFIDENCIALIDADE

Os dados coletados durante a pesquisa serdo sempre tratados confidencialmente. Os resultados serdo
apresentados de forma conjunta, sem a identificagdo dos participantes, ou seja, 0 seu nome nao aparecera na
publicagdo dos resultados.

CONTATO DOS PESQUISADORES

Caso vocé tenha duvidas, podera entrar em contato com o pesquisador responsavel Prof® Dr. Wolnei Caumo
ou com o pesquisador Rael Lopes Alves pelo telefone (51) 3359-6377 ou com o Comité de Etica em
Pesquisa do Hospital de Clinicas de Porto Alegre (HCPA), pelo telefone (51) 33597640, ou no 2° andar do
HCPA, sala 2227, de segunda a sexta, das 8h as 17h.

CONSENTIMENTO

Declaro ter lido — ou me foi lido — as informagdes acima antes de assinar este Termo. Foi-me dada ampla
oportunidade de fazer perguntas, esclarecendo plenamente minhas davidas. Por este instrumento, torno-me
parte, voluntariamente, do presente estudo (este termo de Consentimento Livre e Esclarecido sera assinado
em duas vias, uma para voc€ e uma via sera arquivada pelo pesquisador).

Nome do participante da pesquisa Nome do pesquisador que aplicou o Termo
Assinatura participante Assinatura Pesquisador
Porto Alegre, de 20
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ANEXO B. STRENGTHENING THE REPORTING OF OBSERVATIONAL STUDIES IN
EPIDEMIOLOGY (STROBE)

STROBE Statement—Checklist of items that should be included in reports of cross-sectional studies

Item Page
No Recommendation No
Title and abstract 1 (a) Indicate the study’s design with a commonly used term in the title or the 1
abstract
(b) Provide in the abstract an informative and balanced summary of what was | 2
done and what was found
Introduction
Background/rationale 2 Explain the scientific background and rationale for the investigation being 2-4
reported
Objectives 3 State specific objectives, including any prespecified hypotheses 4
Methods
Study design 4 Present key elements of study design early in the paper 4
Setting 5 Describe the setting, locations, and relevant dates, including periods of 4-5
recruitment, exposure, follow-up, and data collection
Participants 6 (a) Give the eligibility criteria, and the sources and methods of selection of 5
participants
Variables 7 Clearly define all outcomes, exposures, predictors, potential confounders, 5-8
and effect modifiers. Give diagnostic criteria, if applicable
Data sources/ 8%* For each variable of interest, give sources of data and details of methods of 5-8
measurement assessment (measurement). Describe comparability of assessment methods if
there is more than one group
Bias 9 Describe any efforts to address potential sources of bias 6-7
Study size 10 Explain how the study size was arrived at 8
Quantitative variables 11 Explain how quantitative variables were handled in the analyses. If 7
applicable, describe which groupings were chosen and why
Statistical methods 12 (a) Describe all statistical methods, including those used to control for 8-9
confounding
(b) Describe any methods used to examine subgroups and interactions 9
(c) Explain how missing data were addressed 5
(d) If applicable, describe analytical methods taking account of sampling -
strategy
(e) Describe any sensitivity analyses -
Results
Participants 13*  (a) Report numbers of individuals at each stage of study—eg numbers 5
potentially eligible, examined for eligibility, confirmed eligible, included in
the study, completing follow-up, and analysed
(b) Give reasons for non-participation at each stage -
(c) Consider use of a flow diagram 5
Descriptive data 14*  (a) Give characteristics of study participants (eg demographic, clinical, 9
social) and information on exposures and potential confounders
(b) Indicate number of participants with missing data for each variable of 5
interest
Outcome data 15*  Report numbers of outcome events or summary measures 9
Main results 16 (a) Give unadjusted estimates and, if applicable, confounder-adjusted 9-10
estimates and their precision (eg, 95% confidence interval). Make clear
which confounders were adjusted for and why they were included
(b) Report category boundaries when continuous variables were categorized | -
(c) If relevant, consider translating estimates of relative risk into absolute risk | -
for a meaningful time period
Other analyses 17 Report other analyses done—eg analyses of subgroups and interactions, and | 9-10

sensitivity analyses
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Discussion

Key results 18 Summarise key results with reference to study objectives 10

Limitations 19 Discuss limitations of the study, taking into account sources of potential bias | 12
or imprecision. Discuss both direction and magnitude of any potential bias

Interpretation 20 Give a cautious overall interpretation of results considering objectives, 10-
limitations, multiplicity of analyses, results from similar studies, and other 12
relevant evidence

Generalisability 21 Discuss the generalisability (external validity) of the study results 12

Other information

Funding 22 Give the source of funding and the role of the funders for the present study 13

and, if applicable, for the original study on which the present article is based

*Give information separately for exposed and unexposed groups.

Note: An Explanation and Elaboration article discusses each checklist item and gives methodological background and
published examples of transparent reporting. The STROBE checklist is best used in conjunction with this article (freely
available on the Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal Medicine at

http://www.annals.org/, and Epidemiology at http://www.epidem.com/). Information on the STROBE Initiative is

available at www.strobe-statement.org.
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Transcranial Direct Current
Stimulation to Improve the
Dysfunction of Descending Pain
Modulatory System Related to
Opioids in Chronic Non-cancer Pain:
An Integrative Review of
Neurobiology and Meta-Analysis
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OPEN Spectral Power Density analysis
of the resting-state as a marker
of the central effects of opioid use
in fibromyalgia

Maxciel Zortea?, Gerardo Beltran*4, Rael Lopes Alves*?, Paul Vicuna'?,
Iraci L. S. Torres®>&7, Felipe Fregni®®1%11 & Wolnei Caumol412.135

Spectral power density (SPD) indexed by electroencephalogram (EEG) recordings has recently

gained attention in elucidating neural mechanisms of chronic pain syndromes and medication use.
We compared SPD variations between 15 fibromyalgia (FM) women in use of opioid in the last three
months (73.33% used tramadol) with 32 non-users. EEG data were obtained with Eyes Open (EO) and
Eyes Closed (EC) resting state. SPD peak amplitudes between EO-EC were smaller in opioid users in
central theta, central beta, and parietal beta, and at parietal delta. However, these variations were
positive for opioid users. Multivariate analyses of variance (ANOVAs) revealed that EO-EC variations
in parietal delta were negatively correlated with the disability due to pain, and central and parietal
beta activity variations were positively correlated with worse sleep quality. These clinical variables
explained from 12.5 to 17.2% of SPD variance. In addition, central beta showed 67% sensitivity | 72%
specificity and parietal beta showed 73% sensitivity/62% specificity in discriminating opioid users from
non-users. These findings suggest oscillations in EEG might be a sensitive surrogate marker to screen
FM oploid users and a promising tool to understand the effects of oploid use and how these effects
relate to functional and sleep-related symptoms.
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Disability due to Pain in Fibromyalgia: A Randomized,
Double-Blind Sham-Controlled Study
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OFEN Functional connectivity response
to acute pain assessed by fNIRS
is associated with BDNF genotype
in fibromyalgia: an exploratory
study

Alvaro de Oliveira Franco!, Guilherme de Oliveira Venturini®?,

Camila Fernanda da Silveira Alves'?, Rael Lopes Alves™?, Paul Vicuiia'?, Leticia Ramalho?,
Rafaela Tomedi’, Samara Machado Bruck?, Iraci L. S. Torres™?, Felipe Fregni® &

Wolnei Caumo*25£

Fibromyalgia is a heterogenous primary pain syndrome whose severity has been associated with
descending pain modulatory system (DPMS) function and functional connectivity (FC) between

pain processing areas. The brain-derived neurotrophic factor (BDNF) ValG6Met single nucleotide
polymorphism has been linked to vulnerability to chronic pain. In this cross-sectional imaging genetics
study, we investigated fibromyalgia, the relationship between BONF Val66Met heterozygous
genotypes (Val/Met), and the functional connectivity (FC) response pattem to acute pain stimulus

in the motor (MC) and prefrontal (PFC) cortex assessed by near-infrared spectroscopy (fNIRS)

before and after a cold pressor test utilizing water (0-1 °C). Also, we assessed the relationship
between this genotype with the DPMS function and quality of life. We included 42 women (val/
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Peripheral body temperature rhythm as a marker of the severity of s
depression symptoms in fibromyalgia
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* HB-tDCS has effectively reduced pain scores and improved disability due to
. fibromyalgia.
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