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ACP Artéria cerebral posterior

AFT Analise da Fungdo de transferéncia
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NOS Sintetase de NO
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SNA Sistema nervoso auténomo

VFM Velocidade de fluxo (sanguineo cerebral) média
VFSC Velocidade de fluxo sanguineo cerebral
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|. RESUMO

Os mecanismos que governam a homeostasia do fluxo sanguineo cerebral sdo desafiados de
modo critico no acidente vascular cerebral (AVC) isquémico agudo. A autorregulacdo cerebral
(ARC) é um dos principais operadores desse controlo vascular cerebral, assegurando um fluxo
sanguineo constante em resposta as variacdes de pressdo arterial. Mantendo-se efetiva, pode
proteger a penumbra isquémica de niveis de pressao arterial deletérios e minimizar a lesao
neuroldgica. A ARC dindmica pode ser avaliada de modo ndo invasivo através da funcdo de
transferéncia entre as oscilacdes espontdneas da pressao arterial e da velocidade de fluxo
sanguineo cerebral obtidas, respetivamente, por pletismografia digital e por Doppler
transcraniano. O principal objetivo deste projeto de investigacdo foi avaliar o papel da ARC
dindmica no contexto de isquemia cerebral aguda, incluindo a capacidade de predizer
complicacGes neuroldgicas graves, assim como o progndstico funcional a longo prazo.

Antes de iniciar o estudo dos doentes com AVC, investigou-se o efeito dos fatores demograficos
e hemodindamicos sistémicos nos principais mecanismos de regulacdo cerebrovascular. A partir
de uma populagao saudavel distribuida equitativamente por sexo e por décadas de idade, dos
20 aos 80 anos, medimos a ARC, o acoplamento neurovascular e a vasorreatividade ao didxido
de carbono com métodos baseados no Doppler transcraniano. Verificdamos que os diversos
mecanismos de controlo cerebrovascular ndao foram significativamente influenciados pelo sexo
ou idade. Podemos explicar os resultados pela existéncia de uma reserva cerebral vascular
funcional que colmata as alteragdes morfoldgicas da vasculatura associadas ao envelhecimento.
Um dos aspetos inovadores deste trabalho foi juntar num sé estudo os varios parametros de
controlo cerebrovascular, que verificdAmos ndo se correlacionarem entre si. Dado ndo haver
relacdo entre os diversos mecanismos, devemos ter cuidado na comparagdo entre estudos que
avaliaram a “reatividade” cerebral partindo de metodologias distintas. No que concerne a
aplicacdo para o estudo da ARC no AVC, foi relevante demonstrar que os parametros da funcdo
de transferéncia da ARC ndo eram influenciados significativamente pelo sexo e idade, retirando-
se este efeito confundidor.

A segunda etapa dos trabalhos refere-se a avaliagdo da ARC em doentes com AVC isquémico
agudo. Foram introduzidos alguns aspetos inovadores na abordagem, sendo o mais significativo
o facto de se avaliar a ARC dentro das primeiras 6 horas de inicio de sintomas do AVC, periodo
em que a decisdo médica tem mais impacto na morbilidade do doente a longo prazo. Avaliou-

se o impacto da ARC no estado funcional dos doentes aos 3 meses pela escala de Rankin



Resumo

modificada, no volume de enfarte, e na ocorréncia de transformac¢ao hemorragica ou edema
cerebral. Obtivemos novos dados a respeito da fisiopatologia do AVC isquémico agudo e
demonstrou-se o valor progndstico da ARC medida em fase aguda.

Uma ARC precoce mais efetiva, traduzida por uma fase maior e um ganho reduzido, associou-se
a um melhor resultado neuroldgico nos doentes com AVC isquémico. Um ponto de corte no
valor de fase pelos 37 graus mostrou ter boa acuidade para determinar o estado funcional aos
3 meses. Mais precisamente, verificdmos que a probabilidade de estar independente aos 3
meses aumentava 14 vezes nos doentes com AVC isquémico se fosse detetada uma melhor ARC
(fase > 37 graus) no territério da artéria cerebral média. Adicionalmente, um melhor nivel de
ARC determinou enfartes com menor volume as 24 horas. Verificdmos a existéncia de uma
correlacdo entre baixa pressdo arterial e maior drea isquémica, mas, curiosamente, tal sé
ocorreu no subgrupo de doentes com ARC menos eficaz (fase <37 graus). Também se verificou
gue niveis de ARC menos eficazes nas primeiras horas apds isquemia cerebral estavam
associados a um risco aumentado de transformacdao hemorragica e edema cerebral as 24 horas,
resultados nunca descritos previamente. Os doentes que vieram a desenvolver edema cerebral
também revelaram baixa resisténcia vascular cerebral, o que demonstra uma desregulacdo
vasomotora dos pequenos vasos de resisténcia. No seu conjunto, as alteragdes registadas nos
parametros hemodinamicos cerebrais estdo de acordo com fendmenos de hiperperfusdo
deletéria e lesdo microvascular. Também se procurou obter algum esclarecimento sobre os
fatores que possam modelar a ARC na fase aguda do AVC isquémico, particularmente, no que
concerne os bindmios cérebro-coracdo e cérebro-rim. Pela primeira vez, descreveu-se a
existéncia de uma relagdo entre a funcdo renal e a ARC no AVC isquémico agudo. Os valores
estimados para a taxa de depuracdo da creatinina apresentaram uma correlagdo positiva com
os valores de ganho, ou seja, quanto pior a fungdo renal, tanto menor a capacidade
autorregulatéria a nivel vascular cerebral. Para além da ARC, também uma fung¢do renal
diminuida se associou a pior progndstico. A disfungdo da ARC poderd ser parte de uma
desregulacdao microvascular mais sistémica. Por ultimo, foi possivel demonstrar uma resposta
autorreguladora cerebral aumentada nos doentes com disfungdo cardiaca. Perceber os
mecanismos fisioldgicos que governam esta rela¢do podera conduzir a novos alvos terapéuticos
que melhorem o progndstico do doente com AVC isquémico.

Em resumo, este projeto de investigacdo apresentou novos achados acerca da fisiopatologia do
AVC isquémico agudo, introduzindo a ARC como um marcador com importancia progndstica e
de risco para complicagdes neuroldgicas. A ARC tem potencial para ser explorada no futuro,

com vista a melhorar a orientagdo terapéutica dos doentes com AVC isquémico.
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Il. ABSTRACT

The mechanisms that govern the homeostasis of cerebral blood flow are vigorously challenged
in the acute ischemic stroke (AIS). Cerebral autoregulation (CA) is one of the main operators of
cerebrovascular control that keep cerebral blood flow constant in response to blood pressure
changes. An effective CA may protect the vulnerable ischemic penumbra from deleterious blood
pressure levels and minimize neurological injury. Dynamic CA can be assessed non-invasively
with a transfer function analysis of spontaneous oscillations of blood pressure and cerebral
blood flow velocity, recorded with finger plethysmography and transcranial Doppler,
respectively. The main objective of this project of investigation was to examine the role of
dynamic CA in the setting of acute brain ischemia, including its capability to predict serious
neurological complications and its prognostic value for a long-term functional outcome.

Before assessing patients with AlS, we investigated the effect of demographic and systemic
hemodynamic parameters in main cerebral regulatory mechanisms based on functional tests
using transcranial Doppler. For this goal, we selected a healthy population equally distributed
sex groups and by decades of age from 20 to 80 years. We found that cerebral autoregulatory
transfer function parameters, neurovascular coupling and vasoreactivity to carbon dioxide
challenge were not significantly affected by age and gender, despite the decrease in basal
cerebral blood flow velocity and the increased cerebrovascular resistance with age. This finding
means that the brain seems to have some functional vascular reserve to deal with the
morphological vasculature changes that occur with ageing. One of the innovative aspects of this
investigation was to join in the same study a correlation analysis of several outputs of distinct
aspects of cerebrovascular control. Having found no relationship between them, we conclude
that one should be careful in comparing studies that have used different methodologies to
assess the “reactivity” of cerebral microvasculature, since they measure distinct aspects of
cerebrovascular control. In what concerns to stroke pathophysiologic study, it was relevant to
demonstrate that transfer function parameters of cerebral autoregulation were not influenced
by age and gender, both of which can interact with several aspects in stroke patients.

The second part of this thesis concerned the evaluation of AIS patients. For the first time,
dynamic cerebral autoregulation was assessed strictly within 6 hours from ischemic stroke
symptoms onset, when medical actions can decisively change the patient’s disability in the long

term. The main outcome measures were functional status at 3 months based on the modified
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Rankin scale, infarct volume, and the presence of hemorrhagic transformation and edema. We
obtained new findings related to AIS pathophysiology and found that CA measurement carries
relevant prognostic information.

An early and more effective dynamic CA, which has a higher phase and reduced gain, was
associated with better neurological outcome in patients with AlS. We found that a cut-off of
phase at 37 degrees provides good accuracy to predict the functional outcome. Based on this
cut-off value, we found that the odds of being independent at 3 months increases 14-fold when
a higher phase (better CA) is detected in the middle cerebral artery territory. Also, at 24 hours,
infarct volumes were significantly smaller with intact cerebral autoregulation. We also found a
correlation between low blood-pressure levels and increased ischemic area, but, curiously, only
in the subgroup of patients with worse CA at presentation (phase <37 degrees). Moreover, a less
effective CA in the early hours after AIS is associated with an increased risk of hemorrhagic
transformation and cerebral edema, which had not been described before. We also found that
cerebrovascular resistance was very low at presentation in these patients, which demonstrates
a deregulation of small vessels in the affected parenchyma. Taken together, these abnormalities
possibly reflect breakthrough hyperperfusion and microvascular injury.

Exploring the factors that influence CA in AIS, we also looked at the role of CA within the

binomial relationships of kidney-brain and heart-brain. We found that a poor renal function

correlates with a less-effective dynamic CA in acute ischemic stroke, both predicting a bad

outcome. Therefore, the dysfunctional CA may be a part of a more widespread microvascular

deregulation. Lastly, an enhanced dynamic CA response was detected in heart-failure patients.

Understanding the physiological mechanisms that govern this complex interplay can be useful

to find novel therapeutic targets that could improve outcome in ischemic stroke.

Overall, this investigation project led to new findings about the pathophysiology of acute
ischemic stroke and gave a role for CA in what concerns the functional prognosis and the risk
of complications presented by these patients. CA has the potential to be used in future research

in acute ischemic stroke.
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lll. INTRODUCAO

CIRCULACAO CEREBRAL

Durante 1500 anos, a Medicina permaneceu letdrgica sob o conceito de “rede maravilhosa” (do
latim, rete mirabile) apregoada por Galeno (Pérgamo, atual Turquia, 129 — 199) (Galen, 1531).
Inexplicavelmente, apesar de trés centurias de disseccdes humanas, s6 em 1522 Jacopo
Berengaro (Carpi, Itdlia, 1460-1530) nega formalmente a sua existéncia (Berengarus, 1552),
identificando as artérias cardtidas. Na sequéncia, em 1561, Gabriel Falépio (Modena, 1523 -
1562) faz a primeira descri¢cdo, ndo ilustrada, do circuito arterial na base do cranio (Fallopius,
1561). Contudo, seria Thomas Willis (Great Bedwyn, Inglaterra; 1621 - 1675) quem, pela primeira
vez, contando com a descricdo mais detalhada da vascularizacdo cerebral por Johann Jakob
Wepfer em 1568 (Schaffhausen, Suiga; 1620 - 1625) (Wepfer, 1658) e as pistas hemodinamicas
de William Harvey (Folkestone, Inglaterra 578 - 1657) (Harvey, 1628), iria reconhecer a funcao
da rede anastomética das artérias da base do cranio, que tdo eloquentemente descreveu em

Cerebri anatome no ano de 1664 (Willis, 1664).

Nas seccbes seguintes serdo descritos os conceitos elementares sobre circulagdo cerebral
humana e os mecanismos que a regulam, dando especial enfoque a autorregulagdo cerebral
(ARC). Sera ainda feita uma breve referéncia a fisiopatologia do acidente vascular cerebral (AVC)
isquémico, a entidade nosoldgica sobre a qual se debrugam os trabalhos desta tese. Em suma,
deseja-se que o texto introdutdrio crie um enquadramento clinico e fisiopatoldgico que seja
suficientemente claro para que se compreenda a relevancia do estudo da hemodinamica

cerebral no progndstico dos doentes com AVC.

Anatomia da circulagao cerebral

A irrigacdo cerebral conta com quatro troncos arteriais ascendentes (Figura 1A), duas artérias
cardtidas internas (ACl) e duas vertebrais. Estas formam duas redes complementares designadas
por circulacdo anterior ou carotidea e posterior ou vertebrobasilar, respetivamente (Nolte &

Sundsten, 2009). A ACI origina-se na bifurcacdo da carétida comum. Descreve um trajeto
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Figura 1 — Vascularizacao Cerebral

Angiografia por Tomografia computorizada (A) evidenciando as varias artérias da circulagdo cerebral. Da
circulagdo anterior identificdmos as artérias cardtida comum (ACC), externa (ACE) e interna (ACI),
incluindo o seu seio carotideo (*), os segmentos M1 e M2 da cerebral média e os segmentos Al e A2 da
cerebral anterior. Na circulagdo posterior, estdo apontados os sucessivos segmentos da artéria vertebral
(V1, V2, V3, V4), a artéria basilar (BAS) e o segmento P1 da cerebral posterior. O segmento P2 da cerebral
posterior pode ser visualizado numa angiografia por Ressondncia Magnética em B. Aqui também
observamos os constituintes do circulo arterial da base do cérebro — artéria comunicante anterior (ACoA)
e posterior (ACoP). Em C, usando o mesmo tipo de imagem, demonstra-se um circulo arterial incompleto
com hipoplasia de ACoA e agenesia da ACoP esquerda.

ascendente, retromandibular, acompanhada da veia jugular interna e do nervo vago, conjunto
esse designado por feixe vasculonervoso do pescogo. O primeiro centimetro proximal é
ligeiramente dilatado, onde se forma o seio carotideo (Figura 1A), um importante barorrecetor
(BR) arterial (Nolte & Sundsten, 2009). Apds percorrer o canal carotideo dentro do osso
temporal, segue anterior e superiormente formando o sifdo carotideo, onde, entdo, inflete o
seu trajeto posteriormente, perfurando a dura-mater do teto do seio cavernoso. Agora, em
pleno espaco subaracnoideu, a porcdo supraclinoidea origina, entre outras, a artéria

comunicante posterior (ACoP), antes de se dividir nos seus dois ramos terminais — artéria
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cerebral média (ACM) e anterior (ACA) (Figura 1A e 1B). A ACA junta-se na linha média a sua
homodloga via artéria comunicante anterior (ACoA), sendo os segmentos pré e pos-
anastomoéticos designados de Al e A2. Irriga a tira medial de cada hemisfério. A ACM possui uma
primeira porcao horizontal (M1) que percorre o tronco do sulco lateral, vindo-se a bifurcar em
dois ramos (M2) ao mesmo tempo que se arqueia em angulo reto sob o cdrtex insular. A ACM
irriga os dois tergos laterais de cada hemisfério cerebral (Nolte & Sundsten, 2009).

A artéria vertebral tem uma origem na 12 por¢do da artéria subclavia (V0), dirige-se para o 62
buraco transversario (V1) e percorre sucessivamente os restantes (V2) até alcancar o bordo
superior do arco posterior do atlas (V3), onde perfura a membrana atlanto-occipital posterior e
dura para alcancgar o espaco subaracnoideu (V4) (Figura 1A). Na face anterior do tronco cerebral,
une-se a contralateral formando a artéria basilar. Esta ascende até se bifurcar em duas artérias
cerebrais posteriores (ACP) que irrigam grosso modo os lobos occipitais. A ACoP junta-se a ACP
dividindo-a em dois segmentos, pré e pds-anastomotico, P1 e P2 (Nolte & Sundsten, 2009)
(Figura 1B).

Completa-se entdo o circulo anastomético que une as duas ACl intracranianas e o topo da basilar
(ACoA, 2XxA1, 2XAcoP, 2xP1), constituindo uma via de colateralizagdo importante no caso de
obstrucao hemodinamica de um dos troncos a montante. Estima-se, contudo, que apenas 25%
da populacdo tenha um circulo completo e de calibres simétricos (Nolte & Sundsten, 2009). Na
Figura 1C mostra-se um exemplo de um circulo incompleto.

O parénquima cerebral propriamente dito é nutrido por um sistema dual de pequenos vasos. A
porcdo basal ou rostral do encéfalo é da responsabilidade das artérias perfurantes que nascem
diretamente dos troncos arteriais proximais do circulo anastomético da base. Dirigem-se
sobretudo para os nucleos da base, diencéfalo e cdpsula interna. Por seu turno, o cortex cerebral
é irrigado a partir de uma rede anastomaética pial formada pela bifurcagdo e redugdo progressiva
do calibre e dos ramos cerebrais da ACM, ACA e ACP. Das pequenas artérias piais surgem
arteriolas em angulo reto, que penetram a superficie cortical e se dispdem radialmente até
alcangarem o ventriculo lateral e centro semioval. S3o estas arteriolas penetrantes que originam
a malha de capilares que nutre o tecido cerebral, percorrendo os hemisféricos paralelamente a

superficie cortical (Duvernoy et al., 1981).

Sistemas de colateralizagéo

Existe uma rede arterial subsididria pronta a ser ativada quando o vaso principal falha. Podemos
considerar dois sistemas de colateraliza¢cdo cerebral — intra e extracraniano (Liebeskind, 2003).

O sistema extracraniano diz respeito a anastomoses entre ramos da artéria carétida externa
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Figura 2 — Exemplo de colateralizacao cerebral intrinseca

Acidente vascular cerebral isquémico agudo por oclusdo do segmento M1 da ACM esquerda (seta
amarela). Observa-se extensa rede de vasos piais nesse hemisférico, sendo sinal de boa ativacdo da
colateralizac3o intrinseca. Em http.//www.aspectsinstroke.com/collateral-scoring.

com a ACI intracraniana, e de ramos da externa e da subclavia com a artéria vertebral. Por
exemplo, no caso de uma ACI gravemente obstruida a nivel proximal cervical, a artéria oftadlmica
pode passar a irrigar a ACl terminal com fluxo invertido, vindo da artéria angular do nariz, ramo
da artéria facial que, por sua vez, provém da carétida externa.

A nivel intracraniano, para além do circuito anastomoético basal (“poligono de Willis”), podemos
considerar uma rede pial superficial formada pelos ramos da ACA, ACP e ACM e outra
desenvolvida entre as artérias cerebelosas. A Figura 2 coloca em evidéncia esta ativagao
colateral num caso de oclusdo de M1, que é o panorama mais frequente de AVC isquémico
agudo. Neste cenario, a colateralizagdo primaria intracraniana (ACoA e ACoP) ndo é ativada.
Podemos, contudo, detetar fluxo globalmente aumentado na ACA e ACP ipsilaterais, sendo sinal
de colateralizacdo via leptomeningea. O segmento Al contralateral também tem fluxo
aumentado, que diverge, via ACoA, para o A2 ipsilateral a oclusdo e, assim, fortalece a irrigacao

leptomeningea anterior.

Microcirculacdo cerebral e unidade neurovascular

A medida que as arteriolas penetram o parénquima, vdo perdendo a inervacdo perivascular e as
camadas adventicia e muscular, ficando seladas e separadas das estruturas nervosas pelos pés
astrocitarios (Girouard & ladecola, 2006, ladecola & Nedergaard, 2007, Hamel, 2006). Destas
arteriolas, desenvolvem-se ramificacOes capilares que vado nutrir o tecido cerebral (Figura 3). A
densidade capilar estd estimada em 400 capilares/mm2 (Williams & Leggett, 1989), pelo que o
cérebro se torna, curiosamente, num o6rgdo relativamente pouco vascularizado quando
comparado, por exemplo, com o musculo esquelético. A microcirculacdo cerebral apresenta a

particularidade de as suas células endoteliais estarem criticamente justapostas por jungdes
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Figura 3 — Microcirculagao cerebral

A direita (A), observam-se a fina rede capilar do 42 ventriculo. A figura B mostra uma ampliagdo de um
capilar que é envolvido por varios pés astrocitdrios ao longo do seu trajeto. Fontes: A — Duvernoy et al.,
1981; B — Nolte & Sundsten, 2009.

apertadas (Nolte & Sundsten, 2009). Este fator permite criar uma barreira hematoencefalica
(BHE), que faz com que pouco mais do que agua, gases arteriais e algumas substancias
lipossoluveis ndo sejam por ela barrados (Nolte & Sundsten, 2009). A disfuncao da BHE pode dar
origem ao extravasamento de conteudo sanguineo para o parénquima, o que causa edema
vasogénico ou até transformagdo hemorragica da area de enfarte cerebral (Simard et al., 2007).
O fluxo cerebral tem de estar intimamente acoplado a atividade neuronal. A vasodilatagdo que
ocorre com o incremento da atividade sinaptica pode ser explicada em parte pela libertagdo de
moléculas vasoativas, tais como a adenosina, mondxido de azoto (NO), prostaglandinas,
potdssio (K+) sobre os pericitos que rodeiam os capilares cerebrais. Para orquestrar este
conjunto, o modelo mais consensual da um papel de destaque ao astrécito e seus
prolongamentos (Girouard & ladecola, 2006, ladecola & Nedergaard, 2007). Para além de
coadjuvar na criacdo da BHE, os pés astrocitarios (Figura 3) tém recetores excitatdrios para o
glutamato que extravasa da fenda sindptica, levando a entrada de célcio (Ca®*) na célula. Este
condiciona um aumento de producdo astrocitaria de NO e prostaciclinas pela ativacdo da
sintetase do NO (NOS) e da ciclo-oxigenase tipo 1 (COX-1) astrocitarias, respetivamente. Estas
moléculas exercem entdo os seus efeitos vasomoduladores por acdo sobre as células musculares
lisas das arteriolas e pericitos dos capilares. Parecem ser particularmente fulcrais os capilares de
12 e 22 ordem na ignigcdo vasodilatadora (Hall et al., 2014). Na Figura 4 podemos ver estes

mecanismos em detalhe.
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Figura 4 — Unidade e Acoplamento Neurovascular

As arteriolas perdem a sua inervagdo e camada muscular ao penetrar no cértex cerebral (A). A nivel arteriolar
e capilar, os pés astrocitarios rodeiam os pericitos e células musculares lisas. O astrdcito e o pericitos sao,
assim, os protagonistas da regulagdao vasomotora, sendo que alguns interneurénios GABAérgicos e nucleos
centrais contribuem para o modular. A esquerda (B), observa-se os detalhes bioquimicos que governam este
controlo. Os produtos que escoam da fenda sindptica, tais como o glutamato (Glu), adenosina (Ado),
monodxido de azoto (NO) e prostanoides derivados da atividade da cicloxigenase tipo 2 (COX-2), exercem
efeitos sobre os pericitos ou sobre os pés astrocitarios, com especial relevo para a ativacdo de recetores
metabotrépicos do Glu (mGIuR). Aumenta, entdo, o calcio (Ca2+) intracelular que despoleta a ativacdo da
producdo astrocitaria de NO (via COX-1), prostaglandinas e acidos epoxi-eicosatriendicos (EET) que levem a
vasodilatacdo. Adaptado de ladecola & Nedergaard, 2007.

Inervacdo perivascular cerebral

Os vasos cerebrais sdo densamente inervados com fibras de duas redes distintas (Figura 4A):
uma extrinseca, até nivel pial, constituida por fibras do nervo trigémio e do sistema nervoso
auténomo (SNA), tanto simpatico como parassimpatico; e outra intrinseca, com origem em
nucleos subcorticais e interneurdnios (Hamel, 2006).

A inervacdo parassimpatica provém dos nucleos salivatdrios superior e inferior do tronco
cerebral, donde partem fibras pré-sindpticas destinadas aos ganglios ético e pterigopalatino,
respetivamente (Nolte & Sundsten, 2009, Hamel, 2006). Daqui, as fibras pds-sindpticas sdo
retransmitidas aos vasos cerebrais (Shimizu, 1994, Edvinsson et al., 1989, Hara et al., 1989, Hara
et al.,, 1993). As fibras parassimpaticas causam vasodilatacdo ao ativarem os recetores
muscarinicos M5 das células endoteliais, o que leva ao aumento do Ca? intracelular, e
consequente aumento da producdo de NO, um relaxante muscular da parede vascular

(Elhusseiny & Hamel, 2000, Yamada et al., 2001).
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A inervacdo simpdtica tem origem pré-sindaptica no primeiro segmento medular tordcico
(Carvalho & Castro, 2013). As fibras sinaptizam no ganglio da cadeia do simpatico ao mesmo
nivel, e daqui ascendem ao longo da cadeia simpatica cervical. Nos ganglios desta, tém origem
as fibras que formam os plexos arteriais carotideo e vertebral (Carvalho & Castro, 2013). Os
terminais nervosos simpaticos libertam noradrenalina, que causa vasoconstri¢cao por acdo sobre
os adrenorrecetores a; das células musculares lisas (Edvinsson, 1975, Nelson & Rennels, 1970).
O sistema trigeminovascular consiste em fibras nervosas com corpo celular no ganglio trigémio,
prolongamento periférico nas estruturas durais e vasculares e uma ramificacdo central que
sinaptiza no nucleo espinhal do trigémio (Arbab et al., 1986). Apesar de a informagdo ser
aferente, certas respostas despolarizadoras junto dos terminais podem causar a libertacao local
dos seus neurotransmissores, tais como a substancia P e o péptido relacionado com o gene da
calcitonina, promovendo a vasodilatacdo (Saito et al., 1988, Visocchi et al., 1996). Este reflexo
tem sido implicado na fisiopatologia da enxaqueca (Saito et al., 1988).

Os vasos cerebrais também estdo providos de uma inervacao intrinseca. Esta é composta quer
por interneurénios GABAérgicos locais, quer por axdnios vindos de nucleos subcorticais
detentores de uma pléiade de neurotransmissores (e.g., serotonina, catecolaminas, acetilcolina,
substancia P) (ladecola, 2004, ladecola & Nedergaard, 2007, Hamel, 2006). Para tornar a
situacdo ainda mais complexa, alguns destes nucleos estdo intimamente interligados a
estruturas constituintes da rede autondmica central (RAC) (Benarroch, 1993) que modela o SNA

periférico.

Rede autonomica central

A nivel do SNC, a RAC inclui a insula, os cértices do cingulo anterior e pré-frontal ventromedial,
os nucleos central da amigdala, paraventricular e outros do hipotalamo, a substancia cinzenta
periaquedutal, o nucleo parabraquial, o nucleo do trato solitario, os bolbos ventrolateral e
ventromedial e o tegmento bulbar lateral (Benarroch, 1993). Esta rede estd envolvida na
regulagdo vascular via SNA e controlo de barorrecetor periférico (Benarroch, 1993). Contudo,
num estudo realizado em doentes com esclerose multipla, um maior atingimento nas
proximidades da RAC e suas ligagGes ndo se correlacionou com a disautonomia apresentada por
estes doentes (Videira et al., 2016). Isto sugere haver redes redundantes e compensadoras na

regulacao central do SNA.
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HEMODINAMICA CEREBRAL E SUA REGULACAO

O cérebro é um drgao peculiarmente exigente do ponto de vista metabdlico. Apesar de
representar apenas 2% do peso corporal, consume 20% do total de oxigénio corporal e reclama
15% do débito cardiaco (Williams & Leggett, 1989), de modo a manter um elevado nivel de
atividade metabdlica na ordem dos 3,5 ml/min/100 g de parénquima cerebral (Lassen, 1959). A
interrupcdo generalizada do fluxo sanguineo cerebral (FSC) global por escassos segundos
provoca perda de consciéncia (sincope). Se persistente, culmina na anoxia cerebral e finalmente
morte cerebral (Azevedo et al., 2000). No caso de uma reducgdo focal do FSC, tal como sucede
no AVC isquémico, o estado de viabilidade do tecido nervoso exibe um padrdo heterogéneo,
com areas periféricas de oligoemia que evoluem para lesdo celular irreversivel se ndo houver
desobstrucdo do vaso (Hossmann, 1994, Hossmann, 2006). O cérebro é, pois, um drgao pouco
tolerante a isquemia (Dirnagl et al., 1999), tema a desenvolver posteriormente na seccdo

“Fisiopatologia da isquemia cerebral”.

Principios hemodinamicos basicos

O fluxo sanguineo ndo segue as leis simples dos fluidos newtonianos, sendo melhor estudado

pelos principios reoldgicos (Segal, 2005). Contudo, numa perspetiva mais simplista, podemos
, . . - AP .
descrever o fluxo sanguineo pela lei de Ohm segundo a férmula Q = —> na qual Q representa

o fluxo em ml.min?, AP o gradiente de press3o arterial (PA) e R a resisténcia vascular. No caso
do cérebro (Panerai, 2009, Panerai, 2003), AP é a pressdo de perfusdo cerebral (PPC), a
diferenca entre a PA média (PAM) e a pressdo transmural de oposicdo ao fluxo. Na circulacdo
sistémica, o Unico fator contributivo e relevante para esta é a pressdo venosa (2-5 mm Hg)

(Segal, 2005). Tendo em conta os valores normais de PAM periférica (=80 mm Hg), podemos
aproximar a férmula de tal modo que Q = % para a circulagdo periférica geral (Klabunde,

2011).

. n . . N 8XL
Por seu turno, os determinantes da R sao explicados pela lei Hagen-Poiseuille, R = nxrz, d

L é o comprimento do vaso, 1 a viscosidade do sangue e 7 o raio da se¢do transversal do vaso.
Daqui se percebe a importancia fulcral dos vasos de resisténcia, nos quais pequenas variagdes

do seu diametro modificam exponencialmente o fluxo sanguineo no érgdo que nutrem.
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Nao obstante ao que ja foi
dito, sdo necessdrias
algumas precaugdes no
estudo do FSC
(Q cerebral) . Em
primeiro lugar, a PAM
geralmente é medida com
o referencial ao nivel do
coracdo (auricula direita).
Se o individuo estiver em
posicao  supina, esta
também serd proxima do
valor do cérebro.
Contudo, a medida que
nos levantamos, vai

aumentando a distancia

entre cérebro e coragao e

Figura 5 — Estimativa da pressao arterial a nivel craniano

Exemplificagdo do calculo da pressdo arterial média (PAM) a nivel da artéria
cerebral média (ACM) a partir da PAM medida ao nivel do coragdo (e.g.,
Finometer® com corretor de altitude ou brago colocado ao nivel do coragdo).
Assumamos PAM = 100 mm Hg. A distancia entre a ACM e o 22 espago
intercostal (auricula direita) é de cerca de 20 cm. Em decubito dorsal, a ACM
esta ao nivel do coracgdo, ou seja, a PAM é semelhante. Apéds levantar a 70°
numa mesa basculante, a altura da coluna de pressdo hidrostatica (seta
vermelha, cm H20) entre a ACM e o coragdo pode ser estimada pela férmula.
cos 70° X 20 cm . Convertendo cm H,0 em mm Hg (X 0,735), obtemos o
valor a subtrair a PAM (coragdo) para estimar o seu valor a nivel da ACM (66
mm Hg). Em posicdo ortostatica, este diferencial é 20cm X 0,735 =
14,7 mm Hg e, por isso, a PAM ao nivel da ACM é de 65 mm Hg.

o gradiente de pressdo ortostatica na mesma proporg¢ao. Chegando a posi¢dao ortostatica, ha

uma diferenga, em média, de 15-20 mm Hg, mas que varia de individuo para individuo, entre a

PAM a nivel craniano e a PAM medida ao nivel do coragdo (Figura 5). Em segundo lugar, a

circulacdo intracraniana tem um caracter especial, em que o érgao perfundido esta dentro de

um cranio rigido banhado no liquido cefalorraquidiano (LCR). Assim, a pressdo do LCR, i.e., a

pressdo intracraniana (PIC), que normalmente se situa entre 0 e 15 mm Hg, pode dominar e

substituir a pressdao venosa em AP. Em condi¢Ges ndo invasivas, ndo temos acesso a este valor,

pelo que é ignorado na féormula de calculo do FSC. Mas, em certas situagdes fisioldgicas ou

patoldgicas, a PIC podera atingir valores superiores a 30-40 mm Hg e alterar significativamente

os parametros a ter em conta na férmula. Exemplo disso é o que sucede na manobra de Valsalva,

qgue exige um aumento transitorio de PIC =20 mm Hg em relagdo a normalidade. A omissao

deste valor podera dar valores de R erréneos e até contraditérios do que se esperaria em

termos fisioldgicos, tal como demonstrado na Figura 6. Assim, na circulagdo cerebral geralmente

PPC

devemos, sempre que possivel, considerar a PPC = PAM — PIC, pelo que FSC = =

Geralmente, o valor de PIC apenas esta disponivel em regime de cuidados intensivos (Dias, 2014)

nao havendo método valido para o calcular de modo nao invasivo.
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Modelos de resisténcia vascular cerebral
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Figura 6 — Modelos de resisténcia vascular
cerebral durante a manobra de Valsalva

Durante a manobra, ha diminuicdo da
pressdo de perfusdo e vasodilatagdo
cerebral compensatéria. Na figura 8F
podemos verificar que o indice de
resisténcia cerebral (iRVC = PAM/VFM)
aumenta durante a prova, sugerindo,
paradoxalmente, vasoconstricdo cerebral.
No entanto, quando utilizamos o modelo
dual, verificamos que a pressdo critica de
encerramento (PCrE) aumenta em fungdo
da pressdo intracraniana. Retirado este
efeito, o valor de produto resisténcia-area
(PRA) mostra uma redugdo durante a
prova, de acordo com vasodilatagdo
fisiologica. VFM, Velocidade de fluxo
(sanguineo cerebral) médio; PAM, pressdo
arterial média. Adaptado de Castro et al.,

2014.

Na Figura 6 podemos apreciar varios modelos de calculo de resisténcia vascular. Antes de
prosseguir, é necessario esclarecer que o FSC geralmente é aproximado pela velocidade de FSC
(VFSC), ja que o método mais comum para o determinar é o Doppler transcraniano (DTC). Os
principios e limitacbes do DTC serdo explicados nas sec¢bes subsequentes (“Doppler

transcraniano”). Neste caso, calculdmos o valor de resisténcia cerebral como um indice, usando
PAM

os valores da PA média (PAM), em mm Hg, e de VFSC média (VFM), em cm.s: iRVC = r—

Um aumento do iRVC, expresso em mm Hg.cm™.s?, traduzira vasoconstricdo cerebral e a sua
diminui¢do, uma vasodilatacdo. Mas, tal como podemos ver na Figura 6, nem sempre o iRVC é
o esperado do ponto de vista fisiolégico. Nesse sentido, Panerai (Panerai, 2003) desenvolveu um
modelo de vasomotricidade assente em dois parametros, introduzindo o conceito de pressdo
critica de encerramento cerebral (PCrE) e de produto resisténcia-area (PRA) da circulacdo
cerebral. A PCrE é o valor de PA para a qual a VFSC atinge 0 cm.s? e aproxima-se dex30 mm Hg
(Panerai, 2003). O método de calculo da PCrE estd evidenciado na Figura 7 tendo sido

introduzidas algumas modificagcdes posteriormente para calculos mais precisos (Panerai et al.,

PAM—-PCTE

2011). A partir da PCrE podemos estimar o PRA: PRA = . Retirando o fator da PCrE da

formula geral de resisténcia, o PRA podera traduzir com maior aproximacdo o valor do estado
vasomotor dos vasos de resisténcia (Carey et al., 2001, Castro et al., 2014). A PCrE é mais sensivel

aos fatores metabdlicos e pressdo intracraniana (Panerai, 2003, Panerai et al., 1995), sendo que
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o PRA varia mais consistentemente em fung¢do de respostas de indole miogénica (Maggio et al.,

2013, Azevedo et al., 2011, Carey et al., 2001, Panerai, 2003, Panerai et al., 2012).

Quais sdo os vasos de resisténcia cerebral?

Repouso

| | |

Fase | de Valsalva

ESC femst)
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?
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o

Figura 7 — Calculo de pressao critica de
encerramento e produto resisténcia-area

Na passagem da posi¢do de repouso para o
inicio (fase 1) da manobra de Valsalva,
verificamos aumento da pressdo critica de
encerramento (PCrE). Para cada ciclo
cardiaco, representamos graficamente a
relacgdo entre pontos amostrais da
velocidade de fluxo sanguineo cerebral
(VFSC) e da pressdo arterial (PA). O ponto
onde a reta de regressdo linear intercepta o
eixo das abcissas representa o valor tedrico

PRA= 1.25 mmHo.cm's? v de PA para o qual a VFSC cessa (colapso
M vascular). Este valor corresponde a PCrE. O
L A inverso da inclinagdo da reta permite
e~ estimar o valor de PRA. Adaptado de Castro
etal, 2014.
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Os vasos de resisténcia sdo geralmente as pequenas artérias e arteriolas com didmetro <100 um
que nutrem um determinado 6rgdo (Segal, 2005, Johnson, 1981). Tal como evidenciado na
Figura 4, estas apresentam uma parede constituida por 3 camadas concéntricas: a tunica intima,
constituida por uma camada simples de células endoteliais e uma lamina eldstica interna; a
tunica média, constituida por células muscular lisas, algumas fibras de colagénio e elastina; e a
tunica adventicia, mais exterior, constituida por fibras de tecido colagénio e fibroblastos (Segal,
2005). A nivel cerebral, a observagdo da vasodilatagdo ou vasoconstricdo sobre a superficie
cortical em resposta a estimulos presséricos fez perdurar o dogma, por mais de 70 anos, de
serem as artérias piais os Unicos efetores da regulacdo do fluxo cerebral (Fog, 1937, Fog, 1938,
Forbes, 1928). Esta visdo, que continua a ser aceite pela maioria dos autores atuais (Panerai,
2003, Serrador et al., 2000, Claassen et al., 2016, Segal, 2008), comeca a ser posta em causa por
outros (Hall et al., 2014, Willie et al., 2012).

Na circulagdo cerebral, as artérias de maior calibre, extra e intracranianas, poderdo contribuir
de modo nao desprezivel para a resisténcia vascular cerebral. Willie et al. (Willie et al., 2012)
mostraram que a ACl e a artéria vertebral em humanos podem variar o seu fluxo =25% durante
a hipercapnia e hipoxia extremas (Willie et al., 2012). Este papel vasomotor dos grandes vasos

cerebrais ja tinha sido avangado por McHedlishvili 60 anos antes, embora somente reconhecido
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mais tarde (McHedlishvili et al., 1973, McHedlishvili, 1980). McHedlishvili mediu diretamente o
gradiente de pressao ao longo da vasculatura cerebral de animais, sugerindo que as artérias de
grande calibre, inclusive as ACI e vertebrais cervicais, poderdo contribuir para cerca de um 1/3
da resisténcia vascular cerebral total em igual medida que os vasos piais (Heistad et al., 1978,
Faraci & Heistad, 1990). Somos levados a pensar que toda a arvore vascular cerebral podera
contribuir para um sistema de resisténcia “protetor” pré-cerebral, que se torna ativo face a
mudancas extremas de pardmetros fisiolégicos e que as artérias maiores ndo serdo apenas
condutos rigidos. No entanto, durante variacdes de didxido de carbono (CO;) proximas de
variagoes fisioldgicas ou das usadas em teste de inalagdo do carbogénio, ndo parece haver uma
variagcdo de diametro significativa (Serrador et al., 2006).

Outra corrente atual centra-se na rede capilar (Hall et al., 2014). A constata¢do de que os
pericitos sdo células musculares lisas despertou a curiosidade e construcdo de um modelo
alternativo de resisténcia vascular da responsabilidade dos capilares cerebrais de primeira e
segunda ordem (Hall et al., 2014). No entanto, esta modula¢do refere-se sobretudo ao aumento
de FSC causado pela atividade neuronal, ndo contradizendo o facto das pequenas arteriolas
controlarem o FSC global.

Reiterando, quais os vasos e em que proporc¢do estes contribuem para a resisténcia vascular
cerebral ainda ndo é um assunto encerrado. Mas qualquer que seja a visdo adotada, nao
podemos ignorar que o cérebro goza de alguma excentricidade no controlo vascular: alguma
resisténcia pode ser efetuada a nivel de grandes vasos e capilares e, mesmo os vasos piais e
arteriolas, classicamente tidos como os principais agentes vasomotores, encontram-se no
exterior do parénquima do drgdo que nutrem, o que nao se verifica nos demais drgaos do corpo

humano nos quais a vasculatura de resisténcia jaz junto dos mesmos.

Mecanismos de regulacao vascular cerebral

A caracteristica fundamental dos vasos de resisténcia e que determina a sua func¢do, sdo as
células musculares lisas. Prova disso é que, mesmo que sejam removidos o endotélio e a
adventicia, os vasos mantém um estado de contragdo constante que designamos por ténus
vascular (Busija & Heistad, 1984). Acredita-se que seja o resultado da resisténcia ativa das
células musculares lisas ao estiramento provocado pela PA continua, embora possam contribuir
fatores vasomotores de origem endotelial (Segal, 2005).

E sobre este tédnus basal que vérios fatores externos exercem os seus efeitos, balanceando entre

um estado de vasoconstricdo ou de vasodilatagcdo, de modo a permitir que cada 6rgdo possa
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suprimir as suas necessidades metabdlicas correntes e, ao mesmo tempo, consiga reagir a
estimulos exteriores que perturbam a homeostasia cerebral. Estas influéncias poderdao ser

separadas em 4 categorias basicas: metabdlicas, endoteliais, miogénicas e neurogénicas.

Metabdlicas o .
Libertacio proporcional
4 taxa de matabolisn'f/’
As células musculares lisas que formam a parede

das arteriolas perfurantes e pericitos dos capilares

ficam expostas a composicdao quimica do fluido -

intersticial cerebral. A sua composicao resulta do . - _
Artericlas Capilares Veias

balanco entre a atividade metabdlica neuronal e o Figura 8 — Teoria metabodlica geral da regulacdo do

fluxo sanguineo

Sempre que o metabolismo aumenta numa
proporgdo superior a do suprimento sanguineo, os
metabolitos  vasodilatadores  acumulam e
trifosfato (ATP) e a producéo e libertacdo local de promovem a vasodilatagdo arteriolar.
Consequentemente, haverda um aumento de fluxo,
gue escoara mais rapidamente esses metabolitos.

suprimento sanguineo (Segal, 2005). A atividade

neuronal leva a uma degradacdo de adenosina

adenosina, um potente vasodilatador (Brundege

& Dunwiddie, 1997). Adicionalmente, também Este sistema de retroatividade mantém-se até que
sejam completadas as necessidades metabdlicas do
baixa a pressdo parcial de oxigénio tecidular e orgdo.

arterial (Pa0;), a0 mesmo tempo que aumenta a

pressdo parcial de CO, (PaCO,) e diminui o pH

(Segal, 2005). Todos estes produtos metabdlicos causam vasodilatagdo ativa, que se traduz por
um aumento compensatodrio do FSC local (Segal, 2005), até que se atinja novo ponto equilibrio
(Figura 8).

Em contexto experimental, podemos aumentar artificialmente o PaCO,, pela inalagdo de CO,,
que, lembremo-nos, atravessa livremente a BHE. Os vasos cerebrais sdo extremamente sensiveis
ao PaCO,, podendo aumentar o seu fluxo em 40% por inalagdo de gas com CO; a 5% (Castro et
al., 2014). Por outro lado, a descida de PaCO; (i.e., induzida pela hiperventilacdo), pode reduzir
em igual grandeza e em segundos o FSC (Castro et al.,, 2014). Esta ultima, ao produzir
vasoconstricdo cerebral intensa, pode levar a diminui¢cdo do fluxo ao ponto de causar sintomas
pré-sincopais (Carey et al., 2001, Van Lieshout et al., 2003). O facto de as artérias vertebrais
serem mais sensiveis a hipocapnia (Willie et al., 2012), conjugado com o menor calibre das ACP,
pode explicar a predominancia de sintomas de indole vertebrobasilar com reducgdo
momentanea do FSC global (Freitas, 2010).

A descida de PaO; também é um estimulo vasodilatador, mas apenas demonstravel em
condigbes experimentais altamente controladas e para valores de PaO; inferiores a 40-45 mmHg

(Ainslie & Ogoh, 2010). Os seus efeitos vasodilatadores podem ser diretos ou mediados pela
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libertagdo de adenosina, K+, ou NO (Segal 2008). Na pratica, é dificil avaliar a resposta a hipoxia,
ja que, para atingir um limiar de PaO; que provoque vasodilatacdo, surge em igual medida uma
vasoconstricdo cerebral causada pela hiperventilagdo compensatdria (Ainslie & Ogoh, 2010).
Para tal, sdo necessarios aparelhos de controlo ventilatério e de gases mais dispendiosos e
complexos tal como o Respiract® (Robbins et al., 1982, Slessarev et al., 2007). Ainda assim, a
resposta do FSC a hipoxia pode ser relevante fisioldgica e clinicamente em atletas de alta
competicdo, efeitos da altitude elevada, doencas crénicas pulmonares e disfuncdo cardiaca
(Galvin et al., 2010, Ainslie & Duffin, 2009, Ainslie & Ogoh, 2010). De seguida descrevem-se
aspetos especiais da resposta metabdlica local que ocorre em érgdos com taxas metabdlicas

elevadas.

Hiperémia ativa ou funcional 20 1 (A)
Este conceito refere-se ao fenédmeno de aumento do
fluxo sanguineo regional em determinado d6rgdo em
virtude de este estar metabolicamente mais ativo.
Um exemplo simples pode verificar-se durante o

exercicio dindmico do musculo esquelético (Figura 9).
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O acoplamento temporal entre irrigagdo arterial e

trabalho muscular é extraordinario: alguns segundos
apos o inicio do exercicio, o fluxo sanguineo aumenta
rapidamente, retornando a valores basais pouco
tempo depois de a atividade cessar. Para além dos
fatores metabdlicos locais, também participam o

endotélio e o musculo liso ao propagarem o estimulo

Tempo (min)

Figura 9 — Hiperémia ativa

Exercicio manual durante 4 minutos que
consistia em levantar um peso
correspondente a 8-12% da capacidade de
forca muscular maxima. Medi¢do da
velocidade de fluxo média (VFM) da artéria
braquial com eco-Doppler. Adaptado de

Shoemaker et al., 1996.
vasodilatador as artérias a montante (Segal, 2005,

Shoemaker et al., 1996).

No caso do cérebro, a hiperémia ativa reveste-se de especial complexidade dadas as
particularidades de funcionamento e especializagdo territorial do tecido cerebral. A unidade
neurovascular (ver secgdo “Microcirculagdo cerebral e unidade neurovascular”) assegura o FSC
local, e este acoplamento adapta o fluxo regional as necessidades metabdlicas e atividade de
determinada drea cortical (ladecola, 1993). Tal como descrito previamente, nesta participam
neurdnios, astrécitos e vasos sanguineos cerebrais, configurando uma unidade integrada de

distribuicdo do FSC local. O modo como se processa essa ativagado esta descrito na Figura 4. Na
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seccao “Acoplamento neurovascular”, vamos encontrar varios aspetos demonstrativos de como

o podemos avaliar e que tipo de curva de FSC é gerada.

Endoteliais

As células endoteliais exercem uma acao
continua sobre o ténus vascular (Ozkor &
Quyyumi, 2011). A sua importancia pode
ser facilmente entendida ao remover o
endotélio em contexto experimental
(Andresen et al., 2006). Vejamos aqui o
exemplo da acgdo da acetilcolina: com
endotélio intacto provoca vasodilatagao,
mas na sua auséncia  provocara
vasoconstricdo marcada (Edvinsson et al.,
1977). Esta resposta paradoxal resulta do
facto de a acetilcolina poder atuar
diretamente nos recetores muscarinicos
M3 do musculo liso vascular (Harvey,
2012), causando aumento do Ca®
intracelular e contragdo do mesmo. No
entanto, num vaso completo e em
condigdes fisioldgicas, a acetilcolina ativa
avidamente os recetores muscarinicos
endoteliais, levando a producdo de NO que

difunde para o musculo liso subjacente,

iniciando o seu relaxamento (Furchgott &
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Figura 10 — Vasodilatagdo dependente do endotélio

Nas células endoteliais, o influxo de célcio (Ca?*) estimula a
atividade da sintetase (eNOS do mondxido de azoto [NO]). O
NO produzido difunde-se livremente pela lamina elastica
interna (LEl), onde atua no mdusculo liso, potenciando a
atividade da guanil ciclase (GC) e aumentando o guanil
monofosfato ciclico (cGMP). Também o aumento da atividade
da cicloxigenase (COX) promove o relaxamento via adenil
ciclase (AC) e a producdo de adenosina monofosfato ciclica
(cAMP). Um conjunto de substdncias sollveis, coletivamente
reconhecidas como fator de hiperpolarizagéio derivado do
endotélio (FHDE), promove o relaxamento muscular, em parte,
pelo efluxo de potdssio (K+) do endotélio e diminuicdo do
potencial de membrana (AEm). Por fim, o alastramento deste
potencial pelas juncGes de hiato mioendoteliais (JHME)
incrementa o relaxamento do musculo liso, fendmeno ndo
humoral apelidado de hiperpolarizagdo derivada do endotélio
(HDE), para de diferenciar do FHDE. Adaptado de Earley &
Brayden, 2015.

Zawadzki, 1980). Os vasos cerebrais parecem mediar a resposta especificamente pelos subtipos

M5 (Yamada et al., 2001) ao contrario dos M3 vasculares periféricos (Beny et al., 2008). Outros

exemplos de mecanismos vasodilatadores com origem endotelial sdo explorados no esquema

da Figura 10.

O NO, produzido a partir de L-arginina, difunde-se livremente para o musculo liso, onde promove

o relaxamento ao aumentar a guanil monofosfato ciclica (cGMP) (Faraci & Brian, 1994). Esta é a

via comum onde converge a agao de varios agentes vasodilatadores, tais como ATP, adenosina,

peptideo intestinal vasoativo e substancia P (Edvinsson et al., 1985, Andresen et al., 2006).
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Outros mecanismos de vasodilatacdo sao as prostaglandinas e um coletivo de agentes ainda mal
esclarecidos designados por fator de hiperpolarizacdo dependente do endotélio (Andresen et
al., 2006, Ozkor & Quyyumi, 2011). Mais ainda, existe uma producdo basal de NO que contribui
continuadamente para o estado do ténus vascular basal, fenémeno dependente do aumento de
Ca?* no endotélio causado pelas forcas de cisalhamento (Faraci & Brian, 1994).

O endotélio também produz potentes agentes vasoconstritores como a entotelina-1 (Andresen
et al., 2006). A nivel cerebral, tal é a poténcia da sua acdo, que esta é usada em modelos de
isquemia cerebral em laboratério (Roulston et al., 2008). Curiosamente, também parece estar
aumentada no AVC isquémico (Ziv et al., 1992). A acdo do endotélio pode ser testada e

demonstrada no teste de hiperémia reativa.

Hiperémia reativa

A hiperémia reativa é o termo usado para descrever o aumento tempordrio do fluxo sanguineo,
para além do valor basal, que surge apés um periodo de oclus3o arterial (Brier, 1897). E um
fendmeno indubitavelmente dependente da acdo vasodilatadora do endotélio (Pohl et al., 1986,
Olesen et al., 1988, Sun et al., 1999). Por conseguinte, foram desenvolvidos métodos para avaliar
o estado da fun¢do endotelial baseada na resposta a oclusdo arterial tempordria, que doravante
se designou por “dilatagéo mediada pelo fluxo”. O método mais comum, e nao invasivo, tem
sido através da ultrassonografia da artéria braquial tal como demonstrado na Figura 11. Uma
resposta inadequada do tipo da dilatagdo mediada pelo fluxo poderd estar subjacente a lesdo
de reperfusdo que surge apds a recanalizagdo da oclusao arterial aguda sobre o tecido cerebral
enfartado, tornando-se deletéria ao induzir excitotoxicidade e edema cerebral (Nour et al.,,

2013). E, por isso, apropriadamente designada de perfusdo luxuriante (Kunz & ladecola, 2009).

PT:AMMO02 17-APR-07
ARM FMD 06:23:47PM
3?(18 - 1'r‘ ] - L7 28Hz
S5mm/ = = R i
PW 0= 13mm e FMD V
> 5 %[NERAL

Diameter

120/711 conmisnan r [VERIT 00:38
121179 xnm....-:.-. RO

— and edge
detection
feedback
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alibra 5 >
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Figura 11 — Teste de hiperémia reativa

A artéria braquial é avaliada continuamente quanto ao seu calibre e velocidade de fluxo por eco-Doppler.
Cerca de 60s apds a oclusdo do brago, atinge-se o pico de aumento do fluxo conforme se observa em B.
A dilatacdo mediada pelo fluxo corresponde a variagao percentual do calibre em relagdo ao valor basal e
é tida como indice de fungao endotelial. Adaptado de Black et al., 2008.
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Miogénicas o

10 pm
A adaptacao do calibre arterial em reacdo a variacdes 183m
de pressao transmural foi descrita pela primeira vez

em 1902 por Bayliss (Bayliss, 1902). Esta resposta

miogénica (Figura 12) esta presente em varios leitos 100
. . 75 mmHg .
vasculares (Davis, 2012) e explica o facto de o 50 mntig |
aumento da PA provocar vasoconstricdo e da sua Figura 12 - Resposta miogénica vascular
cerebral
reducdo despertar uma resposta vasodilatadora. E da Um degrau de aumento da pressdo

intraluminal provoca, apds uma dilatagdo

responsabilidade dos vasos de resisténcia e de efeito transitéria, uma reducdo persistente do

extraordinariamente potente a nivel das artérias piais calibre do vaso Pial cerebral em relagdo ao
basal. Um maior aumento da pressdo
cerebrais (Osol et al., 1991, Osol et al., 2002) quando provoca um novo ajuste inferior do calibre.

. crs Adaptado de Osol et al., 1991.
comparado com outros sistemas perlferlcos

(Schubert & Mulvany, 1999).

E uma reacdo intrinseca do musculo liso vascular, ocorrendo mesmo que o endotélio ou
inervagdo perivascular sejam removidos (Busija & Heistad, 1984). Para o sucesso da resposta
miogénica é crucial a mobilizacdo intracelular de Ca?* provocada pela ativa¢do dos recetores do
musculo liso mecano-responsivos em resposta ao estiramento vascular (Knot & Nelson, 1998,
Schubert et al., 2008, Hill et al., 2001). Os mecanismos moleculares envolvidos estdo detalhados
na Figura 13. Na Figura 14 podemos verificar que a resposta miogénica adapta o calibre vascular

e, inerentemente o fluxo sanguineo, mas apenas dentro de certos limites de PA.

PRESSAOTRANSMURAL  Ng* g2 ca Figura 13 - Mecanismos celulares envolvidos na
TENSAODE PARESE 93, resposta miogénica

Candis RPT ; Os canais idénicos do tipo Recetores de potencial
"""""" s transitério (RPT) atuam como mecanotransdutores,

Local Ca2* Relaxamento respondendo ao estiramento da parede do vaso e
Ca?*.CaM despolarizando a membrana (AEm). Os préprios RPT e 0s

Gl Canais de Calcio dependentes da Voltagem (CCDV),

entretanto ativados, promovem o influxo de Ca%* e a sua

RS Ca* CoLm FCLH mobilizacdo intracelular a partir do Reticulo
F-CLMy, sarcoplasmatico (RS). O aumento de Ca?* e do complexo

‘ Ca?*-calmodulina (CaM), assim como a producdo de

Misculo Liso Contragio metabolitos do acido araquiddnico (e.g., 20-HETEs) pela

fosfolipase A2, levam a ativacdo da cinase (CCLM) da
cadeia leve da miosina (CLM2), que no estado de
fosforilagdo (F-CLMao) resulta em encurtamento da fibra
muscular lisa e vasoconstri¢cdo. Adaptado de Earley &
Brayden, 2015.
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& wmy T RM . DF Figura 14 — Tensdo de parede e calibre
im=13) - . ~ ~ .

= — arterial em fungdo da pressao endoluminal

o 7L . " ’ . .

g% 2080 Grafico que sumariza trés estadios diferentes
= ~ . ra . 7 .
CEQ - de regulacdo miogénica em ramos da artéria
E . cerebral posterior. Na fase de ténus

miogénico (TM), a medida que a pressdo

50 arterial desce a partir do 60 mm Hg, ocorre

o § diminuicdo do cdlcio (Ca%) intracelular e
E = vasodilatagdo até ao colapso vascular. Entre
a E valores de pressdo de 60 a 140 mm Hg, ocorre
" 158 . regulagdo miogénica (RM) com ajuste do
calibre arterial e regulacio do Ca?* apesar da

e . tens3o arterial crescente. Na subida extrema

2 z W da pressdo intraluminal ocorre falha da
%;:" w0 resposta miogénica e surge uma
é £ o (vaso)dilatacdo forcada (DF). Adaptado de

0 . ; Osol et al., 2002.
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Esta questdo da manuten¢do homeostatica do fluxo sanguineo face a variagGes de PA, dentro
de certos limites, introduz-nos o conceito de autorregulacdo. Descrito em varios leitos
vasculares (Aaslid et al., 1989, Carlstrom et al., 2015, Davis, 2012, Johnson, 1986, Lassen, 1959),

a autorregulagao assegura pois um fluxo sanguineo constante e independente das variagdes de

PA.
PHYSIOLOGICAL REVIEWS
Autorregulacdo cerebral 7058 oA i, SACHETY,
A hlpétese de eXIStIr ARC em humanos fOI avancada’ pela Cercbral Blood Flow and Oxygen Consumption
in Man
primeira vez, por Niels Lassen em 1959 (Lassen, 1959)

Eabopiery of Chinkiad Sntonss, N
[y PR —

(Figura 15). Dentro de uma gama relativamente ampla da

PA, entre 50 a 150 mm Hg de PAM, a alteragdo do fluxo

cerebral sera insignificante se a ARC estiver preservada

CBF ia ccAIDD gm/ min

(Strandgaard & Paulson, 1984, Paulson et al., 1990). A WYPOTENSION |, HYPERTENSION
L] 0 ee 18emmHy
Figura 16 pretende mostrar de forma esquematizada essa e i »{F-::ifli:«:;f S e o o et b

<
Ierminatioea

adaptacdo. O principal mecanismo ativo neste processo é

&, Hypereseomive tsurmic prognascy (506}
i7, Emential bypertomsion {729, 131, 338}

a resposta miogénica. Ainda assim, fendmenos
Figura 15 — Artigo seminal de Lassen.

4 premure. In all, thin fipere i buaed on 376 individuall d¢

= hyposcesion (Bi). 3 and g Drugisduced modoraie by
mal regrant women and normal young men (308, 17

metabdlicos locais poderdo contribuir para a resposta
vasoconstritora, dado que o aumento instantdneo de

fluxo promove uma lavagem dos metabolitos

Publicacdo de Niels Lassen onde se
comparam os diferentes estudos de
manipulacdo de pressdo arterial com as
medicdes do fluxo sanguineo cerebral em
humanos. Esta relacdo ficou conhecida
como “Curva de Lassen”. Em Lassen, 1959.
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vasodilatadores (K+, CO,, ATP) e consequente — N

i 10081
reducdo do calibre arterial (Czosnyka et al., ? L4
|
|
|
|
|
|
|

50 =1

1999). Na Figura 14 é bem evidente este

controlo ativo miogénico. A ARC é um processo

adaptativo relativamente répido, visivel em °O®OO O
O ojo
I

cerca de 3-10 segundos em relagdo a variagao % e 150

de PA (Aaslid et al., 1989). Figura 16 — Modelo teérico de autorregulacdo
cerebral
Baseado em Azevedo e Castro, 2016.

Neurogénicas

Na seccdo “Inervag¢do perivascular cerebral”, ficou claro que os vasos cerebrais sdo densamente
inervados por fibras autondmicas e trigeminais, assim como por axdnios prevenientes de um
conjunto vasto de neurdnios intracerebrais. Nos proximos paragrafos descrevem-se
sucintamente esses efeitos.

Apesar de alguma controvérsia (van Lieshout & Secher, 2008), os estudos efetuados por
bloqueio ganglionar parecem corroborar a tese de que o SNA tem alguma importancia na
regulacdo do FSC face a variagdes hemodinamicas intensas (Zhang et al., 2002, Willie et al.,
2014). O SNA poderd ser igualmente importante para o controlo de fenémenos mais subtis como
a hiperémia funcional (Azevedo et al., 2011) e na resposta a hipertensdo intracraniana (Castro
et al., 2014).

Em investigacdo animal, a excisdao do ganglio pterigopalatino provocou uma redugao da perfusao
cerebral, sem influéncia na pressdo PA (Boysen et al., 2009), facto que realga a influéncia
vasodilatadora parassimpatica nos vasos cerebrais. Hoje em dia, levanta-se a hipdtese de se
estimular o ganglio pterigopalatino como prote¢do contra a isquemia no AVC (Oluigbo et al.,
2011). No caso da enxaqueca, parece haver um reflexo trigémino-autonémico que promove a
vasodilatacdo cerebral pelo parassimpatico (Amin et al., 2013).

A relacdo entre ARC e SNA simpatico tem resultados muito dispares na literatura (van Lieshout
& Secher, 2008, Ogoh, 2008). Uma revisdo dos estudos mostra grande heterogeneidade e
dificuldade de discernir os efeitos do simpatico das variacGes de PA ou de CO; (Willie et al.,
2014). Os estudos com bloqueio da cadeia do simpatico cervical (Jeng et al., 1999, Umeyama et
al., 1995, Nitahara & Dan, 1998, Shenkin et al., 1951) sugerem a existéncia de uma ag¢do do
simpatico sobre o ténus vascular cerebral, ja que parece haver um aumento do FSC apds a
intervengao. O bloqueio ganglionar com trimetofano parece conferir uma menor capacidade de
ARC (Zhang et al.,, 2002) e incapacidade de controlo da hiperémia cerebral que sucede a

manobra de Valsalva (Zhang et al., 2004a). O SNA simpatico parece também ser relevante para



controlar a vasodilatacdo cerebral durante a
hipercapnia (Jordan et al., 2000). Contudo, a
relevancia do simpdtico dentro de condi¢bes
fisiolégicas é questionavel. Por exemplo, o
bloqueio simpatico com beta-agonista ou a
sua ativacdo pelo exercicio (Ogoh et al.,
2007) parece ndo afetar a controlo do FSC.
Mais ainda, o SNA simpatico parece nao ser
o responsavel por manter a vasoconstri¢do
cerebral associada ao ortostatismo (Zhang &
Levine, 2007), que sabemos ser um potente
ativador do simpatico (Freitas et al., 2007).
Ainda assim, a modulacdo da ARC é feita de
modo diferente entre individuos sauddveis e
outros com disautonomia (Castro et al.,
2014). Ha também evidéncia de que os
nucleos subcorticais interferem no ténus
vasomotor. Assim, a estimulacdo do nucleo

basal promove vasodilatacdo via
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tronco cerebral i
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Glossofaringeo
* barorrecetor carotideo
(seio carotiden)

Vago i Output cardiaco
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" coragio
[ ] i Pressio arterial
medula espinhal S
tronco simpdtico
vaso sanguineo

Figura 17 — Reflexo de barorrecetor arterial

O aumento de pressdo arterial provoca uma resposta a nivel
dos barorrecetores arteriais (seio carotideo, arco aorta),
cuja informagdo é levada ao nucleo do feixe solitario (1).
Este promove uma resposta dual: estimulagdo do centro
vago; e inibicdo da porcdo caudal da VLM. Esta mantém,
normalmente, uma excita¢do tonica sobre a parte rostral da
mesma, que, por sua vez, excita os neurdnios da coluna
intermediolateral do simpdtico medular. No seu conjunto,
surge uma resposta de diminui¢do do crono e ionotropismo
cardiaco e da pressdo arterial. Adaptado de Carvalho &
Castro. 2013.

acetilcolina/NO (Yamada et al., 2001, Elhusseiny & Hamel, 2000), o nucleo locus coeruleus

vasoconstricdo via noradrenalina (Mulligan & MacVicar, 2004) e os nucleos da rafe (serotonina)

promovem vasodilatacdo ou vasoconstricdo conforme a zona do tronco cerebral ativa (Cohen et

al., 1996). Por fim, ressalva-se o papel relevante dos interneurdnios corticais GABAérgicos no

controlo dinamico vasomotor durante o processo de hiperémia funcional (Cauli et al., 2004).

Barorreflexo

O controlo neurogénico vascular sistémico tem a particularidade de recorrer a um conjunto de

barorrecetores arteriais. O seio carotideo e o arco adrtico apresentam terminais nervosos na

sua parede provenientes dos nervos vago e glossofaringeo e participam num arco barorreflexo

(BR) relevante para o controlo da PA (Di Rienzo et al., 2001, Smyth et al., 1969). O circuito esta

detalhado na Figura 17, onde se percebe que um aumento da PA ativa o BR com consequente

inibicdo do simpatico e facilitacdo da atividade vagal, resultando em redugdo da resisténcia

periférica e da PA (Carvalho & Castro, 2013).
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METODOS DE AVALIACAO DO FLUXO CEREBRAL

Kety e Schmidt foram os primeiros a descrever
um método de quantificacdo do FSC usando
um gas inerte, neste caso o dxido nitroso (N;0)
(Kety & Schmidt, 1945). Este método baseia-se
no principio de Fick, no qual a diferencga
arteriovenosa de um gas inerte circulante é
proporcional ao volume de fluxo sanguineo
que perfunde um orgdo (Figura 18). O
marcador difunde-se livremente no cérebro
até atingir um ponto de saturacdo (equilibrio)
ao final de 10 minutos de infusdo. A partir
deste ponto, a concentracdo do marcador
decresce exponencialmente até ao valor de

zero (fase de dessaturagdo). Com amostras

Concentragao de N0
(normalizada para o
1.2 equilibrio}

-+ Artéria
q -+ Veia Jugular
% i médiat DP
0.8 -
altura no equilibrio
0.6 area entre curvas
0.4
0.2
Tempo
0 L} L L} v H
(min)
-5 0 5 10 15

Gy, (equilibrium)

FS€ =100 X A X —=— —
Jizo (G(®) xdt) = J_7(Ca(®) X d1)

Figura 18 — Método de Kety-Schmidt

A Cj, (t) e Cq(t) sdo as concentragdes do marcador
na veia jugular e na artéria cardtida interna,
respetivamente, no tempo t (minutos), e A é o
coeficiente de partilha cérebro-sanguineo (ml.g?).

. N , . , . Adaptado de Kety & Schmidt, 1945.
simultaneas, da artéria carotidea e da veia p y

jugular interna, é possivel calcular o FSC pela

féormula apresentada na Figura 18. Este principio foi aplicado a outros marcadores como o
133Xenon, o hidrogénio e a iodoantipirina (Edvinsson & Krause, 2002). A introduc3o de gases
radioativos como o 33Xénon permitiu alguma diferenciac3o regional a nivel cerebral quando em
co-registo com tomografia computadorizada (Edvinsson & Krause, 2002). Acrescenta-se a
desvantagem do uso de radiacdo. Como se depreende do exposto, tratam-se de métodos
morosos, com necessidade de cateterizagao invasiva e necessidade de compostos radioativos
no caso do FSC regional. Além do mais, sdo estudos de FSC estaticos, ndo permitindo a avaliacdo

da dindmica temporal do FSC.

A ultrassonografia havia entdo iniciado um processo revoluciondrio de translagdo dos
laboratérios industriais para os corredores médicos, atribuindo-se esse feito ao génio do japonés
Shigeo Satomura, em 1958 (Satomura, 1958). O seu co-investigador, Ziro Kaneko sugere,
entusiasticamente, o seu uso para distinguir, entre os doentes demenciados, aqueles com
patologia de Alzheimer dos que teriam alguma causa vascular (Kaneko, 1986). Contudo, as

sondas de 3 MHz ndo podiam atravessar a barreia do osso craniano, que atenuava os ultrassons.
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A orientalidade também barrara a difusdo destes métodos a Europa e aos Estados Unidos da
América (Coman & Popescu, 2015), onde as primeiras publicacdes para o estudo da doenca
vascular cerebral (Barber et al., 1974, Spencer et al., 1974, Reutern et al., 1976, Spencer, 1977)
se registaram na década de 1970. Ja a barreira fisica craniana, foi ultrapassada por Aaslid em
1982 (Aaslid et al., 1982). Para tal, Aaslid reduziu as frequéncias das sondas para cerca de 1-2
MHz e escolheu para locais de sondagem, ou janelas acusticas, as zonas menos espessas da
calote craniana. Pela primeira vez, a VFSC pode ser determinada continuamente, com uma
resolucdo temporal de =5 milissegundos que ainda hoje é indestronavel. Um ponto relevante
para os trabalhos desta tese foi o facto de os testes de ARC baseados no DTC se mostrarem
comparaveis aos das técnicas prévias de medicdo de FSC (Tiecks et al., 1995a). Atualmente, é
possivel estimar, de modo ndo invasivo, o FSC por ressondancia magnética com maior detalhe
espacial (Malojcic et al., 2017, Willie et al., 2011), nomeadamente através da técnica arterial
spin labeling (Rocha et al., 2014). A ressondncia magnética também pode ser utilizada para
estimar a ARC, embora requeira manobras provocatdrias (Saeed et al., 2011). No entanto, sdo
técnicas dispendiosas, associadas a um racio sinal-ruido reduzido e também limitadas ao

material heterdlogo paramagnético e a claustrofobia.

Doppler transcraniano

Principios da ultrassonografia

O som é uma onda mecanica de pressdo longitudinal que se caracteriza pela sua amplitude,
frequéncia e comprimento de onda. O ouvido humano ndo é capaz de detetar as ondas com
frequéncia superior a 20 KHz, motivo pelo qual as chamamos de ultrassons (Olah, 2016). A
possibilidade de podermos utilizar ultrassons deve-se a descoberta do efeito piezoelétrico de
alguns cristais de quartzo pelos irmdos Curie, em 1880 (Curie & Curie, 1880). As sondas de
ultrassonografia ndo sdao mais do que transdutores de energia elétrica em vibratdria e vice-versa
(Olah, 2016). O uso dos ultrassons para medir a velocidade de fluxo baseia-se na aplicagdo do
efeito de Doppler, inicialmente descrito em relagdo a luz emitida pelos corpos celestes em
movimento por Christian Andreas Doppler, em 1843 (Doppler, 1843). Corresponde ao fenémeno
de aumento ou diminuicdo das frequéncias emitidas ou refletidas por um objeto em movimento,
guando este se aproxima ou afasta, respetivamente, de um recetor fixo (Figura 19). No caso da
ultrassonografia, a sonda é, simultaneamente, o emissor e o recetor. Pode emitir ultrassons de

forma continua, mas o mais habitual é fazé-lo de modo intermitente (Doppler pulsado). No caso
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da corrente sanguinea, este efeito permite A B
. . E
estimar a velocidade de fluxo dos ¢ 2l
eritrécitos em movimento, pela férmula
[
v=df X=X f(t) Xxcosf , tal como PN
2 ‘ _ df x ¢
. . 2 x fi 0
explicado na Figura 19. Como se > i
depreende da equagdo, é muito PR NP OCERI
importante o controlo do angulo de Figura 19 — Efeito de Doppler
incidéncia do feixe de ultrassons sobre o A diferenca entre a frequéncia emitida (E) por um
transdutor e a refletida (R) pelo objeto em
vaso. Por exemplo, se o angulo for de 90°, movimento corresponde a uma mudanga de

frequéncia (do termo inglés Doppler shift) que sera

nado se consegue medir a velocidade, pois ) . . "
proporcional a velocidade de movimento do

cos(90°) = 0. Assim, recomenda-se que o mesmo. No caso do sangue, a velocidade dos
eritrécitos pode ser estimada pela férmula descrita
angulo ndo exceda os 60° (Olah, 2016). onde v é a velocidade de fluxo sanguineo, df é o

desvio de frequéncia, ¢ é a velocidade de

Para além de medir a velocidade de fluxo N . ,
propagacdo dos ultrassons no meio, f(t) é a

sanguineo, a ultrassonografia também frequéncia transmitida pela sonda e 8 é o angulo
de sondagem. No caso A, o objeto aproxima-se da
pode produzir imagens das estruturas sonda e a frequéncia de R > E, logo, o df é superior

a da situagdo B, onde E > R, dado o afastamento do

natémi rafi im m .
anatémicas  (ecografia), ass como objeto. Adaptado de Olah, 2016.

codificar espacialmente a diregdo do fluxo

(eco-Doppler codificado a cor).

Técnica de exame

Apesar de a ultrassonografia permitir a combina¢do da imagem anatémica em modo B e a
velocidade de fluxo codificado a cor para orientagdo espacial, o DTC apenas produz os espectros
de velocidade de fluxo que variam de acordo com o bindmio dire¢do da sonda/profundidade de
sondagem. Um avanco subsequente foi a introdu¢do de sondas compostas por varios canais de
amostragem em paralelo e dirigidos a varias profundidades, permitindo a obtengdo simultanea
de multiplos sinais de Doppler direcional ao longo de um tecido. Este modo, designado por
power-motion ou power-M, na nomina inglesa, permite melhorar a acuidade e rapidez de
localizagdo dos varios segmentos arteriais e maior sensibilidade na dete¢do de microémbolos
(Moehring & Spencer, 2002).

A realizacdo do DTC com sucesso depende da destreza técnica do operador, além do seu
conhecimento da anatomia, fisiologia e patologia vascular cerebral. Os segmentos arteriais sdo
identificados (1) pela orientacdo da sonda (2) pela profundidade selecionada e (3) pelo sentido
de fluxo detetado (Arnolds & von Reutern, 1986, Bartels et al., 1995, DeWitt & Wechsler, 1988,

Hennerici et al., 1987, Ringelstein et al., 1990). As principais janelas acusticas sdo a (1) temporal,
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(2) a orbitaria e (3) a suboccipital,

cada uma acedendo a segmentos

arteriais distintos (Titianova & A // i
Vastagh, 2016). / )
/
{ ~ T
Janela temporal ’ )“\f V4 \H
(\‘ 90 \
Ao longo do osso temporal, kY “ l\f__l__ /, {
HJ ™ :L_ B 1
N\

podemos encontrar uma zona de / AN TTT®
i .rr ’j / P
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sondagem mais anterior ou

posterior, varidvel de pessoa para Figura 20 - Janela temporal

Posicdo esquematica das variantes da janela temporal em
relagdo a posi¢do média (M). Nos idosos, geralmente é mais
posterior (P) e nos mais jovens a (F) e (A) podem ser mais
acessiveis e com menor angulo de erro em relagdo a artéria
sobretudo nos mais idosos, é a cerebral média. Em Newell & Aaslid, 1992.

pessoa (Ringelstein et al., 1990b)

(Figura 20). O local mais habitual,

janela posterior (Ringelstein et al.,

1990b). Aqui a sonda é colocada

sob a apdfise zigomdtica e imediatamente anterior ao pavilhdo auricular. Uma ligeira angulacao
antero-superior da mesma é necessaria para registar o primeiro segmento arterial de referéncia
que é o tronco (M1) da ACM a 50 mm de profundidade (Figura 21). Trata-se de um fluxo positivo,
i.e., em direc3o a sonda, e com uma VFM de cerca de 60 cm.s*. Percorremos a ACM até aos 45-
45 mm de profundidade, onde um fluxo bifasico marcara a sua bifurcagdo (M2). De seguida,
voltamos até profundidades de 55-60 mm, até encontrar um fluxo bifasico da bifurcacdo de ACI

com registo simultaneo da origem da ACM e da ACA. Esta ultima deve ser registada com sonda
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Figura 21 - Painel de monitorizacdo do aparelho de Doppler transcraniano BoxX®

Nos painéis superiores observamos dois espectros (direito e esquerdo) de sinal do Doppler de uma
monitorizacdo bilateral das artérias cerebrais médias. Sob o espectro surge o invdlucro (linha branca), a
partir do qual podemos calcular os valores das velocidades de fluxo sanguineo cerebral sistdlico (seta
vermelha), diastdlica (seta verde) e média por cada ciclo cardiaco. A miniatura delimitada a amarelo,
representa esquematicamente as varias velocidades a calcular. Nos painéis de baixo podemos visualizar
o aspeto conferido pelo modo de Power M-Mode. Aqui, a escala refere-se a profundidade (mm) e mostra
o fluxo direcional (por convencdo o vermelho é em direcdo a sonda e o azul em dire¢édo oposta a da sonda).
Entre as setas amarelas, a linha branca corresponde a profundidade de amostragem do espectro de fluxo
do painel superior. Dados pessoais ndo publicados.
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orientada para um plano ligeiramente superior e a 60-70 mm de profundidade, apresentando
um fluxo negativo, i.e., com direcdo oposta a sonda, e VFM de cerca de 50 cm.s™. Por ultimo,
angulamos a sonda posteriormente para encontrarmos a ACP a uma profundidade de cerca de
60 mm. Trata-se de um fluxo negativo com VFM de cerca de 40 cm.s (segmento P2), sendo util
e caracteristico reconhecer um fluxo continuo basal e negativo com VFSC mdxima de =10 cm.s
! e sem pulsatilidade, que corresponde a veia basal (Valdueza et al., 1996). Se angularmos mais
anteriormente, podemos registar o seu segmento P1, com fluxo dirigido a sonda. Este pode
distinguir-se do M1 pela prospec¢do do vaso até ao nivel superficial, onde se espera encontrar

apenas ramos da ACM. E expectavel que o gradiente de VFM seja ACM > ACA > ACP.

Outras janelas

Na janela orbitaria, a sonda é colocada sob a palpebral encerrada, com a poténcia da sonda
reduzida a 10%. Permite a visualizacdo da artéria oftalmica a 40-50 mm e, mais profundamente,
da porgdo cavernosa da ACl. Na abordagem suboccipital, através do buraco magno, a sonda é
colocada na regido suboccipital em posicdo paramediana e orientada cranial e medialmente,
com a cabeca do examinando fletida. Podemos identificar, a 50-70 mm, a artéria vertebral
(segmento V4) ipsilateral com um fluxo negativo. Embora seja variavel, a cerca de 75-80 mm
geralmente ocorre a jun¢ao dos dois segmentos V4 numa artéria basilar, que podemos tentar
percorrer desde a sua origem até a sua porgdo distal (cerca de 12 mm).

Adicionalmente, a janela submandibular permite alcangar a ACI cervical distal, sendo util para a

determinacdo de indices de vasospasmo cerebral (Lindegaard et al., 1989).

Pardmetros hemodindmicos bdsicos

O sinal de Doppler corresponde a um conjunto de velocidades de varias particulas em
movimento (Aaslid et al., 1982). Considerando o fluxo como laminar ou parabdlico, a velocidade
do centro do vaso serd a velocidade maxima que os eritrocitos conseguem atingir. Assim,
usamos o involucro do espectro (maxima velocidade) para derivar os pardametros
hemodinamicos fundamentais (Figura 21) — velocidades (de pico) sistdlica, diastélica e média. A
VFM é calculada pela integragdo temporal no ciclo cardiaco (Newell & Aaslid, 1992), preferivel
a estimativa feita por VFM = (sistolica + 2 X diastdlica)/ 3. Também podemos caracterizar
o fluxo pelos seus indices de pulsatilidade ou de Gosling - (sistdlica — diastélica) /VFM - e
de resisténcia ou de Pourcelot - (sistolica — diastodlica) /sistolica. No entanto, estas medidas

sdo aproximacgles grosseiras do estado de resisténcia vascular, quando comparadas com
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aquelas que incorporam os valores de PA, tais como iRVC, PRA ou PCrE (ver “Modelos de

resisténcia vascular cerebral”).

Instrumentos adicionais

A avaliacdo funcional dos mecanismos reguladores do FSC, como a ARC, requer o registo
sincrono de outros parametros sistémicos. Para a ARC, torna-se ébvia a avaliacdo da PA, a qual
é realizada de modo continuo, batimento a batimento. Para além disso, devem ser sempre
monitorizados os valores de PaCO,, um importante fator vasomodulador do FSC. Assim, os
testes de avaliagdo cerebrovascular funcional requerem aparelhagem adicional; estes serdo

referidos sucintamente nos paragrafos subsequentes.

Pressdo arterial ndo invasiva

A PA continua pode ser obtida através de canula¢do arterial ou de modo ndo invasivo com o
recurso ao Finometer® (usado nesta tese), Finapres® ou Portapres®. Estes aparelhos usam uma
dedeira pletismografica que é colocada a volta da falange média do 32 dedo (Figura 22). Desta
maneira, as variacdes da pressdo da dedeira acompanham as variagdes da PA do dedo com

excelente correlacdo com a PA intra-arterial (Imholz et al., 1998, Omboni et al., 1993).

Figura 22 — Medicao de pressao arterial continua por pletismografia
Aparelho Finometer ® (FMS, Amesterddo, Holanda) onde se pode observar a curva de pressao arterial,
batimento a batimento. A direita, mostra-se o aspeto grafico do software BeatScopel.1® que acompanha
o aparelho. Dados pessoais ndo publicados.
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Figura 23 — Curva de capnografia normal

CO; e também deve ser medido como parametro de controlo na Capnografia normal. Apdés a fase
inspiratdria (barra branca), em que

avaliacdo da ARC. Através de um capndgrafo medimos os niveis

ndo se deteta fluxo na canula, o

de CO; expirado de modo continuo (Figura 23). A partir da curva aparelho regista um aumento subito
de didxido de carbono (CO;) durante a

de capnografia gerada, podemos estimar o PaCO; arterial em

expira¢do, logo atingindo uma fase

cada ciclo respiratério, dado este ser préximo do valor tele- estaciondria, de equilibrio alveolar de

expiratério (CO,TE; termo inglés: end-tidal CO,, ETCO,) (Raemer
& Calalang, 1991). de real PaCO,.

PaCO,. Assim, o valor tele-expiratério
de CO; (CO,TE) aproxima-se do valor
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Integragcdo multimodal

Todos os sinais analégicos obtidos — o invélucro da VFSC do DTC, a curva de PA, o
eletrocardiograma (ECG) e o CO,, sdo registados sincrona e continuadamente num
aparelho de conversdo analégico-digital e armazenados em formato digital num
computador para posterior andlise. Abaixo estd o exemplo do Power LAB 8/35® (AD

instruments, Reino Unido), usado nos trabalhos desta tese (Figura 24).
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Figura 24 - Integragao multimodal

Aspeto grafico do painel do software LabChart 7.3.1® evidenciando os varios sinais de velocidade de
fluxo cerebral (Doppler transcraniano), pressdo arterial (Finometer®), eletrocardiograma e curva de
capnografia provenientes da conversdo analdgica-digital realizada pelo aparelho PowerlLab 8.35®. Dados
pessoais ndo publicados.

Limitagdes do Doppler transcraniano

O DTC apresenta algumas limitagdes. Em primeiro lugar, cerca de 10-20% da populagao
submetida a exame ndo tem janela acustica temporal adequada (Postert et al., 1997), sobretudo
individuos do sexo feminino e idosos. Os agentes de contraste ultrassdnico para exames de
rotina (Postert et al., 1997, Eyding et al., 2006, Nabavi et al., 1998, Baumgartner et al., 1997),
gue aumentam o sinal em individuos com mads janelas, tém efeito fugaz, sendo inadequados
para o tempo de monitorizacdao durante as provas funcionais. O DTC também ndo permite a
medicdo do calibre vascular intracraniano. Deste modo, apenas podemos medir a velocidade
como indice do FSC. Varios trabalhos ja demonstraram que o calibre da ACM se mantem
constante durante as provas dindmicas de variacdo de PA e CO, (Serrador et al., 2006, Serrador
et al.,, 2000). Para outros autores, a VFSC pode subestimar a capacidade total de
vasorreatividade, sobretudo em condi¢Ges extremas (Willie et al., 2012). O DTC também mede
o fluxo global da artéria sondada e ndo regional, i.e., carece de resolugdo espacial. Isto podera
ser relevante quando sabemos que existem diferencas regionais de fluxo cerebral (Piechnik et

al., 2008, Noth et al., 2008).
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Neste momento, convém elucidar que é possivel estudar os pequenos vasos de resisténcia pela
sondagem de um vaso como a ACM, ACA ou ACP. Caso nao haja patologia do mesmo (i.e.
estenose intracraniana), os parametros hemodinamicos medidos (sobretudo VFM e velocidade
diastélica) dependem mais do estado de resisténcia do leito vascular distal (Newell & Aaslid,
1992, Aaslid et al., 2003). Tal como referido anteriormente, o vaso sondado n3o varia de calibre
significativamente. Deste modo, quando medimos com DTC o aumento de VFSC a um estimulo,
seja ele a PA, CO; ou cognitivo, estamos maioritariamente a avaliar os pequenos vasos cerebrais
e ndo o vaso intracraniano sondado propriamente dito. Estudos com angiografia por ressonancia
magnética vém confirmar que a maior parte da variacdo do calibre arterial se verifica a nivel dos
pequenos vasos (Bizeau et al., 2017). Ainda assim, existe alguma controvérsia acerca do papel
dos grandes vasos como agentes de resisténcia pré-cerebral, dilema discutido na seccao “Quais

sdio os vasos de resisténcia cerebral”.

Aplicagbes do Doppler transcraniano

De forma resumida e geral, sdo enumeradas as potencialidades do DTC:

e Diagnéstico de estenoses e oclusdes intracranianas (Alexandrov et al., 2012, Feldmann et
al., 2007, Sloan et al., 2004);

e Determinacdo da gravidade de oclusdo vascular intracraniana no contexto de AVCisquémico
agudo pela escala de TIB/ (acrénimo inglés de Thrombolysis in Brain Ischemia) (Azevedo &
P.,2013);

e Avaliagdo do risco de AVC na drepanocitose (Adams et al., 1997, Adams et al., 1998);

e Avaliacdo da repercussdo hemodinamica e colateralizacdo associadas as lesGes arteriais
extracranianas (von Reutern et al., 2012);

e Avaliacdo da vasorreatividade arterial intracraniana como preditor de AVC em lesdes
arteriais extracranianas (Silvestrini et al., 2009, Silvestrini et al., 1999, Vernieri et al., 2001);

e Avaliagdo da eficacia terapéutica em ensaios clinicos de medicagao antitrombética (Lau et
al., 2014, Wang et al., 2013, Wong et al., 2010, Markus et al., 2005);

e Detecdo de sinais microembdlicos no estudo de embolia criptogénica e caracterizacdo da
instabilidade das placas ateroscleréticas (King & Markus, 2009, Ritter et al., 2009);

e Demonstracdo de shunt direito-esquerdo, geralmente por foramen ovale patente, mas
vindo de qualquer outro shunt sistémico (Jauss & Zanette, 2000);

e Monitorizagdo de vasospasmo cerebral na hemorragia subaracnoideia (Lindegaard et al.,
1989, Sloan et al., 2004) ou sindrome de vasoconstricdo cerebral/encefalopatia posterior

reversiveis (Costa et al., 2015);
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e Monitorizacdo da resposta cerebrovascular em resposta a farmacos, i.e., manitol,
trombolitico (Azevedo & P., 2013);
e Monitorizacdo do VFSC e embolia, durante intervencdes cirlrgicas cardiacas ou de
endarterectomia carotidea (Edmonds et al., 1996);
e Determinagdo de paragem circulatéria cerebral como auxiliar de diagndstico de morte
cerebral (Azevedo et al., 2000);
e Estabelecimento da dominancia cerebral da area da linguagem (Deppe et al.,, 2004), o
podera ser Gtil na neurocirurgia de ressecao tumoral ou de foco epilético;
e Qutras potencialidades em estudo:
— Potenciacdo da acdo do trombolitico no AVC isquémico agudo ou sonotrombdlise
(Molina et al., 2009, Amaral-Silva et al., 2011);
— Administracdo seletiva de medicamentos ou marcadores veiculados em microbolhas
(Stride et al., 2009);
— Estudos funcionais no esclarecimento fisiopatoldgico e como predi¢do de complicagbes
e risco de varias doencas, como as doencas vasculares cerebrais (Azevedo & Castro,
2016, Claassen et al., 2016), as doengas metabdlicas com atingimento vascular (Azevedo
et al 2012), a deméncia (Malojcic et al., 2017), as doencgas pulmonares (Tsivgoulis &
Alexandrov, 2009), a apneia do sono (Cassaglia et al., 2009), a encefalopatia hepatica

(Aggarwal et al., 2008) e o traumatismo cranio-encefalico (Dias et al., 2015)

METODOS DE AVALIACAO DA FUNCAO CEREBROVASCULAR

Vasorreatividade cerebral

A vasorreatividade cerebral (VR) corresponde a um indice de variagdo de VFSC ou FSC apés a
administracdo de um estimulo vasomodulador, seja ele um farmaco (e.g., acetazolamida
endovenosa), gases (e.g., carbogénio) ou uma manobra que provoque alteragdes do PaCO;(e.g.,
apneia) (Malojcic et al., 2017). Geralmente, provoca-se vasodilatagdo. O intuito da avaliagdo da
VR é medir a capacidade e amplitude de variagdo de calibre dos vasos de resisténcia, o que para
alguns autores pode ser entendido como “reserva cerebrovascular” (Malojcic et al., 2017,
Silvestrini et al., 1999). Geralmente, ambas as ACM sdo monitorizadas por representarem uma

maior area cerebral e terem valores de referéncia na literatura (Malojcic et al., 2017). O teste
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de VR ao CO, é o mais utilizado em investigacdo, enquanto o teste de apneia (Markus & Harrison,
1992), mais simples, podera ser mais pratico no meio clinico.
Sao trés os métodos principais para determinar a VR ao CO3:

1. Teste de Apneia (Markus & Harrison, 1992): apdés um periodo de repouso e uma

inspiragcdo normal, o individuo é instruido para permanecer em apneia de cerca de 30

segundos com consequente aumento de PaCO,. Calcula-se um indice de VR a apneia

(VFMmax —VFMbase) /VFMbase
tempo de apneia (segundos)

(iVRA) pela férmula iVRA = X100, onde VFMmax

corresponde a VFM nos ultimos 4 segundos de apneia e VFMbase a média dos valores

de VFM no minuto precedente

a apneia.
INALAGAO CO; o HIPERVENTILAGAO
2. Teste de VR ao CO,: aqui as " "] i :
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uma valvula de ndo-retorno. A Figura 25 — Prova de vasorreatividade cerebral

Variacdo normalizada de velocidade de fluxo média (VFM) e de
CO: tele-expiratério (CO2TE) durante as provas inalatéria e de
inalagdo de uma mistura de 2- hiperventilacdo para determinar o grau de vasorreatividade
cerebral ao CO.. Adaptado de Madureira, Castro et al, 2016.

hipercapnia é conseguida pela

8% de CO; (carbogénio),

provocando um aumento de

CO,TE 27 mm Hg. Adicionalmente, podemos testar resposta a hipocapnia através da
hiperventilagdo para reduzir o CO,TE em cerca de 10 mm Hg. Para obter a VR global (%
ou cm.s’t por mm Hg de CO), calculamos a inclina¢do da reta de regress3o linear entre
os valores médios de CO,TE, no eixo das abcissas, e os respetivos valores médios de VFM
nas fases de hiperventilacdo, repouso e sob carbogénio. Também podemos calcular
separadamente os valores de VR para as fases de hipercapnia e hipocapnia (Madureira

et al., 2017). Outro parametro passivel de ser calculado é a capacidade vasodilatadora

VFMhipercapnia—VFMhipocapnia

0,
VFMbase X 100%.

total dada pela féormula

3. Farmacoldgico: sdo perfundidas substancias vasodilatadoras como a L-arginina (500 mg/
Kg durante 30 minutos) ou acetazolamida (15mg/Kg durante 5 minutos; efeito maximo

em 10-12 minutos), que promovem a vasodilatagao cerebral por aumento da producdo
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de NO (Zimmermann et al., 2004) ou do pH tecidual cerebral (Vorstrup et al., 1984),

respetivamente.

Acoplamento neurovascular

Uma década antes de Roy e Sherrington (Roy & Sherrington, 1890) apresentarem as suas
conclusdes a comunidade cientifica, ja Angelo Mosso (1846 — 1910) tinha dado provas da
existéncia de uma intima relagao entre FSC e atividade mental. Baseava-se no estudo de doentes
com defeitos ésseos cranianos, tendo, posteriormente, inventado um método ndo invasivo
curioso através de uma mesa pletismografica por ele desenvolvida (Mosso, 1880). Este
acoplamento entre atividade neuronal e FSC regional, de modo a suprir as suas necessidades
metabdlicas, é atualmente um dogma (Girouard & ladecola, 2006). Os mecanismos que
governam este acoplamento neurovascular (ANV) estdo descritos na seccao “Microcirculagdo
cerebral e unidade neurovascular”.

Os esquemas mais comuns de monitorizagdo sdao ambas as ACP ou a ACP esquerda mais a ACM
direita (de controlo) durante as provas de estimulo visual (Azevedo et al., 2007), ou ambas as
ACM para testes de estimulacdo motora/sensitiva (Silvestrini et al., 1995, Salinet et al., 2013),
cognitiva (Sorond et al., 2011) e linguistica (Deppe et al., 2004). Alguns autores estudaram a ACA
(Boban et al., 2014) para provas de atividade frontal, embora as ACM também sejam ativadas
durante o processo. E fulcral o registo automatico do inicio do estimulo, j& que 66-90% da
resposta maxima pode ser atingida dentro de um segundo (klingelhofer, 2016, Rosengarten et
al., 2001b), no caso do ANV visual. Sempre que possivel, dever-se-a utilizar a média ponderada
de varios ciclos de estimulagao-repouso para eliminar as variagdes de VFSC espontaneas, visto
que a VFM tem uma variancia de =10% em repouso (Panerai, 2009). Procede-se a normalizagdo
das velocidades de fluxo, de forma a tornarem-se independentes do angulo de sondagem. A
anadlise dos resultados depende de cada paradigma. Geralmente, considera-se as variacGes da
VFM. O aparelho de DTC podera ter software de andlise prdoprio, mas existem alternativas
comerciais ou de uso livre disponiveis, tais como o dopOSCC/ (Badcock et al., 2012) ou o

AVERAGE (Knecht et al., 1998). Descreve-se de seguida os paradigmas de estimulo mais comuns.
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Visual

O estimulo pode ser a leitura de um texto ou um padrao xadrez alternante, e monitorizamos o
segmento P2 da ACP (Figura 26). O paradigma habitual corresponde a 5-10 blocos de 1 minuto,
cada um alternando entre estimulacdo (40 segundos) e repouso de olhos fechados (20

segundos); calcula-se entdo o valor da resposta de fluxo evocada (RFE) pela formula RFE =

VFMmaxima—VFMbase
VFMbase

X 100% (Malojcic et al., 2017, klingelhéfer, 2016). Em termos

matematicos, corresponde ao valor de excursao maxima de VFM (VFMmaxima), normalizada
pelo valor inicial (VFMbase) (Sturzenegger et al., 1996). Na literatura utiliza-se com frequéncia
a designacdo de “overshoot” ou sobre-elevacdo que, do ponto de vista puramente matematico
de analise de sistemas de controlo, deveria ser o valor percentual em relacdo ao valor final.
Assim, é preferivel o termo RFE. Rosengarten et al. propuseram ainda uma analise de sistema
de controlo de 22 ordem com varios parametros (ganho ou valor final, tempo de subida, fator
de amortecimento e frequéncia natural) que traduzissem toda a dindmica da curva de fluxo
evocada (Rosengarten et al., 2001a). Nesta ultima abordagem é considerada a velocidade de
pico sistdlico, parecendo ser sensivel a varias patologias com desnervag¢do autondmica (Azevedo
et al., 2011), diabetes mellitus (Rosengarten et al., 2002) ou com disfung¢do endotelial (Azevedo

et al., 2012). Outros métodos de analise multidimensional foram propostos (Castro et al., 2012).

NEUROVASCULAR COUPLING **** FLICKER TASK L NEUROVASCULAR COUPLING * VISUAL NVC MODELLING FILE

| Mean MCAR: Rest = 58 cmis; uGain= -0.9%; PI=6.7%; TTP=16.65 W METERS: [K8+26.2% Win=0.16; Zns 0.56; Lt=6,5; Dt=0.0(s)
ean PCAL : Rest = 43 cmis; uGain= 25.8%PI=36.9%TTP=14.25 /
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Figura 26 — Avaliacdao do acoplamento neurovascular pelo paradigma visual

Em A sdo mostradas as curvas de VFSC média da ACP esquerda (vermelho) e da ACM direita (azul; controlo). A
VFSC da ACP aumenta rapidamente apds o estimulo visual, apresentando uma RFE (ver texto) de cerca de 37%,
enquanto a ACM direita tem apenas valor maximo de aumento de 7%. O paradigma compreende 10 ciclos de
estimulacdo visual com olhos abertos (xadrez alternante) durante 40s seguidos de 20s de fase de repouso com
olhos fechados. As linhas continuas representam a média sincronizada dos 10 ciclos e as linhas a tracejado o
desvio padrdo. A curva da ACP foi modelada em B segundo a proposta de Rosengarten (Rosengarten et al., 2001b),
de onde se extrairam vérios pardmetros (canto superior direito). Dados pessoais ndo publicados obtidos em
software particular baseado em Matlab®.

Out | GBFY (%)
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Prova cognitiva executiva: teste “N-back”

Na posicdo de decubito, é projetada no teto uma sequéncia de letras, cada uma durante 2
segundos e intercaladas (2 segundos) por uma fundo preto com a mesma duragdo (Sorond et
al., 2011); pede-se ao sujeito que identifique as letras e que as repita (prova de “1-back”), ou
que as repita a cada duas (“2-back”). Antes de cada uma destas provas, pedimos ao sujeito para
identificar a letra “X”, o que servira de controlo. Monitorizamos as ACM, e a VFM extraida é

normalizada para o valor basal (2 minutos repouso). O grau de ativagdo calcula-se por

VFMnbt—VFMx

RFEnbt = Ve X 100 %, onde VFMnbt e VFMx correspondem a média da VFM

durante as provas de “N-back” e de identificacdo das letras “X” precedente, respetivamente.

Prova cognitiva linguistica

Sao projetadas 15-20 letras aleatdrias, uma de cada vez, sinalizando-se por um tom de alarme
(t=0). Durante 15 segundos, o sujeito pensa no maximo de palavras iniciadas por essa letra.
Segue-se uma fase de repouso (Deppe et al., 2004, Knecht et al., 1998). Cada ciclo contem uma
letra e dura 50 segundos. As VFM sdo normalizadas para o valor em t=0 e é calculada a diferenca
entre o lado esquerdo e o direito; a diferenca inter-hemisférica corresponde um indice de
lateralidade (IL). Um IL positivo significa que ha dominadncia esquerda e um LI negativo
dominancia direita, sendo que um teste préximo de zero é inconclusivo ou correspondera a um

caso de localizagdo bi-hemisférica (Figura 27).
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Figura 27 — Exemplos de resultados da prova linguistica

Nesta prova pretende-se encontrar a dominancia hemisférica da area da linguagem. Monitorizam-se as
duas ACM e calcula-se a diferenga inter-hemisférica “esquerda — direita”. Em A, vemos um caso de um
individuo com dominancia esquerda (aumento positivo da diferenca). Em B, trata-se de um doente
esquerdino ao qual foi indicada cirurgia de epilepsia e foi necessario determinar a area da linguagem para
prever a gravidade das sequelas cognitivas apds a hipocampectomia. Neste caso, o resultado mostrou ndo
haver assimetria hemisférica, tendo sido concordante com os resultados da ressonancia magnética
funcional. Dados pessoais néo publicados obtidos em software particular baseado em Matlab®
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Autorregulacao cerebral

A ARC é tradicionalmente vista como a capacidade de manter o FSC constante dentro de valores
de PA entre os 60 — 150 mm Hg, pelo menos em situa¢des ndo patoldgicas (Lassen, 1959). A
partir desta visdo estatica (Figura 16), o estudo da ARC moveu-se em dire¢do a avaliacdo das
flutuacdes mais rapidas da PA, que designamos por ARC dinamica. Por outras palavras, mudou-
se a questdo “Para este novo patamar de pressao arterial alterou-se significativamente o nivel
fluxo sanguineo cerebral?” para “Como reage o fluxo sanguineo cerebral e qudo eficiente foi
essa resposta perante esta variacdo de pressdo arterial?”. Como depreendemos, ndo sao
conceitos necessariamente antagonicos. De qualquer das formas, para medir a ARC, o ponto
essencial é haver variagGes da PA. Estas podem ser obtidas por manobras provocatérias ou
utilizando as prdprias oscilacbes espontaneas (Azevedo & Castro, 2016). Nos préximos

pardgrafos serdo detalhados os métodos conhecidos para a medicdo da ARC.

Autorregulagdo estdtica

Antes do advento de tecnologias com boa resolugao temporal, como o DTC, a ARC era analisada
em condi¢des de estado de equilibrio, nas quais se manipulava a PA para diferentes niveis e,
nessas novas condicdes, se observava a variacdo do valor de FSC (Paulson et al., 1990). Estes
métodos cairam largamente em desuso, ja que sdo morosos e de dificil aplicacdo clinica.

Um dos métodos possiveis, a técnica modificada de Oxford, consiste na infusdo lenta de
fenilefrina ou nitroprussiato de sdodio para aumentar ou diminuir a PA, respetivamente.

Utilizando apenas o brago hipertensivo, Tiecks et al. (Tiecks et al., 1995a) calcularam a ARC

(iRVCfenilefrina—iRVCbasal)/iRVCbasal
(PAMfenilefrina—PAMbasasl)/PAMbasal

estatica pela seguinte férmula: ARCestatica =

100 (%) . Uma resposta de iRVC que compensasse totalmente a variagdo de PAM
corresponderia a um valor de ARC de 100%, enquanto uma auséncia de resposta (igual a 0%)
significaria uma falha total da ARC. Este método é criticdvel em vdérios aspetos. Em primeiro
lugar, ndo permite controlar a influéncia do BR a nivel da ARC (Ebert, 1990), os quais parecem
suprimir-se mutuamente (Tzeng et al., 2010). Em segundo lugar, é dificil atingir valores de PA
junto do limite superior, dado que o uso de fenilefrina em altas doses produz efeitos
cardiotoxicos (Azevedo & Castro, 2016). Por ultimo, o uso de farmacos vasoativos também
modifica a ventilagdo e valores de PaCO; que, como vimos, é um potente modulador da FSC, o

que podera confundir os resultados obtidos.
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Autorregulacdo dinGmica

O tema da autorregulacdo dindmica surge com o trabalho seminal de Aaslid em 1989 (Aaslid et
al., 1989), que utilizou a desinsuflacdo rapida de bragadeiras dos membros inferiores, de modo
a compreender o modo como a VFSC respondia perante uma variacdo abrupta da PA. Desde
entao, foram introduzidas uma miriade de técnicas provocatodrias da PA para avaliar a ARC
dindmica. Contudo, para aplicacdo no contexto clinico, prevalecem os indices que relacionam o
FSC e a PA a partir das suas oscilagdes espontaneas, facilmente reconhecidas na Figura 28.
Assim, evita-se a necessidade de colaboracdo do doente, que sera impossivel em diversas

situagdes clinicas tais como o traumatismo cranio-encefalico ou o AVC.

Técnica de bragadeiras dos membros inferiores

Introduzida por Aaslid et al. (Aaslid et al., 1989), o equipamento consiste em duas bracadeiras
largas para aplicar em torno de ambas as coxas, conectadas com tubos largos a uma peca-em-
forma de “Y”. Apds dois minutos em estabilizacdo num nivel de PA suprassistélico (periodo
basal), as bragadeiras sdo subitamente desinsufladas, provocando uma queda abrupta da PAem
cerca de =~ 200 milissegundos (Figura 29). Em condigdes normais, a VFSC acompanha
imediatamente esta descida, mas retorna a niveis proximos do basal antes da PA recuperar, o
que reflete um mecanismo de ARC ativa (Figura 29). Podemos entdo calcular essa taxa de
recuperacdo, TdR, como um marcador de uma ARC mais ou menos eficiente, a partir da taxa de

varia¢do do iRVC (4iRV C) por unidade de queda de PAM (APAM) durante o intervalo de tempo
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Figura 28 — Oscila¢do espontanea dos sinais hemodinamicos sistémico e cerebral

Representacdo grafica da pressdo arterial obtida por Finometer® e do fluxo sanguineo cerebral por
Doppler transcraniano. A esquerda, note-se a oscilagio espontinea ao longo de 1 minuto de
monitorizagdao. No centro, observa-se uma inspegao de 4 ciclos cardiacos com célculo das médias de
ambos os sinais (PAM e VFM, respetivamente), batimento a batimento. Mais a direita, observa-se a
variacdo da VFM e PAM ao longo de quase 10 minutos de monitorizacdo. Estas oscilagcdes permitem o
calculo da autorregulagdo cerebral, por exemplo, pela analise de fung¢ao de transferéncia. Dados pessoais
ndo publicados.
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respostas de VFM durante a
gueda de PAM podiam ser
previstas a partir do valor de VFM basal (VFMbase), por uma equacao linear de 22 ordem:

VFM (prevista) = VFMbase X (1 + dPn — K X x2n)

PAM—-PAMbase

Aqui, dPn corresponde aos valores de PAM normalizada como dPn = ———— e as
PAMbase—PCTE

variaveis de estado x1 e x2 (equivalentes a zero no nivel basal) sdo modeladas por trés
parametros de ganho (K), constante de tempo (T) e fatores de amortecimento (D), de modo

que, para tal frequéncia de amostragem f e nimero de amostras n:

x1-2D.x2n-1 dPn—x2n—1

fr f.T

Para obter o valor de IARC para determinada prova, compararam a varia¢ao real da VFM com

(1) x2n=x2n—-1— ;(2)xIn=xIn—1+

dez respostas-padrdo hipotéticas (Figura 30A), que sdo geradas pela resolucdo da equacdo
diferencial acima descrita, com combinag¢Ges predefinidas dos seus trés parametros
modeladores (T, D, K) e que estdo tabeladas na Figura 30B. Um IARC = 0 representa um
fendmeno passivo da VFSC pela PA. Jd um IARC = 9 representa uma ARC rdpida e eficaz, em que
as variagdes de pressao de perfusdo sdo imediatamente contrabalangadas a nivel cerebral, e a
VFM retorna a valores de base de modo praticamente instantaneo. O modelo que melhor se
aproxima da variagao da VFM real durante determinada prova corresponderd entdo ao IARC

desse individuo nessa prova (Panerai et al., 1998a, Panerai et al., 1998b).
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Figura 30 — Respostas-padrao do modelo de Tiecks

Respostas hipotéticas de VFM face a queda em escaldo de 10% de PAM
(A). Tabeladas em B estdo as dez combinagdes de parametros T
(constante de tempo), D (fator de amortecimento) e K (ganho) a partir
das quais se obtém as resposta-padrdo hipotéticas de indice de
autorregulagdo cerebral (IARC) (Tiecks et al., 1995a). O IARC varia de 0
a9 e tem correspondéncia a valores hipotéticos de taxa de recuperagao
(TdR) obtidos pela técnica de bragadeiras dos membros inferiores.
Adaptado de Azevedo e Castro, 2016.

Manobra de Valsalva

80 Valsalva

A manobra de Valsalva é geralmente usada I lla ObUIIV FC
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Figura 31 — Manobra de Valsalva

bucal adaptado a wuma manga de . . .
P & As suas fases estdo identificadas com numeros romanos. Os

manometria, mantendo um nivel de pressdo valores sdo normalizados e expressos em variagdo percentual
em relagdo ao valor de base. A frequéncia cardiaca (FC)
de 40 mm Hg, durante 15 — 20 segundos representa a taquicardia esperada pela queda de PA e ativacdo

simpatica. O valor da velocidade de fluxo cerebral média (VFM)

(Carvalho & Castro, 2013). As variagOes de N "~ ) o
nao segue exatamente o percurso da pressao arterial média

PA tipicas sdo evidenciadas na Figura 31. (PAM) indicando potencialmente fendmenos de regulagdo
o N ativos. Os indices de ARC podem ser calculados entdo pelas
Numa fase inicial de aumento da pressédo formulas descritas no texto. Os valores s3o de IARC-Il e de

IARC-IV sdo de 1.23 e 1.21 o que significa que a ARC estd

intratoracica (fase 1), a PA diminui (fase lla)
preservada (> 1). Adaptado de Castro, 2016.

até se verificar uma vasoconstricdo
periférica, causada pelo simpdatico, o que
restitui os valores de PA até praticamente
aos valores de base (fase IlIb). Cessando o esfor¢o expiratdorio subitamente, a PA cai

abruptamente por diminuicdo abrupta da pressao intratoracica, sendo imediatamente seguida
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por um pico de PA devido ao facto de o leito vascular periférico estar ainda sob vasoconstri¢ao
intensa (fase IV). Ao inspecionar as curvas de VFM e PAM, Tiecks et al. (Tiecks et al., 1996, Tiecks
et al., 1995b) concluiram que a manobra apresentava indicios da acdo de ARC, ja que a queda

de VFM ndo era semelhante ao verificado na PAM, e parecia recuperar em adianto dos valores

(VFMIIb-VFMIla)/ VFMIla
(PAMIIb—PAMIIa)/ PAMIIa

da mesma. Estes autores calcularam os indices de ARC com AIl =

(VEMIV—VFMVI)/ VEMVI
(PAMIV—PAMI)/ RAMI

100 (%) e AIV = X 100 (%) . Para ambas as equagdes, valores > 1

significam que a VFM recupera antes da PAM, logo, a ARC estara preservada (Tiecks et al., 1996,
Tiecks et al., 1995b). Dada a complexidade fisioldgica da manobra de Valsalva, esta ndo teve

grande acolhimento na literatura. Mais ainda, num estudo com um novo modelo de prospecao

continua da IARC (Castro et al., 2014), verificou-se que a
propria ARC ndo é estaciondria durante a manobra, pelo que o

uso deste teste é desaconselhado.

Teste de resposta de hiperémia transitoria

Este método foi introduzido por Giller (Giller, 1991) e, mais
tarde, estandardizado por Smielewski et al. (Smielewski et al.,
1996). O teste de resposta de hiperémia transitoria (TRHT)
compreende uma curta compressao carotidea (< 5 segundos)
enquanto monitorizamos a VFSC. O calculo é simples e utiliza a
velocidade de pico sistélico: TRHT = VFS hiperémia /
VFSbasal (a.u.). Um TRHT > 1,09 é sinal de uma ARC intacta,
isto é, espera-se pelo menos um aumento de 10% da
velocidade de fluxo com esta manobra (Figura 32). Dada a baixa
reprodutibilidade e fatores inerentes a compressdo carotidea,

este teste raramente é utilizado (Azevedo & Castro, 2016).

Respiragdo sincronizada
Esta prova pretende determinar a influéncia das oscilagGes
ciclicas da PA provocadas pela respiracdo sincronizada a 6

ciclos por minuto (0,1 Hz). Diehl et al. (Diehl et al., 1995)
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Figura 32 - Teste da compressao
carotidea esquerda

Registos simultaneos das curvas de
VFSC da artéria cerebral média
esquerda (acima) e da direita (abaixo)
durante o teste de resposta
hiperémica transitdria (TRHT) com
compressdo da carotidea comum
esquerda. As setas cinzentas mostram
os valores de pico sistélico que serdo
utilizados para o célculo final. O valor
basal corresponde a média dos picos
sistélicos dos 5 batimentos cardiacos
prévios a manobra e a fase de
hiperémia corresponde a média dos 22
e 32 ciclos apds a libertacdo da
compressdo. Adaptado de Azevedo e
Castro, 2016.
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usaram um método no dominio da frequéncia para
calcular o desfasamento oscilatério da VFM e da PAM.
Quanto maior este desfasamento, maior a independéncia
da VFM em relagdo a PAM e, logo, maior grau de ARC. Este
é 0 mesmo teste que se utiliza para obter uma medida de
atividade parassimpdtica pela anadlise concomitante da
frequéncia cardiaca (FC), ja que esta manobra exacerba a
variagdo sinusal de causa vagal em resposta as oscilagGes
mecanicas da PA (Carvalho & Castro, 2013). Isso é uma
vantagem em rela¢do as manobras que envolvem a ac¢do
do simpatico, tais como a ativacdo postural, a Valsalva e o
TRHT. O processo de andlise matematica é descrito e
explicado em pormenor na seccao “Fungdo de
transferéncia — autorregulacdo cerebral espontdnea”. A
grande diferenca é que apenas se utiliza o valor de desvio
de fase na frequéncia provocada (0,1 Hz), que se torna
redutor face a toda a informacdo espectral. Para além
disso, ndo se consegue evitar a vasoconstricdo cerebral
inicial, como é evidente na reduc¢do da VFSC nos primeiros
10 segundos da Figura 33. Foi proposto que valores de fase
< 30° refletissem uma ARC deficiente, baseada nos
resultados obtidos de doentes com malformacgées
arteriovenosas cerebrais ou lesGes obstrutivas carotideas
(Diehl et al., 1998, Diehl, 2002). Esta prova foi largamente
abandonada pelas razdes referidas, mas o método

analitico perdurou.

Ativacdo postural
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Figura 33 — Respira¢ao sincronizada

O sujeito é ajudado com metrémetro a
inspirar e expirar a cada 5 segundos (6
cpm). Podemos ver as oscilagdes de PA
produzidas (A) e também na VFSC (B). A
andlise de funcdo de transferéncia
mostra que existe um desvio positivo de
fase de 84°, sendo considerada uma ARC
normal. Adaptado de Azevedo e Castro,
2016.

Durante a passagem da posi¢do sentada para a ortostatica, ocorre uma queda inicial de PAM de

cerca de 25 mm Hg (Van Lieshout et al., 2003). Esta oscilacdo de PA é acompanhada por uma

resposta de VFSC a qual se pode aplicar o célculo do IARC segundo o modelo de Tiecks (Serrador

et al., 2005). Este teste tem a vantagem de ndo causar dor como a despertada pela insuflacdo

das bracadeiras dos membros inferiores. Mais interessantes sdo as manobras posturais ciclicas

(e.g., a cada 10 segundos sentado/em pé ou agachado/em pé) que possam provocar oscilagdes
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da PA a uma frequéncia predefinida (neste exemplo, 0,05 Hz), onde se possa aplicar um método
analitico espetral para verificar a resposta da VFSC nessa frequéncia em particular. Uma das
formas de o fazer, tal como na respiracao ciclica, é utilizar a analise detalhada na sec¢do “Analise
da fungdo de transferéncia”. Este teste ndo tem a desvantagem de induzir hipocapnia, o que
acontece nas manobras respiratdrias (Claassen et al., 2009). Contudo, como se pode imaginar,
também ndo é util para doentes ndo colaborantes ou para aqueles em que ndo sejam adequadas
as mudancas posturais (e.g., AVC agudo).

Neste capitulo também sera de referir o teste de Tilt ou de mesa basculante (Hetzel et al., 2003,
Lagi et al., 2001, Ocon et al., 2009, Schondorf et al., 2001, Serrador et al., 2006, Zhang et al.,
2004b). Este teste é geralmente utilizado para estudar sindromes de intolerancia ortostatica,
como sincope neurocardiogénica, hipotensao postural, hipersensibilidade do seio carotideo e
sindrome da taquicardia postural, entre outras (Freitas, 2010, Freitas et al., 1998, Freitas et al.,
2015, Freitas et al., 1999, Freitas et al., 1994, Freitas et al., 2007, Freitas et al., 2000). No teste
de Tilt, o stress ortostatico provoca uma grande transferéncia gravitacional do volume
sanguineo para o sistema venoso de capacitancia, altamente distensivel, abaixo do diafragma
(Freitas, 2010). Este facto provoca uma reducdo superior a 700 ml de volume plasmatico nos
primeiros minutos de ortostatismo passivo em humanos (Van Lieshout et al., 2003) e ativagdo
significativa do simpatico e das resisténcias arteriais periféricas (Freitas et al., 2007). Dada a
mistura de influéncias autonémica, débito cardiaco e volume plasmatico, ndo tem sido utilizado

para o estudo da ARC (Carey et al., 2003).

Funcdo de transferéncia — autorregulagdo cerebral espontdnea

Os métodos até agora descritos requerem algum tipo de manobra ou farmaco para obter uma
variagdo da PA para se calcular um indice de ARC. Isso, por si so, torna a interpretagdo dos
resultados dificil de destringar de variagdes sistémicas concomitantes, tais como efeitos do SNA
e da PaCO,. Mais relevante é o facto de, nas mais variadas situagdes clinicas onde a medigdo da
ARC poderia ser util, as manobras provocativas ndo serem adequadas ou os doentes ndo se
encontrarem colaborantes (e.g., cuidados intensivos, AVC agudo).

Um dos avancgos na avaliagdo da ARC foi a possibilidade de aproveitar as variagdes espontaneas
de PA, desobrigando o doente do esfor¢co de colaboracdo. Tal é possivel porque a PA, assim
como a VFSC, tem flutuagGes espontaneas (Figura 28). Partindo destas, e gracas a analise de
funcdo de transferéncia (AFT), podemos obter varios parametros que traduzam essa relacdo. A
AFT é uma representa¢do matematica, no dominio da frequéncia, que explica a relagdo linear

entre dois sinais, um de entrada e outro de saida. Se substituirmos os vetores de entrada e de
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saida pelas séries temporais de PAM e VFM, respetivamente, podemos entdo estudar o efeito
das oscilacoes da PA espontaneas sobre a vasculatura cerebral num leque variado de
frequéncias. A AFT comeca por transportar para o dominio da frequéncia as séries temporais da
VFM e da PAM, obtendo os respetivos auto-espectros, Syy e Sy, assim como o espectro-
cruzado, Sy, pelo método de Welch (Claassen et al., 2016). Podemos entdo deduzir a influéncia

oscilatdria da PAM sobre a VFM a determinada frequéncia f pela fungdo de transferéncia H:

Sy (f)
Sax (f)

A partir das partes real H e imaginaria H; podemos calcular;

(1) ganho ou amplitude, |H(f)| = v/ (IHr(F)I? + |H,()I?);

Hz(f))_
HR()/)’

H(f) =

(2) fase, ¢ = tan™! (
De modo a assegurar o prossuposto da linearidade entre PAM e VFM, calculamos também a
coeréncia (y?) entre os dois sinais pela férmula:

. Ise®l
|Sxy(f) ' Syy(f)l

A coeréncia é simplesmente um coeficiente de correlagdo entre VFM e PAM e aproxima-se de
zero a medida que as oscilagGes entre os sinais sdo mais dissimilares. O ganho traduz a amplitude
ou magnitude de transferéncia entre as oscilagdes da PA e da VFM, sendo que, quanto menor o
seu valor, maior o amortecimento da PAM, ou seja, uma ARC mais eficaz. Quanto maior o valor
de fase, menos sincronas sdo as oscilagdes entre a PA e VFSC, pelo que mais ativa sera a ARC.
Neste caso serd um desfasamento positivo. A primeira

vista, poderd causar alguma perplexidade um desvio

positivo, i.e., pelo facto de as oscilagdes da VFM AGanho & ¥

precederem as da PAM, sabendo que ARC consiste numa

reacdo da VFSC as varia¢des da PA. Contudo, dado este

ser um processo dinamico, um desvio positivo traduz o
Fluxo Sanguineo
Cerebral

Pressio Arterial

atraso de resposta miogénica ao longo do tempo. Um
desvio de fase menor a baixas frequéncias traduz uma
ARC diminuida. A Figura 34 representa

esquematicamente o modo como o ganho e fase da AFT

operam no controlo cerebrovascular.

Figura 34 - Representagao
esquematica do efeito do ganho e
fase



Introdugdo

049M24 mat (Original Waveforms) analyzed 03-Fob-2015 10:05:52

MCA24 Right side MCA24 LeRt side  Blood Pressure
(emvs)

Figura 35 — Andlise da Fungao de transferéncia

A partir das séries temporais da monitorizacdo continua da pressdo arterial (1) e velocidade de fluxo
sanguineo cerebral (2,3), derivamos os seus valores de média (VFM e PAM, respetivamente). Notar a
oscilacdo espontanea destas variaveis fisioldgicas. A analise de fungdo de transferéncia (AFT) verifica a
influéncia da PAM (input) sobre a VFM (output) no dominio da frequéncia a partir dos seus espectros (6
e 7, respetivamente). A AFT produz 3 pardmetros: coeréncia (8), ganho (9) e desvio de fase (10). Neste
caso, denotamos que a autorregulagao funciona como um filtro passa-alto, havendo uma filtragem das
oscilagdes de PAM mais lentas (< 0,2 Hz), que se manifesta por um maior amortecimento (descida do
ganho (9)) e um maior afastamento (aumento da fase (10)). Dados pessoais, ndo publicados, calculados
com software privado com base em Matlab®.

Apods o primeiro trabalho de Diehl et al. (Diehl et al., 1995), Zhang et al. (Zhang et al., 1998) e
Panerai (Panerai et al., 1998b) descreveram em maior detalhe o comportamento destes
sistemas. A Figura 35 demonstra um exemplo de aplicacao da AFT. Pela AFT, a ARC é tida como
um filtro passa-alto, ou seja, oscilagdes rapidas da PAM (acima de 0,2 Hz) sdo transmitidas na
sua globalidade para a VFSC, mas em frequéncias mais baixas estas sao filtradas com base nos
parametros de H. Assim, na Figura 35 podemos verificar que, para oscilagdes com frequéncia <
0,2 Hz, o ganho diminui (amortecimento) e o desvio de fase aumenta (dessincronizagdo das
oscilagoes).

A AFT requer um registo sincrono de pelo menos 5 minutos das séries temporais de VFSC e de
PA (Claassen et al., 2016). Os parametros mais utilizados na interpretacdo da ARC sdo a fase e o
ganho. A coeréncia, por seu turno, é encarada como um fator de controlo da linearidade e
validade da AFT calculada. Medindo os graus de liberdade da nossa funcdo (Claassen et al.,

2016), podemos encontrar um limite minimo de coeréncia que permita aceitar os valores de H.

Indice de autorregulacéo esponténeo
Panerai et al. (Panerai et al., 1998a) mostraram ser possivel calcular um IARC semelhante ao que
se obtém na manobra de desinsuflacdo das bracadeiras dos membros inferiores, mas a partir

das oscilagdes espontaneas de PA. Para tal, calcularam a fun¢do de impulso, que ndo é mais do
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gue a transformada de Fourier inversa da funcao de transferéncia H previamente obtida por
AFT. A funcdo de impulso corresponde uma resposta de escaldo no dominio do tempo, tal como
descrita na Figura 36. Este método tem a vantagem de simplificar o numero de varidveis a
analisar (em vez de ganho e fase e varias bandas de frequéncia temos apenas um valor de IARC),
mas € mais sensivel as ndo linearidades e artefactos (Panerai et al., 2016).

Existe alguma discordancia acerca de qual o verdadeiro intervalo de frequéncias em que a ARC
opera, mas este podera variar consoante a patologia e condi¢des hemodinamicas periféricas.
Existe ainda alguma discordancia acerca dos melhores parametros da AFT. Muitos autores
preferem a fase ao ganho como fator mais estavel e ndo influenciavel da PA (Tzeng et al., 2012).
Uma das falhas deste método é que, para ser valido, terd de assumir-se condi¢Ges estacionarias,
gue ndo sdo necessariamente cumpridas em varias condicdes clinicas, fora do ambiente
altamente controlado do laboratério onde existem multiplas fontes de ndo linearidades
(ativagdo cognitiva, nivel de consciéncia, respiracdo, variacdes de PaCO,) (Czosnyka et al., 2009,

Castro et al., 2014).

Resposta de Impulso Figura 36 — indice de autorregulagdo espontineo
A partir de séries temporais das médias de pressao arterial
(PAM) e velocidade de fluxo (VFM), foi calculada a fungdo
de transferéncia. Para obter o indice de autorregulagdo
R cerebral espontaneo (IARC), aplicamos uma transformada
de Fourier rdpida inversa da mesma fungdo de
transferéncia. O valor real desta inversdo constitui uma
fungdo de impulso que estima a resposta de VFC (A)
perante um nivel de PAM. A resposta de escaldo (B) pode
Resposta de Escalio entdo ser obtida pela integragdo (convolugdo) da resposta
de impulso com uma unidade de escaldao. Repare que,
agora, a resposta de escaldo se exprime em fungdo do

. tempo. Comparando esta unidade de resposta com os

modelos de IARC de Tiecks (Figura 30) invertidos, podemos

0 verificar que sdao semelhantes. A diferenga é que o ultimo
0 5 1

o autor calculou a resposta a uma queda de PAM, embora a
resposta de impulso corresponda a um nivel de aumento
da mesma. Adaptado de Azevedo & Castro, 2016.
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Medigcéo continua na autorrequlagéo cerebral

IARC continuo
Apesar de ainda ser necessario bastante trabalho de valida¢do, podemos obter uma estimativa
continua do valor de IARC — o IARC;. Os valores de IARC(; sdo baseados nos mesmos valores de

IARC produzido por Tiecks et al. (Tiecks et al., 1995a). 0 mesmo modelo foi implementado numa
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estrutura ARMA (do termo inglés auto-regressive moving average) (Panerai et al., 1998b) e usou-
se uma decomposicdo ortogonal para estimar os parametros do modelo de Tiecks ao longo de
uma série temporal de PAM e VFM (Panerai et al., 2008). Usando este método, foi possivel
evidenciar as variagOes fisioldgicas esperadas da IARC durante o teste de apneia e
hiperventilacao (Dineen et al., 2010). Também foi utilizado para estudar a variacdo temporal da
ARC durante a manobra de Valsalva (Castro et al., 2014) e a desinsuflagao das bracadeiras nos
membros inferiores (Panerai et al., 2015), demonstrando que a ARC ndo é um fendmeno

estaciondrio e que ela prépria oscila com o tempo e em resposta a novas condicdes fisioldgicas.

Mx e PRx

Czosnyka et al. (Czosnyka et al., 1996) desenvolveram um método diferente de calculo da ARC
no dominio do tempo votado, sobretudo a doentes em regime de cuidados intensivos. Neste
contexto, é importante recordar a importancia do valor de PIC, que podera estar
significativamente elevado (e.g., traumatismo cranio-encefalico), para estimar a PPC (ver sec¢do
“Hemodindmica cerebral e sua regula¢éo”). Estes indices de ARC baseiam-se no calculo do
coeficiente de correlacdo de Pearson entre PAM e VFM. Para diminuir o ruido, é calculada a
média dos valores a cada 5-10s; depois, os segmentos de 30-60 pontos sdo usados para o célculo
da correlagdo. Este valor foi designado por indice de velocidade média (Mx) (Czosnyka et al.,
1996, Steiner et al., 2002). A interpretagdo é simples — quanto maior e mais positivo o valor de

Mx, menor sera a capacidade de ARC (a VFM é proporcionalmente dependente do valor de PAM)
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Figura 37 — indices de Autorregulacdo por pressdo (PRx) e velocidade de fluxo cerebral (Mx)

Monitorizagdo com Mx e PRx com o software ICM+®. Caso de um doente com 24 anos, com traumatismo
cranio-encefalico, com pontuagdo de 6 na Escala de Coma de Glasgow. A PIC cai progressivamente de 40
para 30 mm Hg em 25 minutos, melhorando os niveis de autorregulagdo com diminui¢do do valor de Mx
e PRx. Cortesia of Professor Marek Czosnyka, Department of Clinical Neurosciences, Neurosurgical Unit,
University of Cambridge, Cambridge, Reino Unido.
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e, quanto mais proximo de zero ou mais negativo, maior a reserva de ARC. Também podemos
obter um indice de ARC baseado na relacdao PPC-PIC. Assim, o Mx vé-se substituido pelo indice
de reatividade a pressdo (do termo inglés pressure-reactivity index, PRx), em que a Unica
diferenca de andlise se prende com o facto de se usarem 3-6 minutos para fazer a média
deslizante (Czosnyka et al., 1997). A Figura 37 mostra o exemplo de uma monitorizacdao
multimodal de um doente com traumatismo cranio-encefalico, mostrando os valores de Mx e
PRx. Outros métodos de medir o FSC sdo através da espectroscopia de infravermelho-
proximo (do termo inglés near-infrared spectrocopy, NIRS) e da pressdo tecidual de
oxigénio (PtiO;). Apesar de ter sido demonstrada uma correlagao razoavel entre a NIRS

e o valor de Mx (Czosnyka et al., 2009), estes métodos continuam a ser pouco utilizados.

Importdncia clinica dos indices de autorrequlagéo cerebral

Doenga vascular cerebral cronica

Foi demonstrado que, no caso de uma estenose carotidea grave, se a ARC estd gravemente
alterada, o doente encontra-se em maior risco de eventos vasculares (Reinhard et al., 2001, Hu
et al., 1999, Panerai et al., 1998b). O mesmo foi evidenciado para as estenoses intracranianas,
onde o valor de fase se pode aproximar do valor de 0°, que teoricamente pode revelar total falha
de capacidade regulatéria (Haubrich et al., 2003). Esta desregulacdo vasomotora poderd ser um
fator de risco relevante para um futuro evento vascular, embora ainda ndo haja muitos estudos
a demonstra-lo. Por seu turno, as provas de VR ja tém sido empregues como auxiliar na decisdo
de indicacgdo para endarterectomia em doentes com estenose carotidea grave (Silvestrini et al.,
1999, Soinne et al., 2003, Alexandrov, 2003). As técnicas de ANV também tém sido usadas para
estudar fases pré-sintomaticas de problemas vasculares em doentes com diabetes mellitus

(Rosengarten et al., 2002) e na doenca de Fabry (Azevedo et al., 2012).

Doenca vascular cerebral aguda

A ARC parece estar alterada precocemente nos doentes com hemorragia subaracnoidea (Santos
et al., 2016, Fontana et al., 2015, Otite et al., 2014, Soehle et al., 2004). A avaliagdo da ARC pode
ter importancia progndstica no desenvolvimento do vasospasmo ou isquemia cerebral tardia
(Otite et al., 2014, Lang et al., 2001, Santos et al., 2016, Fontana et al., 2015, Calviere et al., 2015,
Budohoski et al., 2015). No caso da hemorragia intracerebral primaria, sinais de uma ARC menos

eficaz, ou seja, um ganho elevado e um desvio de fase reduzido, foram registados nos primeiros
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dias e associaram-se a um maior volume de hematoma, a gravidade clinica e a um pior resultado
funcional aos 3 meses (Nakagawa et al., 2011, Ma et al., 2016). Ndo obstante, outros autores
sugerem que ndao ha um disturbio primdrio da ARC, mas antes uma deterioracdo com o tempo

nos hematomas de maior volume (Reinhard et al., 2010).

Deméncia vascular

Tém sido avancados dados interessantes sobre outras manifestacdes da doencga microvascular
cerebral que ndo o AVC, através de testes funcionais por DTC. Uma ARC, VR ou ANV menos
eficazes associaram-se a alteracOes significativas cognitivas e do equilibrio e velocidade de
marcha, que se traduzem de outro modo em risco maior de quedas (Purkayastha et al., 2014,
Purkayastha & Sorond, 2014, Sorond et al., 2013, Sorond et al., 2011, Sorond et al., 2010). Num
estudo conjunto de investigacGes inovadoras, mostrou-se que o cacau puro (Sorond et al., 2013)
e a desferroxamina (Sorond et al., 2015) melhoravam a ANV e a ARC, respetivamente, o que
abre caminho a modulagdo terapéutica da funcdo neurovascular, por exemplo, no AVC
isquémico agudo. A avaliacdo e monitorizacdo dos mecanismos de regulacdo vascular cerebral
poder3, por isso, ajudar a compreender e tratar as doencas cerebrovasculares relacionadas com

o envelhecimento.

Traumatismo crdnio-encefdlico: o conceito de PPC dtima

No que toca aos cuidados intensivos neurocriticos, o Mx ou o PRx sdo adequados para estudar
prospectivamente a ARC (Dias, 2014). O PRx estd associado de modo independente ao
progndstico do doente neurocritico (Dias et al., 2015, Czosnyka et al., 2009, Steiner et al., 2002,
Czosnyka et al., 1997). Quando o PRx esta acima de 0,3, a mortalidade aumenta abruptamente
de 20% para 70% (Balestreri et al., 2006). A relagdo entre PRx e CPP segue uma curva em U
(Steiner et al., 2002) de tal modo que ha um intervalo de PPC em que a PRx é mais eficaz. Fora
destes limites, é pior o desfecho clinico (Steiner et al., 2002). Este intervalo de PPC ideal pode
ser estimado por interpolagdo parabdlica entre os valores de PRx e PPC numa janela > 3 horas
(Steiner et al., 2002). Estdo em curso ensaios para determinar se esta abordagem baseada da
“PPC 6tima” pode contribuir para melhorar o ajuste hemodindmico e, deste modo, o

progndstico de doente com traumatismo cranio-encefalico (Dias et al., 2015).
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ACIDENTE VASCULAR CEREBRAL: NOCOES ESSENCIAIS

O AVC é um sério problema de saude publica nos paises industrializados e em vias de
desenvolvimento (Feigin et al., 2016). Os custos diretos para a sociedade e servicos de saude
estdo avaliados em 7,6 mil milhdes de libras no Reino Unido e em 40,9 mil milhdes de ddélares
nos Estados Unidos da América (AHA, 1997). A incidéncia é variavel, quer a nivel mundial quer a
nivel regional, sendo que em Portugal (norte) estd estimada em 1,73 por 1000 habitantes
(Correia et al., 2017). Portugal, juntamente com os Paises de Leste, ocupa os lugares cimeiros
no contexto europeu (Feigin et al., 2016). O AVC causa 9% das mortes em todo o mundo, sendo
apenas ultrapassado pelo enfarte do miocardio (Murray & Lopez, 1997). Em Portugal, ocupa o
primeiro lugar no ranking de mortalidade, representando uma fatia de 30% (DGS, 2016). Para
além disso, é de realcar a morbilidade de que se faz acompanhar (DGS, 2015), sendo também a
primeira causa de epilepsia no idoso (Rothwell et al., 2005) e causa frequente de depressao
(O'Brien et al., 2003) e deméncia (Mijajlovi¢ et al., 2017).

Por AVC, entende-se a ocorréncia de uma disfuncao neuroldgica que surge de modo subito e
explicado por uma disrupgao do fluxo sanguineo focal a nivel cerebral, quer por oclusdo de um
vaso cerebral — AVC isquémico — quer por rutura dos mesmos — AVC hemorrdagico. O AVC
isquémico ou enfarte cerebral é a patologia mais comum, correspondendo a 80% dos casos
(Caplan, 2006). E sobre este Ultimo que os trabalhos desta tese se irdo debrucar. E
subclassificado em termos de territério afetado pela classificagdo OSCP (do projeto Oxfordshire
Stroke Community Project)(Bamford et al., 1991), sendo o mais frequente o que ocorre por
oclusdo de artéria cerebral da circulacdo anterior ou carotidea. Em termos etioldgicos,
diferencia-se pela classificagdo de TOAST (Trial of ORG 10172 in Acute Stroke Treatment) (Adams
et al., 1993), sendo as causas mais comuns o cardioembolismo (e.g., fibrilha¢do auricular), a
aterosclerose de grandes vasos, que origina fendmenos de tromboembolismo ou de oclusdo
arterial local (e.g., estenose da artéria carotidea interna), e a patologia dos pequenos vasos

cerebrais, embora existam causas mais raras (Castro et al., 2016).

Fisiopatologia da isquemia cerebral

A fisiopatologia do enfarte cerebral é tudo menos um processo estatico. Compreende um
desenrolar de eventos em cascata, que se inicia com a deplecao da energia celular e acumulagao

de radicais livres, seguida de inflamacdo, até culminar na morte celular (Dirnagl et al., 1999).
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Figura 38 — Mecanismos fisiopatoldgicos da isquemia cerebral

Cascata de eventos que concorrem para a lesdo cerebral no AVC isquémico agudo. A despolarizagao
dos neuronios hipoperfundidos leva a libertagdo de glutamato excitatdrio, que, por sua vez, aumenta
o célcio (Ca?*), o sddio (Na*) e o cloro (CI) intracelular. Este influxo promove o extravasamento de K*
para o meio extracelular. O glutamato e o Ca?* provocam ondas de despolarizacdo nas zonas peri-
enfarte. O gradiente osmdtico criado leva ao desvio de H.O para o nivel intracelular (edema
citotdxico). Entretanto, o Ca?* ativa uma cascata de mediadores inflamatdrios e apoptéticos que
culmina na inflamagdo local por quimiotaxia leucocitaria extracerebral e da micréglia residente.
Adaptado de Dirnagl et al., 1999.

Numa fase precoce, ocorre excitotoxicidade com despolarizacdo e morte de neurdnios e células
gliais. Esta excitotoxicidade pode propagar-se a zona peri-enfarte, contribuindo para uma maior
zona disfuncional e sintomatica, para além do foco isquémico inicial (Dirnagl et al., 1999) (Figura

38).

Para além das vias isquémicas, inflamatdria e da morte celular, também temos de contar com
outros fatores que poderao contribuir para a lesao cerebral, por vezes de modo catastréfico. A
lesdo dos capilares do parénquima isquémico envolvido leva a perda de fung¢dao da BHE com
extravasamento de conteldo para o meio extracelular (edema vasogénico), culminando em
edema cerebral e transformacdo hemorragica (Simard et al., 2007). Também poderd ocorrer
micro-embolizacdo e micro-obstrucdo da rede capilar (Figura 39), o que poderad impedir a
recuperacao do territdrio afetado, apesar

da recanalizagdo do vaso major (Balami et Normal ~  Permeabilidade da BHE Inflamacéo Hemostase

al., 2011). Neste cenario, Ames et al. \O [‘ ) LN \
3 Mt : 5,,,_;‘)\/” . ,'/"v

(Ames et al., 1968) descrevem aquilo a
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cerebral. Atualmente, pensa-se que um
o L Figura 39 — Patologia microvascular na Isquemia Cerebral
dos principais responsaveis por este Adaptado de Dirnagl et al., 1999.
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fendmeno sdo os pericitos dos capilares cerebrais que
desenvolvem uma contracdo prolongada e desadaptada em
virtude do aumento do Ca® intracelular (Hall et al., 2014).
No entanto, na pratica clinica, ainda ndo existem métodos,
sejam eles imagiolégicos ou bioquimicos, que possam
determinar com acuidade suficientemente a gravidade da
disrupcdo da BHE. As escalas de classificagdo com base em
itens clinico-demograficos estdo muito aquém de serem
capazes de prever satisfatoriamente quais os doentes que

terdo esse risco aumentado (Whiteley et al., 2012).

O conceito de penumbra isquémica

A drea cerebral imediatamente a jusante da artéria ocluida,
sendo desprovida de compensacdo de fluxo, fica
irremediavelmente isquemiada em pouco tempo, com
morte celular pela despolarizacdo terminal da membrana
destas células (Hossmann, 2006). Contudo, os sistemas de
colateralizagdo permitem alguma compensacao da perfusao
na regido mais periférica do territdrio sob insulto isquémico
(Liebeskind, 2003), definindo-se uma zona de isquemia
latente, eletricamente disfuncional mas que ainda serd
vidvel se o FSC local for restituido (Figura 41). Tal facto
implica que, nas primeiras horas do evento, para além da
area de enfarte estabelecida, designada por isquémica
central (Tikhonoff et al., 2009), haja uma area de penumbra

isquémica, na qual a perfusdo cerebral estd comprometida

Figura 40 — Fendmeno de nao-
recirculagdo

Apds 15 minutos de isquemia
cerebral por ligagdo carotidea em
ratos, restabelece-se a circulagdo.
No slide acima, assiste-se ao
preenchimento vascular, desde
que o cérebro fosse pré-lavado
com solugdo de Ringer. Caso
contrario, como mostra a figura
abaixo, ndo ha preenchimento
microvascular. Portanto, fatores
presentes no tecido cerebral
enfartado promovem este
fendmeno, hoje atribuido
maioritariamente a contracdo dos
pericitos. Adaptado de Ames et al,
1968.

mas ndo de modo irremedidvel. Tanto a zona de isquemia central e como a de penumbra

isquémica sdo clinicamente sintomaticas.

Devido a existéncia desta penumbra isquémica e da possibilidade do seu resgate, surgiram os

tratamentos de recanalizagdo no AVC isquémico agudo. Assim, a revascularizagdo quimica

(Jauch et al., 2013a, European Stroke Organisation Executive & Committee, 2008) ou mecéanica

(Molina & Saver, 2005, Wabhlgren et al., 2016) batem-se pelo restabelecimento do fluxo na area

de penumbra, permitindo “salvar” uma area de tecido cerebral da isquemia definitiva, com

limitacdo dos défices neuroldgicos e maior grau de funcionalidade do doente a longo prazo.
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Figura 41 — Penumbra isquémica

Limiares metabdlico (esquerda) e eletrofisioldgico (direita) durante a
reducdo gradual focal do fluxo sanguineo cerebral. A regido de isquemia
central ocorre quando a diminui¢do do fluxo tem lugar abaixo do limiar da
falha energética, enquanto a penumbra ocorre quando ha falha de irrigagao,
mas com estado metabdlico preservado. Potencial evocado somato-
sensitivo (PESS); eletroencefalograma (EEG). Adaptado de Hossmann, 1994.

ESTUDOS INICIAIS SOBRE REGULACAO VASCULAR CEREBRAL

Antes de me envolver nos trabalhos da tese propriamente ditos, iniciei a minha atividade
cientifica com outros estudos funcionais com DTC e noutras perspetivas. Pude entdo
familiarizar-me com os métodos de avaliagdo da fungdo cerebrovascular e produzir novos
conhecimentos sobre os aspetos do controlo cerebrovascular tanto em individuos normais
como em situagdes patoldgicas de disautonomia e Doenga de Fabry. Estes trabalhos prévios,
que podem ser consultados em texto completo em “Anexos”, referem-se a influéncia do
ortostatismo, do SNA e da disfungao endotelial nos mecanismos que governam a regulagao
vascular cerebral, que podem também estar envolvidos na desregulagao cerebrovascular do

AVC isquémico agudo. De seguida descrevo sucintamente cada um dos trabalhos em particular.

Sincope e sindromes de intolerancia ortostatica

A sincope corresponde a uma perda de consciéncia devida a diminuicdo global da perfusdo
sanguinea cerebral (Freitas, 2010). Existem muitas influéncias hemodindmicas e neuro-
hormonais (Freitas et al., 2007) que podem comprometer a circulagdo sistémica, mas pouco se

sabe sobre as consequéncias hemodinamicas cerebrais neste contexto. As sindromes de
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intolerancia ortostdtica incluem a sincope neurocardiogénica, a sindrome da taquicardia
postural com o ortostatismo, a hipersensibilidade do seio carotideo e a hipotensdo ortostatica.
Assim, fruto da colaboracdo entre os de Servigos de Neurologia e Cardiologia, nasceu um projeto
de colaboracdo devoto ao estudo hemodindmico cerebral em doentes com intolerancia
ortostdtica, realizado no Centro de Estudos de Fung¢do Autondmica do Hospital de Sdo Jodo e
com especial enfoque no papel do SNA. Os estudos efetuados pela equipa de investigacao
referida tém revelado aspetos fisiopatoldgicos importantes (Freitas, 2010, Freitas et al., 1998,
Freitas et al., 2007).

A monitorizacdo das velocidades de fluxo cerebral com DTC permitiu estudar melhor as
caracteristicas hemodinamicas particulares das varias sindromes de intolerancia ortostatica
(Freitas, 2010). No caso da sincope neurocardiogénica, o estudo hemodindamico cerebral
mostrou que estes doentes apresentam um fendmeno de aumento do tdnus vascular cerebral
marcado, que se ja se verifica pelo menos 5 minutos antes da queda abruta da PA no momento
da sincope (ver “Anexos - Indexes of cerebral autoregulation do not reflect impairment in
syncope: insights from head-up tilt test of vasovagal and autonomic failure”). Esta
vasoconstricdo cerebral podera ser fruto da hiperventilacdo e hipocapnia, podendo predispor
estes individuos a ocorréncia do reflexo neurocardiogénico e, consequentemente, a sincope.
Neste estudo adotou-se uma estratégia de analise da ARC inovadora com medicdo continua do
indice de autorregulacdo (IARC;). Assim, foi possivel comprovar que a ARC permanece intacta
até ao momento em que ocorre a sincope. Ndo parece, pois, que estes doentes tenham a priori
uma disfuncdo regulatéria do fluxo cerebral perante as variacGes de PA que os predispdem a
ocorréncia de sincope.

No caso de doentes com polineuropatia amiloidética familiar (PAF), observaram-se dois aspetos
relevantes. O primeiro prende-se com o facto de haver uma dificuldade particular de avaliagao
da ARC nos doentes com disautonomia, o que pode ser extrapolado nas futuras investigacdes
em que possa haver essa interferéncia (e.g., diabetes mellitus, AVC isquémico agudo). De facto,
a coeréncia entre PAM e VFM foi muito baixa, certamente devido a baixa variabilidade da PA,
uma caracteristica da faléncia do SNA. Isso tornou a interpretagao dos parametros da AFT pouco
valida do ponto de vista matematico. Ndo deixa de ser interessante notar que a variabilidade da
VFM nao fica afetada, contrariamente a outros sinais bioldgicos como a FC e a PA, sendo muito
semelhante a dos individuos normais em todas as bandas de frequéncia. Estes resultados
sugerem a existéncia de multiplas influéncias que sobressaem na flutuacdo do FSC (cognitivas,
hormonais, etc.). Estes achados apenas haviam sido relatados num estudo experimental, numa

populacdo saudavel submetida a bloqueio ganglionar farmacoldgico (Zhang et al., 2002). Pela
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primeira vez, sao confirmadas estas alteracdes num grupo de doentes com disautonomia. O
segundo resultado relevante foi mostrar que a ARC permanece em niveis elevados durante a
prova de Tilt, tendo-se estudado, pela primeira vez, as respostas ao ortostatismo com medicao
continua da ARC (IARC;). Observou-se pois uma resposta vasodilatadora cerebral compensatdria
e esperada perante a descida marcada da PA e da VFSC. Esta resposta vasodilatadora parece ser
melhor explicada por um decréscimo do PRA ao invés do classico iRVC, que permaneceu
constante durante a prova, ndo refletindo a resposta fisioldgica esperada. Pelo contrario,
verifica-se um aumento da PCrE semelhante ao que foi registado nos individuos normais. Deste
modo, a diminuicdo excessiva de valores de PRA para além da PCrE poderd levar rapidamente
ao colapso vascular e, consequentemente, a ocorréncia de sincope.

No seu conjunto, os resultados deste trabalho mostram que a ARC ndo parece estar envolvida
primariamente na fisiopatologia da sincope, quer em condicGes hiperadrenérgicas tipicas da
sincope neurocardiogénica, quer na disautonomia. Neste ultimo caso, também se da enfoque
ao facto de o modelo dual PRA+PCrE parecer ser vantajoso em relacdo a analise do estado

vasomotor baseada apenas num sé parametro, o iRVC.

Adaptacao hemodinamica cerebral a duplo estimulo: ortostatico e visual

Um trabalho prévio de Azevedo et al mostrou que o ANV se mantinha constante ao longo das
varias condi¢Ges de ortostatismo progressivo: desde a posi¢do supina, passando para sentado
até terminar na prova de Tilt a 70° (Azevedo et al., 2007). Contudo, nao foi investigado o modo
como a hemodinamica cerebral reage ou interage com os mecanismos reguladores cerebrais,
de modo a manter o ANV intacto. Assim, comparam-se os valores de resisténcia vascular
cerebral nas diferentes posi¢Ges durante a fase de repouso e a sua variagdo com o estimulo
visual.

Neste estudo evidenciou-se que, apesar de a variacdo da VFM durante o ANV ser semelhante
nas trés posicdes, este foi fisiologicamente diferente. Todos estes parametros de resisténcia,
PCrE, PRA e iRVC, diminuiram durante a estimulagdo visual, mas a magnitude dessa variagao ndo
foi equivalente. Na posicao de mdaximo stresse ortostatico, ou seja, durante o tilt, a variacdo da
PCrE contribui pouco para o aumento do VFSC em relagdo ao que sucede em supino ou na
posicdo de sentado, enquanto o PRA se mostrou semelhante nas trés posi¢cdes. Este facto
podera estar relacionado com o facto de a PCrE aumentar em valor absoluto, em fase pré-
estimulagdo, com o ortostatismo e, deste modo, ndo reduzir tanto durante o ANV. Estes
resultados mostram uma adaptacdo complexa da hemodinamica cerebral ao ortostatismo, de

modo a preservar o acoplamento vascular e, por isso mesmo, as necessidades metabdlicas
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necessarias para a manutencdo da atividade mental. Este trabalho foi importante porque
evidenciou que os vasos de resisténcia se adaptam de modo a manter a pressao de perfusao

aceitavel, impedindo o comprometimento nutritivo dos microvasos parenquimatosos.

Influéncia do sistema nervoso central na regulacdo hemodinamica sistémica

Um dos mecanismos reguladores hemodinamicos sistémicos que podem ter influéncia cerebral
€ o sistema de BR (ver sessdo “Barorreflexo”). Sabe-se que este controlo do sistema nervoso
central se faz por vdrias estruturas que designamos por RAC (ver sec¢do “Neurogénicas ”). No
AVCisquémico ocorre lesdo do sistema nervoso central, o que pode danificar a RAC. Como vimos
anteriormente (ver seccdo “Sincope e sindromes de intolerdncia ortostdtica”), a disautonomia,
e consequentemente perda de BR, pode alterar a dindmica da regulacdo cerebral e até
inviabilizar a interpretacdo dos dados da mediacdo de ARC, particularmente da AFT. Neste
estudo determinou-se até que ponto lesGes mais conspicuas sobre a RAC podiam afetar os
mecanismos gerais de regulacdo de BR. Selecionou-se um modelo de esclerose multipla, dado
que estes doentes podem apresentar lesdes na vizinhanca e conexdes da RAC sem, contudo,
afetar uma grande area contigua. Para o efeito, criou-se uma pontuacdo de lesdo da RAC, em
que a existéncia de uma lesdo justaposta a uma das areas deste sistema contribuia com um
ponto para essa escala.

Verificaram-se dois resultados importantes. Em primeiro lugar, os doentes com esclerose
multipla, mesmo que em fases iniciais, apresentam uma disfun¢gdo autonémica melhor
demonstrada pela analise de variabilidade da FC do que por testes classicos da bateria de Ewing.
Em segundo lugar, esta disfungdo ndo mostrou qualquer correlagdo com o atingimento central.
A excecado foi o facto de lesdes peri-insulares condicionarem um aumento do ténus simpatico
(mediana ou amplitude interquartil LF/HF: 1,1 (0,6-2,1) vs. 0,9 (0,4-1,3), p = 0,035). Este
envolvimento insular como modificador do ténus simpatico-parassimpatico tem sido descrito
no AVC, embora nao tenha sido descrito em nenhuma outra patologia do sistema nervoso
central. A disautonomia destes doentes foi, em parte, explicada por lesGes espinhais que podem
facilmente atingir a coluna intermediolateral do SNA simpatico, cujos segmentos toracicos altos
controlam a FC via plexo cardiaco. Assim, podemos esperar que o atingimento do RAC no AVC
nao seja um fator primordial na interferéncia dos mecanismos de regulagdo da hemodinamica

periférica e que possa interferir nos resultados da ARC.
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Autorregulacao cerebral e efeito da disautonomia durante a manobra de Valsalva

Tal como vimos na introducdo, a manobra de Valsalva é geralmente usada para testar o SNA e
também a ARC, ja que apresenta variacOes previsiveis da PA ao longo das suas fases. Para além
das varia¢Oes de PA, também existe um aumento da pressao intratoracica que se transmite a
nivel intracraniano durante o esforco respiratério. O interesse desta prova é que, ao manipular
o valor de PIC, podemos testar o modo como os indices de autorregulacdo se comportam
durante a prova e, daqui, retirar consequéncias para o uso destes em situagdes em que a PIC
tem oscilagdes ou em que haja mudangas do SNA, como é frequente no AVC isquémico (De
Raedt et al., 2015).

Usamos uma estratégia nova (ver seccdo “IARC continuo”) para calcular o valor de IAR ao longo
do tempo de forma continua (IARC:). Podemos, pois, comprovar que o valor de IARC ndo se
mantém estdvel durante a manobra, como se pode evidenciar na Figura 31. Nos individuos
sauddveis, a ARC aumenta face ao estimulo de descida da PA e parece “desligar” apds um
periodo de bradicardia final sob o risco de provocar uma queda de FSC excessivo nesta fase final.
Outro aspeto relevante foi o de demonstrar, mais uma vez, que o modelo PCrE + PRA é superior
ao simples iRVC para demostrar aspetos fisioldgicos. Assim, verificamos claramente que a PIC
tem uma influéncia direta nos valores de PCrE, mesmo nos doentes com disautonomia. Contudo,
como a PA cai progressivamente devido a auséncia de ativacdo do simpdtico, ocorre uma
vasodilatacdo cerebral demonstrada pela reducdo do PRA. Se tivéssemos apenas em conta o
iRVC, chegariamos a conclusdo de que os doentes com disautonomia apresentavam
vasoconstricdo cerebral durante a prova, o que seria “paradoxal” de acordo com o esperado
fisiologicamente.

Ao contrario de Zhang et al. (Zhang et al., 2004a), ndo se verificou uma hiperémia final no grupo
de disautonomia. O nosso grupo de doentes com PAF representa um modelo de desnervacdo
autondmica persistente que podera levar a fendmenos adaptativos a longo prazo, o que podera
explicar as diferengas com os seus resultados. Assim, este estudo mostra as diferencgas entre um
modelo de disautonomia crénica e outros em que se provoca uma disautonomia aguda (e.g.,
blogueio ganglionar com trimetafano). Os resultados deste estudo, juntamente com outros
(Panerai, 2003, Panerai et al., 2005, Maggio et al., 2013, Salinet et al., 2013), demonstram que
o PRA parece ser um fator de resposta miogénica mais fidedigno do que 0 iRVC e que ndo é tao

influenciado por varidveis metabdlicas, cognitivas ou de PIC como a PCrE.
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Influéncia do sistema nervoso autonomo no acoplamento neurovascular

Neste estudo procurou-se perceber de que modo a disautonomia poderia comprometer os
mecanismos que regulam a hiperémia funcional regional durante a atividade cognitiva. Assim,
comparou-se a resposta de ANV, através de um paradigma visual e monitorizando a ACP com
DTC, entre dois grupos: um composto por individuos sauddveis e outro por individuos com
disautonomia causada por PAF. Esta avaliacdo ocorreu em dois graus de stresse hemodinamico:
supino e sentado. Utilizou-se a parametrizacdo de Rosengarten (ver sec¢do “Visual”). Descobriu-
se que, no grupo com disautonomia, o ANV se encontrava afetado ja na posicdo de supino e que
agravava com a posicao sentado, ao contrario dos individuos sauddveis. De notar que nos
doentes com PAF, apesar da disautonomia marcada (com hipotensdo ortostatica em tilt), ndo
havia ainda uma variagdo significativa da PA na posi¢do de sentado. Na posicdo de sentado, foi
notdria a diminuicdo da aceleracao inicial e de valor final (ganho) de VFSC durante a estimulacdo
visual no grupo de doentes com disautonomia.

Além disso, pode verificar-se alguma alteracdo da regulagdo dos vasos de resisténcia cerebrais.
Para tal, comparam-se o iRVC, o PRA e a PCrE. Embora ndo se tenha verificado nenhuma
diferenca significativa entre os grupos em cada posicdo, houve diferencas no comportamento
dos varios indices, com a mudanga de posicdo e na estimulagao visual. Realga-se a diminuicao
significativa de PRA nos dois grupos de doentes com PAF, ao contrdrio dos controlos, da posi¢do
supina para sentada. Uma vez que este marcador de resisténcia vascular cerebral se relaciona
mais com o0 mecanismo miogénico, sugere uma vasodilatagao predominantemente miogénica
na adaptacao ao estimulo ortostatico. Este facto esta de acordo com o que foi verificado durante
a prova de tilt do estudo prévio (ver sessdo “Sincope e sindromes de intolerdncia ortostdtica”).
Com a estimulagdo visual e na posicdo sentada, verificou-se que, nos doentes com
disautonomia, a variacdo do PRA e da PCrE reforcou os achados obtidos pelo sistema de
controlo, podendo sugerir, num contexto de perturbacdo autonémica, maior envolvimento local
dos mecanismos miogénico e metabdlico. Até entdo, ndo haviam sido descritas altera¢Oes
destes parametros, nem com alteracdes posturais, nem com estimulacdo metabdlica regional.

Nos doentes com menor grau de disfungdo autondmica, que estavam ainda assintomaticos, é
curioso verificar que se encontrou uma perturbacdo ligeira da VR. Estes achados poderdo
reforcar a ideia de haver ja um atingimento pré-sintomatico da regulagdo hemodinamica, o que
esta de acordo com os trabalhos preliminares da hemodinamica sistémica ja referidos, relativos
ao registo da variabilidade de PA e FC nas 24 horas (Carvalho et al., 2000).

Os resultados obtidos no estudo da adaptacdo postural e do ANV favorecem entdo a ideia da

importancia do mecanismo neurogénico na regulacdo hemodinamica cerebral no que concerne
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ao ANV. Assim, nas situacbes de disfuncdao autondmica, em que pelo menos a inervagao
extrinseca dos vasos corticais estara afetada, verifica-se perturbacdo da hiperémia funcional e
maior relevancia dos mecanismos miogénico e metabdlico na regulagdio da VR,
comparativamente com os controlos.

A discussdo acerca do papel do SNA, e nomeadamente do sistema nervoso simpatico, foi
introduzida previamente na sec¢ao “Neurogénicas”. Apesar da evidéncia de uma boa inervagao
por fibras simpdticas do leito vascular cerebral (Sercombe et al., 1975, Edvinsson, 1975), o seu
papel na regulagdo vasomotora é ainda pouco conhecido e mesmo controverso (van Lieshout &
Secher, 2008). Como o SN simpatico é, em geral, mais ativado com o ortostatismo, o facto de as
alteracbées do ANV nos doentes com PAF se manifestarem predominantemente na posicao
sentada, em relacdo a supina, levara a pensar que seja o compromisso simpatico mais
responsdvel pelas alteracdes encontradas. Como se sabe, a acdo vascular do simpatico é
geralmente de vasoconstricdao, e poderd levantar-se a hipdtese de a sua acao ser importante na
contracdo de leitos vasculares ndo ativos, “focando” a zona estimulada. Contudo, ndo se pode
afastar a hipdtese de a auséncia de vasodilatacdo por um parassimpdtico comprometido ter um
papel nas alteracdes regionais do ANV. Porque o simpatico e o parassimpatico podem ser
importantes para regular a nivel extraparenquimatoso (pial) o fluxo sanguineo dos vasos
intracerebrais onde se da o ANV, podera haver dificuldade em preservar a perfusao correta focal

que é despertada pelas arteriolas corticais que promovem o ANV.

O papel do endotélio na regulagao vascular cerebral

Uma vez que na doenga de Fabry existe um atingimento precoce de doenga vascular cerebral,
com AVC ou acidentes isquémicos transitorios (Fellgiebel et al., 2005, Sims et al., 2009, Rolfs et
al., 2005), (Rolfs et al., 2005, Fellgiebel et al., 2005, Sims et al., 2009) tentou-se estudar uma
populacdo de doentes ainda assintomaticos para doenca vascular cerebral, procurando achados
pré-clinicos. Tratam-se de pacientes adultos portadores de mutac¢do do gene GLA, resultando
na auséncia ou diminui¢do de atividade da enzima a-galactosidase A, com fenétipo cldssico da
doenca (Desnick et al., 2003). Para além da avaliacdo do ANV, procuraram-se marcadores
imagioldgicos de doenca vascular cerebral. O estudo concluiu haver evidéncia hemodinamica e
imagioldgica de envolvimento assintomatico do SNC na doenca de Fabry, incluindo aumento da
espessura intima-média na carétida comum na auséncia de placas ateroscleréticas focais,
diminuicdo da velocidade em repouso do fluxo sanguineo na ACP, perturbacdo do ANV no cértex

occipital, lesGes de substancia branca, diminuicdo da razdo entre os volumes da substancia
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branca e cinzenta, alongamento e tortuosidade das grandes artérias intracranianas e aumento
do didmetro da artéria basilar. Ndo ha marcadores hemodindmicos estabelecidos para o
atingimento cerebral da Doenca de Fabry. Apenas se encontram na literatura dois estudos com
resultados contraditérios com recurso a DTC (Moore et al., 2002, Hilz et al., 2004). O nosso
estudo revelou uma perturbagao funcional do ANV que poderd ser util como marcador da
doenga ainda em fase assintomatica, permitindo eventual modula¢do do tratamento, embora
nao haja evidéncia robusta de acdo da terapéutica enzimatica de substituicdo na vasculatura
cerebral. Este estudo mostra como a parede vascular e o endotélio poderdo também afetar a
normal regulacdo vascular, pelo que estes mecanismos deverdo ser tidos em conta no estudo

da hemodinamica do AVC isquémico cerebral.

JUSTIFICACAO DAS BASES QUE CONDUZIRAM AOS OBJETIVOS DO PROJETO

Apesar dos avancos no tratamento de fase aguda do AVC isquémico, muitos doentes com AVC
isquémico ndo sao submetidos a tratamento de revascularizacdo aguda, nalguns casos ficando-
se apenas pelos 1-3% to total de AVC isquémicos (Molina & Saver, 2005). Além disso, numa
metanalise do conjunto dos ensaios clinicos mais recentes sobre trombectomia (o tratamento
mais eficaz), a independéncia funcional aos trés meses ndo ultrapassou os 50% (Goyal et al.,
2016). Num estudo menos controlado e mais préoximo da vida real, esta ficou-se pelos 33%
(Berkhemer et al., 2015). Assim sendo, apesar de haver recanalizagdo numa curta janela
terapéutica de 6 horas (Powers et al., 2015), um grupo consideravel de doentes ndo melhora,
pelo que necessitamos de entender melhor que fatores limitam a viabilidade da penumbra

isquémica.

Dois dos aspetos que afetam o progndstico do doente apds revascularizagao cerebral sdo o
edema cerebral e a transformagdo hemorragica do tecido enfartado (Balami et al., 2011). As
caracteristicas clinicas e laboratoriais analiticas de rotina ndo permitem predizer estas
complicacBes com acuidade suficiente (Whiteley et al., 2012) para a tomada de decisGes perante
o doente individual. Ha evidéncia de que uma microvasculatura cerebral cronicamente
danificada podera estar envolvida na fisiopatologia das complicacdes neuroldgicas referidas, ja
gue os sinais imagioldgicos que com ela se relacionam (e.g., grau de leucoencefalopatia)
aumentam significativamente o risco de hemorragia (Curtze et al., 2015) e edema (Strbian et al.,
2013) do tecido cerebral isquemiado apds trombdlise endovenosa. Serdo os pequenos vasos de

resisténcia um dos participantes nestas complica¢des?
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Sabemos que existe grande variabilidade na resposta a isquemia cerebral (Giffard et al., 2004,
Gonzalez et al., 2010). Se, por um lado, existem doentes que progridem rapidamente para a
isquemia cerebral, incluindo a zona de penumbra isquémica, também se verificam alguns casos
de dissociacdo entre a clinica e os achados imagioldgicos de gravidade (e.g., défices neuroldgicos
ligeiros e oclusdao de M1) (d'Esterre et al., 2015). Alguns autores focam a sua interpretacdo no
grau de colateralizacdo (Liebeskind, 2003) que um doente consegue atingir de modo a proteger
a penumbra isquémica. Contudo, o que determina a disparidade observada na ativacdo das
colaterais arteriais no AVC isquémico agudo? Tal ndo explica as complicacbes da lesdo de
reperfusdo, o edema cerebral ou a hemorragia secunddria. Isto leva-nos a questdo: ndo serd o
estado funcional dos vasos de resisténcia e a sua incapacidade regulatéria na zona sob isquemia
o que poderd contribuir, em parte, para a progressao isquémica ou complicacdes do enfarte

cerebral?

Um dos fatores que podem influenciar o destino das células da penumbra isquémica sdo os
niveis de PA na fase aguda (Tikhonoff et al., 2009). A relacdo da PA com o progndstico do AVC
isquémico agudo descreve uma curva em U, i.e., valores extremos de PA podem conduzir a um
pior progndstico (Figura 42) (Leonardi-Bee et al., 2002, Geeganage & Bath, 2009). Isso conduziu
a elaboracdo de varios estudos de manipulagdo da PA, que acabaram por ter sempre resultados
neutros (Tikhonoff et al., 2009). A negatividade destes estudos podera estar relacionada com o
facto de terem ignorado o estado hemodinamico da circulacdo cerebral. O simples facto de
sabermos se o vaso foi ou ndo recanalizado afeta decisivamente essa relagdo (Martins et al.,
2016). Assim, no que ao manuseamento e objetivos de PA na fase aguda do AVC isquémico diz
respeito, as linhas de orientagdo permanecem desoladoramente evasivas (European Stroke
Organisation Executive & Committee, 2008, Jauch et al., 2013a). E interessante notar que os
valores de PA também tém uma relacdo através de uma curva de aspeto em “U” com o
progndstico de outras patologias cerebrais agudas como o traumatismo craniano (Butcher et al.,
2007) e a hemorragia intracerebral (Vemmos et al., 2004). Neste contexto, essa relagdo ja se
mostrou intimamente ligada ao estado da ARC (Czosnyka et al., 1997, Steiner et al., 2002, Dias
et al., 2015), tal como detalhado na secgdo “Importdncia clinica dos indices de autorregulag¢éo

cerebral”.

Neste contexto, e relativamente a estas questdes hemodinamicas, o ponto essencial podera ndo

ser qual o melhor nivel de PA que devemos manter, mas o facto de percebermos se a vasculatura
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Figura 42 — Pressao arterial e AVC isquémico agudo

Interpretacdo do autor acerca da relagdo da pressao arterial (PA) e progndstico no AVC isquémico agudo.
O texto e linhas escuras dizem respeito a resultados de dois estudos em que se mostra que (A) (Leonardi-
Bee et al., 2002) os doentes que se apresentam nos extremos de PA se associa¢do a pior progndstico em
termos de mortalidade e estado funcional a longo prazo e que a manipulagdo excessiva da PA na fase
aguda do AVC isquémico (B) (Geeganage & Bath, 2009) parece contribuir para um prognéstico funcional
pior. O autor da tese reinterpreta os resultados numa perspetiva de autorregulagdo cerebral. Os niveis
de PA elevados ou baixos poderdo associar-se a pior progndstico dado terem sido cruzados os limites da
autorregulacgdo (linhas a vermelho) e o fluxo cerebral (texto a vermelho) diminuiu (e.g., progressdo da
isquemia) e ou aumenta (e.g., risco de transformagdo hemorragica) proporcionalmente com a PA.

cerebral tem capacidade ou ndo de manter um FSC constante independente das variagcGes da
PA, ou seja, se a ARC estara ou ndo preservada. Se esta estiver intacta, entdo as alteragGes da
PA, dentro de certos limites, ndo irdo afetar a perfusao do territorio arterial cerebral afetado, ja
que uma eficiente constrigdo ou dilagdo vascular permitird manter o FSC. No entanto, no caso
de haver disfungdo deste mecanismo, um episddio hipotensivo podera levar a hipoperfusao
cerebral e extensdo da area de enfarte a zona de penumbra; pelo contrario, se houver niveis
elevados de PA, poderd resultar em hiperperfusdo de um leito vascular fragilizado e
consequente transformagdo hemorragica e edema cerebral. Seguindo este raciocinio,
poderemos concluir que o conhecimento da capacidade de ARC no AVC isquémico agudo podera

ajudar a delinear melhores estratégias terapéuticas e predizer complicagGes neurolégicas.

Apesar de a ARC poder ser relevante para o sucesso da recuperac¢do da penumbra isquémica e
para a predicdo de complicacGes neuroldgicas, tem sido estudada no AVC isquémico (Aries et
al., 2010) fora da janela terapéutica mais relevante, ou seja, até as 6 horas de inicio de sintomas
(Powers et al., 2015). Uma das limitacdes dos estudos da ARC na fase aguda do AVC refere-se
ao tempo de avaliacdo, que variou entre 20 — 96 horas apds o inicio de sintomas (Reinhard et
al., 2005, Immink et al., 2005, Dohmen et al., 2007, Reinhard et al., 2008, Eames et al., 2002,

Dawson et al., 2003, Dawson et al., 2000b). Além disso, os estudos existentes sdo marcados



Introdugdo

também pela heterogeneidade em termos de populagdo; no entanto, os resultados,

globalmente, mostram uma disfuncdo da ARC (Aries et al., 2010).

A ARC também ndo tem sido estudada como binémio cérebro-rim e cérebro-coragao.

A doenga renal crénica aumenta o risco de AVC isquémico, aumenta a sua gravidade e piora o
prognéstico (Kumai et al., 2012, Toyoda & Ninomiya, 2014, Naganuma et al., 2011). O
mecanismo exato que governa esta relagdo esta pouco esclarecido (Toyoda & Ninomiya, 2014).
Uma explicacdo possivel pode ser o facto de terem arvores microvasculares semelhantes. Em
ambos os drgdos, a vasculatura tem um fluxo de baixa resisténcia e precisa de manter o fluxo
sanguineo constante regulado por mecanismos miogénicos bem afinados, para o proteger das
variacOes de PA, i.e., de ARC {(Panerai, 1998, Lassen, 1959, Carlstrom et al., 2015, Aaslid et al.,
2003, Davis, 2012, Loutzenhiser et al., 2006). A ARC é, pois, vista como um mecanismo geral que
protege os 6rgdos contra os insultos (e.g. hipertensdo arterial ndo controlada e diabetes
mellitus) (Wardlaw et al., 2009, O'Rourke & Safar, 2005) (Purkayastha et al., 2014). De facto, a
esclerose glomerular da doenga renal crénica (Bidani & Griffin, 2004), os enfartes lacunares e as
lesdes de substancia branca sdo caracterizados por condi¢cdes patoldgicas semelhantes:
disfuncdo endotelial, arteriolosclerose isquémica, perfusdo reduzida e extravasamento vascular
(Fazekas et al., 1993, Wardlaw, 2010. A lesdo renal estd associada a lesGes microvasculares
cerebrais {Yang, 2017 #818). No estudo do estado funcional da microvasculatura, a ARC pode

ser um fator que explique o pior desfecho clinico dos doentes com doenca renal crénica.

A relagdo entre coragdo e cérebro tem sido cada vez mais salientada. A Insuficiéncia cardiaca
(IC) crénica tem sido associada ao mau progndstico no AVC, sendo que tal é devido em grande
medida a sua associac¢do a fibrilhagdo auricular e a AVC mais graves (Haeusler et al., 2011).

Por outro lado, podemos pensar na IC como uma situa¢ao de hipoperfusdo cerebral crénica, o
que pode induzir alteragdes morfofuncionais nos vasos de resisténcia cerebral de modo a ter
maior capacidade de resposta ao insulto isquémico, aquilo que designamos por pré-
condicionamento isquémico (Koch et al., 2014). Um trabalho prévio mostrou que existe
desoxigenacgao cerebral em postura ortostatica nos doentes com IC com disfung¢do ventricular
(Cornwell & Levine, 2015), possivelmente como resultado da vasoconstrigdo cerebral provocada
por um aumento do simpdtico (van Lieshout & Secher, 2008), embora tal se possa dever
simplesmente a diminui¢cdo do débito cardiaco. Sdo poucos os estudos que se debrucam sobre
a regulacdo cerebrovascular nos doentes com IC. Um estudo prévio mostrou que podera existir

algum défice de VR ao CO,, embora tal ndo seja ARC (Georgiadis et al., 2000). Um unico estudo
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recente mostrou que existe alguma limitacdo de ARC em doentes com disfuncao sistélica e em
repouso, numa fase sem descompensacdo ou doenca aguda (Caldas et al., 2017). Ndo ha estudos
de ARC na IC na fase de isquemia cerebral aguda. Um melhor conhecimento dos mecanismos da
hipoperfusdo pode levar ao melhor tratamento das complicagGes neuroldgicas na IC crénica,

assim como originar novos dados sobre o modo como o cérebro responde a hipoxia global.

Em suma, ha importantes lacunas no conhecimento cientifico que justificam o estudo da ARC na

fase aguda do AVC isquémico e do seu papel no progndstico e risco de complicagGes cerebrais.
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V. OBJETIVOS

Objetivo geral
O objetivo geral deste projeto foi investigar o papel que a ARC dinamica tem no AVC isquémico
agudo, avaliado por DTC e medicdo ndo invasiva continua da PA, para aumentar o conhecimento

fisiopatoldgico da doenca, assim como determinar o seu valor prognéstico.

Objetivos especificos
O projeto de investigacdo dividiu-se em duas fases: num primeiro momento (Parte A), avaliou-
se a ARC numa populagdo normal sem fatores de risco vascular; e num segundo momento (Parte

B), avaliaram-se doentes com AVC isquémico agudo. Os objetivos mais especificos sdo:

Parte A
e Determinar entre que valores opera a ARC dindmica, avaliada pela AFT, numa populagdo
saudavel sem fatores de risco vascular;
e Compreender melhor a influéncia de parametros demograficos, como idade e sexo, e
de parametros hemodinamicos sistémicos basicos, nos valores da ARC dindmica;
e Determinar qual a correlagdo entre os parametros que avaliam os vdrios mecanismos

de regulagdo vascular cerebral — ARC, VR e ANV.

Parte B

e Avaliar a possibilidade de medigdo da ARC dinamica dentro das primeiras 6 horas de
sintomas de AVC isquémico agudo;

e Determinar a sua relagdo com o volume de enfarte as 24 horas e progndstico funcional,
avaliada pela escala modificada de Rankin aos 3 meses;

e Determinar a sua relagdo com o risco de complicagdes neuroldgicas mais comuns —
transformacdo hemorragica e edema cerebral as 24 horas;

e Avaliar a relagdo entre a ARC e a func¢do renal, estimada pela taxa de depuragdo da
creatinina basal nos doentes com AVC isquémico agudo;

e Avaliar a influéncia que a hipoperfusdo crdnica causada pela IC tem na resposta da ARC

na fase aguda e crénica do AVC isquémico.
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PARTE A: ESTUDO DA AUTORREGULACAO CEREBRAL

NUMA POPULACAO NORMAL
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Demographic and Systemic Hemodynamic Influences in
Mechanisms of Cerebrovascular Regulation in Healthy Adults

Joao Madureira, Msc, MD,* Pedro Castro, mp,*t and Elsa Azevedo, phD, MD*t

Objectives: A competent cerebrovascular regulation maintains an adequate cere-
bral blood flow by 3 major mechanisms: cerebral autoregulation (CA), vasomotor
reactivity (VMR), namely to CO,, and neurovascular coupling (NVC). However,
most studies generalize their results based on a response to a single parameter.
Using a full battery of neurovascular stress tests, our study aims to evaluate the
relationships among grades of CA, VMR, and NVC, and how their interplay is
influenced by demographic and systemic hemodynamic factors. Methods: Fifty-
eight healthy adults were recruited to fit each decade age stratum from 20 to 80
years old with similar sex ratio. Arterial blood pressure (Finometer), cerebral blood
flow velocity in the middle cerebral arteries (transcranial Doppler), electrocardio-
gram, and end-tidal CO, were monitored. We assessed CA by transfer function
analysis, VMR at hypocapnia and hypercapnia (carbogen 5%), and NVC re-
sponse during the N-Back Task. The Montreal Cognitive Assessment scores were
recorded. Results: Neurovascular stress tests were not affected by age or gender,
and no correlation was found between their outputs (P > .05). Systemic hemody-
namic parameters during tasks as well as cognitive scores had no correlation with
cerebrovascular measurements (P > .05). Conclusions: Age and gender do not
have major influence on the 3 major cerebrovascular regulation mechanisms.
Our results also pinpoint the fact that neurovascular stress tests measure differ-
ent aspects of cerebrovascular control, and that their outputs are uncorrelated
and cannot be used interchangeability. Being independent of age and cognitive
status, neurovascular stress tests seem adequate for studying several cerebrovas-
cular conditions affecting the aging brain. Key Words: Cerebrovascular
reactivity—cerebral blood flow—cerebral autoregulation—vasomotor
reactivity—neurovascular coupling—transcranial Doppler.

© 2017 National Stroke Association. Published by Elsevier Inc. All rights reserved.
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Harmonious control of the cerebrovascular bed is crucial
for maintaining an adequate cerebral blood perfusion in
response to a myriad of vasoactive stimuli." In order to
compensate the high metabolic rate and limited energy
stores of brain tissue, a complex interplay among metabolic,”
neuronal,” and pressure- and shear-dependent***
genic mechanisms modulates cerebral resistance, allowing
the cerebral vasculature to constrict or dilate in response
to hemodynamic and neurophysiological stimuli.'

Transcranial Doppler is a powerful and versatile tool
for noninvasive assessment of intracranial vessels. It
allows easy access to the health of the cerebral micro-
vascular bed using neurovascular tests.*”* These procedures
allow the evaluation of 3 major physiological processes

myo-
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that underlie cerebral blood flow preservation: (1) cere-
bral autoregulation (CA), which is the capacity of the cerebral
blood vessels to maintain constant cerebral blood flow
regardless of the fluctuation in arterial blood pressure (ABPY’;
(2) vasomotor reactivity (VMR), the response blood va-
soactive substances like carbon dioxide (CO,)% and (3)
neurovascular coupling (NVC), or functional hyperemia,
which adapts local flow in response to neuronal activity.'*!

Impairment of cerebrovascular regulation has been linked
to several disorders, such as Alzheimer' > and Parkinson'
diseases, trauma,'" subarachnoid hemorrhage,’ carotid
artery disease,' stroke,'”” metabolic diseases,'® and auto-
nomic failure.”"” However, in most reports, considerations
about global cerebrovascular regulation status are sup-
ported by only one of these components. Therefore, there
is a lack of evidence on the interplay among CA, VMR,
and NVC in both healthy and pathologic states, and how
age, gender, and other demographic factors influence them
per se, regardless of disease.

Using a comprehensive neurovascular stress tests battery,
this study seeks to determine how different mechanisms
of cerebrovascular control (CA, VMR, and NVC) relate
to each other in healthy adults and how they might be
influenced by age, gender, and systemic hemodynamic
factors.

Materials and Methods

This study was conducted in Sao Joao Hospital Center,
a university hospital in Porto, Portugal. It was approved
by the appropriate local institutional ethical committee
and performed in accordance with the Declaration of
Helsinki ethical standards. All participants gave written
and signed informed consent.

Population Studied

Subjects were selected by advertising within univer-
sity facilities. We predefined to include 10 Caucasian
participants, with a sex ratio of 1:1 in each decade of age
strata, ranging from 20 to 80 years old. All participants
fulfilled a comprehensive questionnaire to exclude common
vascular risk factors (hypertension, diabetes, and smoking),
history of vascular disease (e.g., heart failure, atrial fi-
brillation, etc.), or any neuropsychiatric disease affecting
central or autonomic nervous system. Systolic and dia-
stolic blood pressures were averaged from 3 measurements
in the sitting position with an oscillometric cuff (Omron
M6, Kyoto, Japan). Body mass index was calculated. Par-
ticipants above 35 years old underwent cervical and
transcranial ultrasound examinations (Vivid e, GE, Little
Chalfont, UK) to exclude hemodynamically significant
carotid stenosis. The Montreal Cognitive Assessment
(MoCA) test, which is sensitive to vascular cognitive im-
pairment and has been validated in the Portuguese
population, was applied to all participants.”
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Monitoring Protocol

Evaluations were carried out in a dim-lighted room,
with a temperature of around 20°C, in supine position,
and with bed head at 0°. Subjects were refrained from
taking caffeine, alcohol, exercise, or vasoactive drugs for
at least 12 hours before monitorization. Cerebral blood
flow velocity (CBFV) was recorded bilaterally from the
M1 segment of the middle cerebral artery (MCA), at a
depth of 50-55 mm, with 2-MHz monitoring probes secured
with a headband (Doppler-Box X, DWL, Singen, Germany).
Continuous ABP was recorded with Finometer MIDI (FMS,
Amsterdam, Netherlands) on the nondominant side. Heart
rate (HR) was assessed from lead II of a standard 3-lead
electrocardiogram. End-tidal carbon dioxide (EtCO,) was
recorded by nasal cannula with capnograph (RespSense,
Nonin, Amsterdam, Netherlands). All data were syn-
chronized and digitized at 400 Hz with PowerLab (AD
Instruments, Oxford, UK) and stored for offline analy-
sis. After resting for 20 minutes, a 10-minute period of
resting data was stored for CA calculations. Afterwards,
VMR and NVC protocols were performed.

Vasomotor Reactivity Protocol

After resting, subjects inspired a gas mixture of 5% CO,,
21% O, and balance nitrogen for 2 minutes. After sta-
bilization of hemodynamic parameters back to baseline,
they hyperventilated to an EtCO, ~20 mm Hg for another
2 minutes. VMR is calculated as the slope of the rela-
tionship between EtCO, plotted against relative mean CBFV
at the last 30 seconds of hypocapnia or hypercapnia and
expressed as change % of the mean CBFV/mm Hg CO,.
VMR was also calculated separately for hypercapnia and
hypocapnia.

Neurovascular Coupling Protocol

N-Back Task was performed and analyzed as by Sorond
et al."” While in supine position, a sequence of single letters
was displayed onto the ceiling. Subjects were instructed
to press the mouse button each time a letter was repeat-
ed (1-Back) or each time a letter was repeated every other
letter (2-Back). A control task was performed before each
task—"Identify the letter X”; NVC was calculated as the
ratio of the relative CBFV increase during the N-Back
(CBFVNB) compared with the control task of “Identify
the letter X” (CBFVIDX) using the following formula:
[(CBFVNB — CBFVIDX) / (CBFVIDX)] x 100.

Data Analysis and CA Calculations

For each heartbeat, the systolic, mean, and diastolic
values of ABP and CBFV were calculated. Cerebrovas-
cular resistance index (CVRi) was computed as the mean
ABP / mean CBFV. Dynamic CA was assessed by trans-
fer function analysis (TFA), which was done by calculating
the coherence, gain, and phase parameters from beat-to-beat
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spontaneous oscillations in CBFV and ABP.*'** TFA pa-
rameter settings were in compliance with standard
recommendations™: 10 minutes of data interpolated at
10 Hz with a third-order polynomial spline; window length
of 102 seconds; Hanning anti-leakage window; and 50%
superposition window, triangular smooth filtering. Lower
coherence (correlation coefficient), lower gain (damping
of ABP oscillations), and higher phase (speed of the au-
toregulatory response) between oscillations of ABP and
CBFV indicate more effective CA. Values were reported
in 3 bands: very low frequencies (VLF: .02-0.07 Hz), low
frequencies (LF: .07-0.20 Hz), and high frequencies
(HF: .20-0.50 Hz). CA is believed to operate at slower VLF
and LF bands.'#*

Statistics

Normality of the variables was determined by Shapiro-
Wilk test. No statistically significant differences were
detected between the right and left MCA hemodynamic
measurements (Table S1). Thus, both MCA values were
averaged and used in subsequent analysis. Differences
in baseline characteristics among age strata or genders
were determined by one-way analysis of variance/
Kruskal-Wallis or Student’s t-test/Mann-Whitney tests,
respectively. Multiple linear regression analysis was then
used to study the influence of demographic and system-
ic hemodynamic factors on cerebrovascular outputs. Age,
as a continuous variable, and sex were inserted as ex-
plicative variables in a straight line model to predict each
cerebrovascular measurement (CBFV, CVRi, CA, VMR,
and NVC). Estimation method was chosen after visual
inspection of scatterplots. As CBFV and CVRi showed
significant association with gender, we also presented data
stratified by this variable. Nevertheless, we also tested
other curve estimation functions to find significant effects
but did find relevant results. Besides R*> and F test results,
goodness of fit was also assumed from the visual in-
spection of plots of residuals checking for normality and
presence of heteroscedasticity (formally tested with
Kolmogorov-Smirnov test and Levene’s test, respectively).
Multicollinearity and autocorrelation between sex and age
were controlled by variance inflation factor <10 and
Durbin-Watson around 2, respectively. Paired t-tests and
Wilcoxon signed-rank tests were used to assess the sig-
nificance of the variation of ABP, HR, and EtCO, between
the rest and activation phases of VMR and NVC proto-
cols. The relationships among CA, VMR, and NVC were
evaluated by Pearson or Spearman’s correlations.

Results
Age and Gender Effects

Table 1 and Table S2 describe the demographic and sys-
temic hemodynamic characteristics of all subjects (N = 58).
Older participants had higher mean ABP (P <.001) and
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Table 1. Baseline characteristics of all participants (N = 58)

Demographics

Males, n (%) 28 (48)
Age, years 48+ 18
BMI, kg.m™? 24.6+3.6
MoCA score
Total [median (P25-75)] 26.5 (24.5-29)
Visuo/Exec 5(4-5)
Naming 3(3-3)
Attention 5 (4-6)
Language 2(1-3)
Abstraction 2(2-2)
Delayed recall 4 (4-5)
Orientation 6 (6-6)
Hemodynamics
Systolic BP, mm Hg 126 £ 16
Diastolic BP, mm Hg 779
Mean BP, mm Hg 934+ 11
HR, bpm 69+ 10
PP, mm Hg 62+ 15
EtCO,, mm Hg 3813

Abbreviations: BMI, body mass index; BP, blood pressure; EtCO,,
end-tidal CO,; HR, heart rate; MoCA, Montreal Cognitive Assess-
ment; PP, pulse pressure; SD, standard deviation.

Gender is expressed as count and percentage; other values are given
in mean + SD, except for the MoCA test results which are given in
median (percentile: 25-75).

MoCA scores (P < .001), but other characteristics were similar
(Table S2). Table 2 regards the effects of age and gender
on cerebrovascular measurements evaluated with mul-
tiple linear regression analysis. The mean CBFV decreased
significantly with age (§ =-.343, P <.001) in both genders.
On the other hand, CVRi showed opposite trend increas-
ing toward older subjects (B =.008, P =.002), but only
significantly in females (P = .002). Females have mean CBFV
7.5 cm.s™! higher than males (8 =7.529, P = .013). Never-
theless, we found age and gender to have no significant
effects on the cerebrovascular regulatory mechanisms of
CA, VMR, and NVC tests.

Interplay of VMR, CA, and NVC

The cerebrovascular measurements are presented in
Table 2 and their correlations in Table 3. Generally, CA,
VMR, and NVC did not correlate significantly with each
other. The global VMR was weakly correlated with TFA
gain both at the CA operative range (LF band: r =.326,
P =.014) and outside of it (HF band: r =.324, P = .015) and
showed no relationship with VMR in hypercapnia or hy-
pocapnia separately (P >.05). Curiously, hypercapnic and
hypocapnic responses were not correlated (r =.214, P = .113).

Influences of Systemic Hemodynantics

The baseline mean ABP, HR, and EtCO, did not cor-
relate the CA, NVC, and VMR results (Table 4). The same
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Table 2. Multiple linear regression analysis: age and gender effects in cerebrovascular measurements

Model Age Gender
Total 21-30 31-40 41-50 51-60 61-70 70-80 R B (95% CI) P B (95% CI) P

Number (M:F) 58(28:30)  10(5:5) 10(5:5)  12(6:6) 10 (5:5) 7(3:4) 9 (4:5)

Mean CBFV, cm.sec™ 657+125 73.7+148 67.7+87 689+105 63.1+122 629+119 558+11.6 .302 -343(-521,-.171) <.001 7.53(1.36,134) 013
Male 620+13.6 70.6+19.1 633%7.1 624+11.4 60.7+11.7 66.6+185 4581106 .186 —.352(-.670,-.034) .031 e —
Female 689+107 76.1+123 75.0%59 744+6.2 656%+134 60.1+£57 61.8+77 330 —.336(-.529.-.143)  .001 — —

CVRi, mm Hg - em™.s7? 13£3 1L1+3 13+£3 130+ 4 14+ 3 15+£3 183 008 (=.003,-.013) .002 -.069 (-2.44,.11) 434
Male 13+ 4 1L1+5 1.3+4 132+ .6 1243 1.6+.3 107 -008 (003, .018) 120 — —
Female 12+.3 LLE2 1.3£3 129+ 4 1.5+£3 14+2 295 {008 (-.003,-014) .002 — —

Autoregulation
Coherence, a.u.

VLF S5t2 S5t.2 5.2 412 Skl St.2 kD .010 .001 (=001, .002) 5100 =015 (=11,.02) 726

LF 612 6.1 o7 ) | 612 5= | 6%.1 6+.2 035 —.001 (=002, .001) 406 047 (=.11,.02) 254

HF N NEN 8%.1 qE2 7.1 E2 8+.1 019 =001 (=002, .002) 524 -.029 (-.11,.02) 439
Gain, cm.sec”.mm Hg™'

VLF L3 7+.23 T4 T4 6%.18 6.2 TS 001 <.001 (.000, .000) 913 013 (=.11,.02) 863

LR 103 1.0+ .45 113 113 1.0£.20 9.2 9+3 055 —.004 (=008, .004) 105 057(=.11,.02) 460

HF 134 145 15+5 13+.3 13£29 12%.1 12+ .4 071 =006 (=009,.002)  .052  .056(-11,.02) .591
Phase, radius

VLF 1.0+ 4 1.0+ .4 85 133 123 95 85 025 —.002(-.012,.010) 483 115 (=11,.02) 340

LF 6.2 B jo ¥ 6.3 6.2 X ) S5+2 612 014 001 (=014, .012) 403 -014(=11,.02) 820

HF 242 2+2 122 JE2 2% 2%3 2E2 006 001 (=005, .008) 788 —.029 (-.11,.02) 609

Vasoreactivity
Hypercapnia, %.mm Hg™' 49+ 1.7 52427 48%25 43+11 56+18 4910 46%.7 015 -.004(-010,.002) 793 -396(-1.35,.54) .402
Hypocapnia, %.mm Hg'  1.7+.5 1.6%.6 1846 183 1.7+ 4 1.8+ .4 1.7£.5 041 <.001 (.000, .000) 924 —182(-1.10,.25) .140

Global, %.mm Hg™' 42+18 43+£1.3 5235 4013 44%11 35%5 36+1.2 047 -022(-041,.013) .114 -015(-18,.12) 974
Neurovascular coupling

1-Back gain, %' 2+73 50+17 -8+24 15822 2+35  -1.5820 A£34 067 -.058(-.127,.024) 298 -3.088(-5.27,249) .115

2-Back gain, % ' 63+4.6 56+49 6.1+65 7.1+48 7.1+39 34+22 73+40 014 —.001 (-.004, .003) 983 1103 (-1.41,3.62) .384

Abbreviations: a.u., arbitrary units: CBFV, cerebral blood flow velocity: CI. confidence interval; CVRi, cerebrovascular resistance index; HF, high frequencies (.20-0.50 Hz); LF, low frequencies
(.07-0.20 Hz); SD, standard deviation: VLF, very low frequencies (.02-0.07 Hz).
All values are given as mean £ SD.

TOYINOD AVINISYAOUITITD ANV SOIHdVIDOWIA
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Table 3. Correlations among distinct mechanisms of cerebrovascular control—cerebral autoregulation, vasomotor reactivity, and neurovascular coupling
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18 -.03
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-22
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.04
.04

.05

.16

.05
-.16

Hypercapnia, %.mm Hg™'

Vasoreactivity

21

.05

.04

Hypocapnia, %.mm Hg™'
Global, %.mm Hg™'
1-Back gain, %

2-Back gain, %

Al 2
13
-03

08
.19
—-.08

.06

.02

.10
—-.04

.14
-.02

.07
-.01

.20
.05

.19
-.02

A3
.05

.16
-.02

Neurovascular coupling

13

-.18

-.18

.04

13

Abbreviations: a.u., arbitrary units; HF, high frequencies (.2-0. 5); LF, low frequencies (.07-0.2 Hz); VLF, very low frequencies (.02-0.07 Hz).

#P <.05 and ** P <.001 significance of Spearman’s correlation coefficient.
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was true for systemic hemodynamic variations in the active
phases of VMR or NVC (Table 4). Additionally, the time
course of hemodynamic changes during VMR and NVC
can be visually inspected in Figure 1 and Figure 2, re-
spectively. Hemodynamic changes during hypercapnia
and hypocapnia VMR testing were very different: whereas
the mean ABP increased modestly during hypercapnia,
HR was the main systemic hemodynamic parameter that
changed during hyperventilation (Fig 1).

The average CBFV increase during the 2-Back task was
6.3+4.6 % (Fig 2). There was a statistical significance but
mild change in the mean ABP, HR, and EtCO, (P <.001)
during the NVC, but again these did not influence the
relative CBFV increase (P > .05).

Cerebrovascular tests were not correlated with MoCA
global and subtotal scores (P >.05).

Discussion

The main conclusion of this study is that age, gender,
and systemic hemodynamics do not have significant
influence on the distinct aspects of cerebrovascular
control of healthy adults, namely CA, VMR, or NVC. More-
over, our results emphasize the fact that the estimation
of only one of these regulatory mechanisms cannot be
used as indicative of the status of the others as they are
not correlated.

Aging is associated with a decrease of CBFV and an
increase of cerebrovascular resistance,”* which agrees with
our results. However, we show that cerebrovascular func-
tional control is preserved with increasing age. A literature
review” depicts conflicting results in favor’?**
against®** this perspective. Although we present a small
sample, this is the first study to report such an exten-
sive work-up and combined data of NVC, CA, and VMR.
Most studies rely on the evaluation of a single regula-
tory parameter. Our data suggest that cerebrovascular
adaptive mechanisms have a functional reserve, com-
pensating for the age-related deterioration of the
cerebrovascular bed as proposed by others.”* For example,
in patients with higher burden of cerebral white matter
lesions, a preserved NVC and CA prevent them of having
a slower gait'’ and high risk of falls."” Also, studies show
higher brain activation with successful aging, compen-
sating for age-related neural changes and achieving an
accuracy that equals young subjects.”’” Nevertheless, we
cannot exclude that transcranial Doppler-based methods
may be too coarse and may miss subtle microvascular
changes. On this account, advanced brain imaging could
reveal new insights into the effects of aging.

The lack of gender effect on cerebrovascular regulation
was unexpected as there are some studies demonstrat-
ing hormonal influences on vasomotor control, perhaps
through modulation of nitric oxide pathway.'? As we have
not controlled for menstrual cycle or hormonal therapy,
this could explain our different results.

or
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Table 4. Variation of systemic hemodynamic parameters—ABP, HR, and EtCO,—during neurovascular stress tests and their
FﬁECfS on cerebrovascular measurements

Resting phase Activation phase Difference
MAP HR EtCO, MAP HR EtCO, MAP HR EtCO,
mmHg bpm mmHg mmHg bpm mm Hg mm Hg bmp mm Hg
Autoregulation TFA parameters 80+ 13 69+9 38+3 — — — — — —
Vasoreactivity
Hypercapnia, %.mm Hg™' 80+15 68+9 374 91+17f 68+10 46+4f 118 1+£7 9+3
Hypocapnia, %.mm Hg™' 81+15 69+10 36+4 83%x17 88%15f 19%3f 2+8 20%13* -—1743
Neurovascular coupling
1-Back gain, % 88+18 70+12 37+4 8818 72%12f 38%x6F 0%3 12 1+4
2-Back gain, % 87+18 71+12 38+4 90*18% 76*14f 37%5% 3%5 5+6 0+2

Abbreviations: EtCO,, end-tidal CO,; HR, heart rate; MAP, mean arterial pressure; SD, standard deviation; TFA, transfer function analysis.

All values are given as mean = SD.

*#P < .05, Spearman’s correlation of cerebrovascular measurements with systemic hemodynamic parameters.
TP < .01, t-test value comparing the variations of systemic hemodynamic parameters from resting to activation phases.

Curiously, we found that the grade of hypercapnia CBFV
response was unrelated to the hypocapnia one. This is
an unexpected yet novel finding of the study. Although
systemic hemodynamic parameters were not enough to
explain this finding, HR and ABP have very distinct time
course patterns in hypercapnia and hypocapnia (Fig 1).
This suggests a different autonomic*'? or cardiac output’
modulation during these tasks that needs further inves-
tigation. A better understanding of these changes could
help in the standardization of the techniques.

The results of NVC task show similar patterns, as pub-
lished by Sorond et al."’ Intuitively, we would expect that
a better cognitive performance, as measured by MoCA
score, would be correlated with higher CBFV response
during NVC task. Yet, in our study, there was a lack of
correlation between these two measurements. This could
be explained though by the fact that NVC protocol mea-
sures more subtle cerebrovascular activations than MoCA
score. For example, in the same study, the 2-Back task
NVC was nicely correlated with Trail B time performance
but not with global cognitive score.

The lack of correlation between cerebrovascular func-
tional measurements can have some impact on how we
study cerebrovascular regulation. Not so infrequently, we
find comparison between studies concerning cerebrovas-
cular regulation that have evaluated distinct mechanisms.
Our work also supports the notion that these proce-
dures could be simplified because ABP, HR, or EtCO, do
not present major effects on cerebrovascular measurements.

The limitations of this study concern, in the first place,
the limitations of Doppler studies and the assumptions
that CBFV could be used as a surrogate of CBE? On
the other hand, we did not assess cerebral white matter
pathology, which may have limited our capability to
compare functional CBFV measurements with microvas-
cular pathologic findings. Some participants had mild

dyslipidemia and were on pharmacologic control with
statins. However, carotid atherosclerosis was excluded
by cervical ultrasound studies. The intentional absence
of common vascular risk factors in our study could have
diminished the applicability of our results to general pop-
ulation. However, this was done to control cofounders
of the main variables in question—gender and age. We
already mentioned that small sample may account for
the lower statistical power of this study, but similar ce-
rebral hemodynamic profiles (CBFV and CVRi changes
with age and gender) compared with larger cohorts give
us some support to the representability of our sample.
Low-adjusted R? values (Table 2) suggest that a higher
number could increase confidence in our findings. Nev-
ertheless, the estimated coefficients were within confidence
intervals. The lack of hormonal information already men-
tioned has a possible bias in studying gender effects.
There are also some concerns about the lower cogni-
tive performance of older decades included in this study.
The results of MoCA test (<26) in this group indicate
cognitive decline, which was related to impaired cere-
brovascular reactivity in many studies so far, causing
uncertainty about our results and if these subjects could
be considered to be healthy. Nevertheless, the scores remain
within the normal range proposed by previous exten-
sive validation study in the Portuguese population.”’
Overall, our data suggest that in healthy subjects, despite
age- and gender-related changes in cerebral blow flow
velocity and resistance, they do not present major influ-
ence on the 3 major cerebrovascular regulation mechanisms.
Our results also pinpoint the fact that neurovascular stress
tests measure different aspects of cerebrovascular control
and cannot be used interchangeably. Thus, a complete
full battery might be more useful in future studies on
neurovascular control. Being independent of age and cog-
nitive status, cerebrovascular regulation tests seem
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Figure 1. Group-averaged time course of normalized mean CBFV (A and B), mean ABP (C and D), HR (E and F), and EtCO, (G and H) during the
hypercapnic challenge (left) and hyperventilation-induced hypocapnia (right). Gray-shaded regions represent mean + SE. The beginning and ending of each
task are marked with vertical dashed lines. Abbreviations: ABP, mean arterial pressure; CBFV, cerebral blood flow velocity; EtCO,, end-tidal CO»; HR,
heart rate; SE, standard error.
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promising for studying several cerebrovascular condi-
tions affecting the aging brain.

Acknowledgment: This study is part of JM MSc thesis.

Appendix: Supplementary Material

Supplementary data to this article can be found online
at doi:10.1016/j.jstrokecerebrovasdis.2016.12.003.
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Efficacy of Cerebral Autoregulation
in Early Ischemic Stroke Predicts
Smaller Infarcts and Better Outcome
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Background and purpose: Effective cerebral autoregulation (CA) may protect the vul-
nerable ischemic penumbra from blood pressure fluctuations and minimize neurological
injury. We aimed to measure dynamic CA within 6 h of ischemic stroke (IS) symptoms
onset and to evaluate the relationship between CA, stroke volume, and neurological
outcome.

Methods: We enrolled 30 patients with acute middle cerebral artery IS. Within 6 h of
IS, we measured for 10 min arterial blood pressure (Finometer), cerebral blood flow
velocity (transcranial Doppler), and end-tidal-CO.. Transfer function analysis (coherence,
phase, and gain) assessed dynamic CA, and receiver-operating curves calculated rele-
vant cut-off values. National Institute of Health Stroke Scale was measured at baseline.
Computed tomography at 24 h evaluated infarct volume. Modified Rankin Scale (MRS)
at 3 months evaluated the outcome.

Results: The odds of being independent at 3 months (MRS 0-2) was 14-fold higher when
6 h CA was intact (Phase > 37°) (adjusted OR = 14.0 (IC 95% 1.7-74.0), p = 0.013).
Similarly, infarct volume was significantly smaller with intact CA [median (range) 1.1
(0.2-7.0) vs 13.1 (1.3-110.5) ml, p = 0.002].

Conclusion: In this pilot study, early effective CA was associated with better neurological
outcome in patients with IS. Dynamic CA may carry significant prognostic implications.

Keywords: cerebral autoregulation, blood pressure, stroke, ischemic stroke, transcranial Doppler

INTRODUCTION

Reperfusion and neuroprotection are the current mainstays of acute ischemic stroke (IS) manage-
ment. In this regard, arterial blood pressure (ABP) management may play a central role to maintain
optimal perfusion within the vulnerable ischemic penumbra (1, 2). Unfortunately, several clinical
trials in ABP modulation had no effect on prognosis (2) and, therefore, the corresponding current
guidelines remain evasive (3). Perhaps, the crucial factor is not ABP per se, but rather how cerebral
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blood flow can adapt to pressure changes and/or demand, i.e.,
cerebral autoregulation (CA) (4).

Dynamic CA (dCA) can be assessed using transfer function
analysis (TFA) between spontaneous oscillations of ABP and
cerebral blood flow velocity (CBFV) (4). CA has been studied in
acute stroke (5) with conflicting results (5-8), but the early hours,
where penumbra is more vulnerable, has been largely ignored.

Therefore, we aimed to assess dCA within 6 h of IS symptoms
and its relationship with final infarct volume and 90-day func-
tional outcome.

MATERIALS AND METHODS
Study Population

Sao Joao Hospital center ethical committee approved the study.
‘Written informed consent was obtained. We included consecu-
tive patients with middle cerebral artery (MCA) territory acute
1S, admitted to our stroke unit. Ultrasound studies (Vivid e; GE)
excluded hemodynamically significant extra- or intracranial
stenoses. Patients with MCA proximal occlusion were excluded,
as it prevented monitoring.

Monitoring and Data Analysis

Evaluations were carried out at stroke unit in supine position. We
monitored for 10 min CBFV with transcranial Doppler M1-MCA
(BoxX-DWL, Germany), ABP with Finometer MIDI (FMS,
Netherlands), heart-rate and end-tidal carbon dioxide (EtCO.)
with capnograph (Respsense/Nonin, Netherlands). Systolic,
diastolic, and mean values of ABP (MBP) and of CBFV (MFV)
were calculated (4). TFA assessed dCA by calculating coherence,
gain, and phase parameters from beat-to-beat MFV and MBP
spontaneous oscillations in low frequency range (0.03-0.15 Hz)
(4) as previously detailed (9).

Outcomes and Statistics

Baseline National Institutes of Health Stroke Scale (NIHSS)
scores were calculated. Independence, modified Rankin Scale
(0-2), at 90 days determined the outcome by a stroke physician
blinded for the initial assessment. Head CT (Siemens Somaton/
Emotion Duo, Germany) at 24 h measured infarct volume with
ABC/2 formula.

Shapiro-Wilk test determined normality. Mann-Whitney
and y* tests compared hemodynamic measurements between
subgroups. ROC analysis found relevant cutoff values. After
dichotomization, multivariate logistic regression calculated the
odds ratio. Relationship between continuous variables was deter-
mined by Spearman’s correlation and adjusted with multivariate
linear regression models. Level of significance was p < 0.05.

RESULTS

We recruited 30 patients characterized in Table 1. The relationship
between dCA and outcome is presented in Table 2. Independence
at 3 months was associated with higher phase (p = 0.024) and
lower gain (p = 0.045) in the stroke hemisphere within 6 h of
onset. ROC curve analysis found best cutoffs, associated with

TABLE 1 | Patients characteristics according to outcome at 3 months.

Total Independency
Yes No

N =30 N=17 N=13
Gender male, n (%) 16 (53) 9(53) 5(39)
Age, years (mean + SD) 69 £ 13 63 + 13 76 £9*
BMI, kg m~? (mean + SD) 269+55 269+40 269+7.0
Atrial fibrillation, r (%) 11(37) 4(23) 7 (55)
Hypertension, n (%) 20 (67) 9(53) 11(85)
Diabetes mellitus, r (%) 12 (40) 4(25) 8 (80)
Dyslipideria, n (%) 22 (74) 12 (71) 10 (76)
Tobacco, n (%) 5(17) 3(18) 2 (15)
Large vessel atherosclerosis 4 (13) 2(10) 2 (20)
Cardioembolic 11(37) 4 (20) 7 (60}
Small vessel disease, n (%) 3(10) 1(1) 2(5)
Undetermined, r (%) 8 (27) 2(10) 6 (55)
Thrombolysis, n (%) 20 (67) 11 (55) 9(53)
Baseline NIHSS, median (IQR) 9 (5-15) 6(4-13) 12 (8-20)"

BMI, body-mass index; NIHSS, National Institutes of Health Stroke Scale.
*P < 0.05 significance value of Mann-Whitney. Values in mean + SD.

TABLE 2 | Cerebral autoregulation and outcome at 3 months.

Total Independency
Yes No

N =30 N=17 N=13
Heart rate, bpm 70+ 11 70 £ 10 71+12
Systolic ABP, mmHg 136 + 23 134 + 20 138 = 23
Mean ABF, mmHg 81+14 84 +15 7717
Diastolic ABP, mmHg 54 +13 57 +13 50 + 17
EtCOz, mmHg 37+6 36+5 37+5
Cerebral hemodynamics
Infarct hemisphere
MFV, cm/s 42 £15 46 + 18 49+13
Coherence, a.u. 056+02 056+02 05x02
Gain,%/mmHg 1.0+04 08+02 11+05
Phase, degrees 36 £ 38 50 +25 21 47
Non-infarct hemisphere
MFV, cmy/s 50+ 16 50 +17 46 + 12
Coherence, a.u. 05+0.2 05+0.2 06+02
Gain, %/mmHg 1.1+£06 09+02 1.1+£06
Phase, degrees 43 + 33 48 £ 21 39 + 40

Interhemispheric = ipsilateral-minus-contralateral values; MFV, mean flow velocity; ABP.
arterial blood pressure; EtCO:, end-tidal carbon dioxide, a.u., arbitrary units.
*P < 0.05 significance value of Mann-Whitney. Values in mean + SD.

independency, in phase at 37° (affected side, AUC = 0.713,
p = 0.028; sensitivity 70%, specificity 79%) but gain under-
performed (AUC = 0.654, p = 0.112). Based on these cutoffs,
independency at 3 months (Figure 1A) could be predicted by
phase level in the affected side [phase > 37°, adjusted OR = 14.0
(IC 95% 1.7-74.0), p = 0.013] when adjusted to baseline NIHSS
and age. Additionally, lower infarct volumes at 24 h (Figure 1C)
were measured in subgroups of higher phase in the affected side
[median (range) 1.1 (0.2-7.0) vs 13.1 (1.3-110.5) ml, p = 0.002].
Low and high phase subgroups were also not significantly differ-
ent in baseline NIHSS (Figure 1B, p = 0.062). When phase was
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analyzed as a continuous variable, it correlated with stroke volume
in the affected side (r = —0.444, p = 0.020) but not contralateral
(r = =0.125, p = 0.409). In multivariate linear regression, only
NIHSS significantly predicted infarct volume at 24 h (p = 0.002)
but not phase (p = 0.457). Baseline systolic ABP was inversely
correlated with infarct volume at 24 h (r = —0.665, p = 0.008)
but only in the subgroup with lower phase in the infarct side
(Figure 1D).

DISCUSSION

We showed that the efficacy of dCA during the first 6 h after
symptom onset is associated with smaller infarct volumes at 24 h
and better neurological outcome at 3 months.

Transfer function analysis of the spontaneous ABP and
CBFV oscillations is increasingly used to assess dCA in a
number of neurovascular disorders (7-10). The phase of this
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FIGURE 1 | Independency at 3 months (A), baseline National Institutes of Health Stroke Scale score (B) and infarct volume (C) accordingly subgroups
of worse (phase < 37°) and better (phase > 37°) dynamic CA (dCA) on the ischemic hemisphere. Bars represent % and box-and-whiskers plots medians/
interquartile ranges. Significant results (p < 0.05) are topped by asterisks. (D) Scatter plot showing infarct volumes at 24 h (ml) plotted against baseline systolic
arterial blood pressure level separated by subgroups of worse (phase <37°, black dots) and better (phase >37°, gray dots) dCA, and respective linear regression

relationship, which represents the time delay between these
oscillating waveforms, has emerged as a significant predictor of
outcome. Lower phase shift (ineffective CA) has been linked to
carotids or MCA stenosis (11) or development of vasospasm
after subarachnoid hemorrhage (10). In patients with IS, phase
has also been linked to stroke severity (5, 7). The impaired CA
can be also related to patient medical conditions not addressed
in this study. For example, impaired cerebral autoregulation in
patients with sleep apnea has been linked to an increased risk
of stroke (12). Our findings, which build on these prior stud-
ies, show that effective dCA, as demonstrated by higher phase
shift, is linked to smaller stroke volumes and better neurological
outcome. Moreover, consistent with prior work where a phase
>30 represents effective or intact autoregulation (4, 5, 9), we
also found a cutoff value of 37° for phase that was predictive
of neurological independence at 3 months and smaller stroke
volumes at 24 h.
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Interestingly, we also found that a lower systolic ABP is
associated with larger infarcts but only if CA is impaired in the
infarct side (phase <37°). This observation enhances the biologi-
cal plausibility of the link between phase (dCA), stroke volume
and clinical outcome, since lower ABP would only endanger
the ischemic penumbra with further hypoperfusion if CA was
impaired. Taken together, CA assessment could, therefore, iden-
tify patients who would benefit from BP augmentation in future
clinical trials (13) Perfusion imaging, instead of CA assessment,
may have been more helpful to explain larger infarcts at 24 h by
estimation of initial penumbra area. However, an impaired CA at
baseline could itself be responsible for this larger penumbra. The
question remains to be answered in future studies with correlative
measurements with perfusion scanning.

In line with prior studies (5), gain seems not to be a good
marker for stroke outcome. Nevertheless, lower gain values (more
effective CA) on the stroke side seemed to be associated with
independence at 3 months.

This study has somelimitations. Asitisa pilotstudy, we enrolled
a small number of subjects. Regarding the TCD method, there
are limitations inherent to CA assessment with TCD (4), as some
non-stationary conditions (e.g., agitation, mental changes) might
turn linear methods like TFA less reliable. Also, M1 occlusions
could not be assessed. As CA was assessed after IV thrombolysis
within 6 h of symptoms, non-occluded M1 cases in this study
include recanalyzed MCA or branch occlusions while those who
were excluded due to M1 occlusion are mostly non-recanalized
MCA. Having said that, we still can see this as a limitation but
occluded M1 after IV thrombolysis is itself a maker for very bad
prognosis and we believed that CA assessment would not add any
significant contribution in this scenario; we also monitored this
excluded cases and only 1/16 (6%) was independent at 3 months
and all had total MCA area involvement. So, what our study
points out is that even if we recanalyze the MCA artery <6h, those
with better CA (phase >37°) will have higher chance of being
independent at 3 months.
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Background: Hemorrhagic transformation and cerebral edema are feared complications of acute ischemic stroke
but mechanisms are poorly understood and reliable early markers are lacking. Early assessment of cerebrovascu-
lar hemodynamics may advance our knowledge in both areas. We examined the relationship between dynamic
cerebral autoregulation (CA) in the early hours post ischemia, and the risk of developing hemorrhagic transfor-
mation and cerebral edema at 24 h post stroke
Methods: We prospectively enrolled 46 patients from our center with acute ischemic stroke in the middle cere-
bral artery territory. Cerebrovascular resistance index was calculated. Dynamic CA was assessed by transfer func-
tion analysis (coherence, phase and gain) of the spontaneous blood flow velocity and blood pressure oscillations.
Infarct volume, hemorrhagic transformation, cerebral edema, and white matter changes were collected from
computed tomography performed at presentation and 24 h.
Results: At admission, phase was lower (worse CA) in patients with hemorrhagic transformation [6.6 - 30 versus
45 + 38°; adjusted odds ratio 0.95 (95% confidence internal 0.94-0.98), p = 0.023] and with cerebral edema
[6.6 + 30 versus 45 + 38°, adjusted odds ratio 0.96 (0.92-0.999), p = 0.044]. Progression to edema was associ-
ated with lower cerebrovascular resistance (1.4 & 0.2 versus 2.3 4 1.5 mm Hg/cm/s, p = 0.033) and increased
cerebral blood flow velocity (51 + 25 versus 42 + 17 cm/s, p = 0.033) at presentation. All hemodynamic differ-
ences resolved at 3 months
Conclusions: Less effective CA in the early hour post ischemic stroke is associated with increased risk of hemor-
rhagic transformation and cerebral edema, possibly reflecting breakthrough hyperperfusion and microvascular
injury. Early assessment of dynamic CA could be useful in identifying individuals at risk for these complications.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Hemorrhagic transformation (HT) and cerebral edema (CE) are feared
complications of acute ischemic stroke (IS), which are often associated
with poor neurological outcome [1]. HT is especially serious when caused
by thrombolysis with recombinant tissue plasminogen activator (rtPA)
[2] and in severe strokes. Larger infarcts can also develop malignant CE
[3]. Predicting CE and HT could prevent further cerebral damage [4]. Yet,
we know very little about their underlying mechanisms and early predic-
tors are still inexistent [5].

Microvascular disruption following brain ischemia are key players in
causing vasogenic CE and HT in animal models [4,6] as well as in humans
[7]. Imaging studies also suggest that cerebral microvascular injury,
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Alameda Professor Hernani Monteiro, 4200-319 Porto, Portugal.
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farzaneh.sorond@nm.org (F. Sorond).
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0022-510X/© 2016 Elsevier B.V. All rights reserved.

manifested as white matter changes, increase the risk of HT [8]. Therefore,
impaired microvascular function and less effective CA may be one mech-
anism linking white matter changes to HT.

Dynamic cerebral autoregulation (CA) can be rapidly and noninva-
sively assessed at the bedside by transfer function analysis (TFA) between
spontaneous oscillations in blood pressure and cerebral blood flow veloc-
ity [9-14]. There is an overall agreement that dynamic CA is impaired in
acute IS [15,16] but its relationship with HT or CE is not known.

We examined the relationship between dynamic CA, measured within
6 h of symptom-onset through the chronic phase of IS, and the risk to de-
velopment of HT or CE.

2. Methods
2.1. Population studied

All patients, or proxy, gave written and signed consent. Local ethical
committee approved the study. We consecutively included patients
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with acute IS in the middle cerebral artery (MCA) territory admitted to
the stroke unit at Hospital Sdo Jodo Centre, Porto. Exclusion criteria in-
cluded hemodynamic instability requiring vasoactive agents, other cen-
tral neurological co-morbidities or insufficient temporal acoustic
window. We recruited 46 patients. In sixteen patients the symptomatic
MCA was occluded. Separate analyses were performed for patients with
and without occlusion of symptomatic MCA. In 3 cases we did not have
imaging confirmation of the infarcted territory and patients were in-
cluded based on clinical signs of MCA territory infarction (aphasia). All
patients underwent neurological examination at presentation and
National Institutes of Health Stroke Scale (NIHSS) scores were recorded
from admission to discharge. All participants underwent cervical and
transcranial ultrasound studies (Vivid e; GE) before evaluation to ex-
clude hemodynamically significant extra- or intracranial stenoses.

2.2. Monitoring protocol

Evaluations were carried out in the stroke unit with head of the bed
at 0° during the 10 min of recording. Arterial blood pressure (ABP) was
continuously monitored with a finger cuff in the unaffected side using
Finometer MIDI (FMS, Amsterdam, Netherlands). Additionally, blood
pressure was assessed with oscillometric cuff (Dash 2500, GE, UK). HR
was assessed from lead II of a standard 3-lead electrocardiogram
(ECG). Cerebral blood flow velocity (CBFV) was recorded bilaterally
from M1 segment of MCA (depth of 50-55 mm) with 2-MHz monitor-
ing probes secured with a headband (Doppler BoxX, DWL, Singen,
Germany). End-tidal carbon dioxide (CO,) was evaluated by nasal can-
nula attached to Respsense capnograph (Nonin, Amsterdam, The
Netherlands). All data was synchronized at 400 Hz with Powerlab (AD
Instruments, Oxford, UK) and stored for offline analysis. Data collection
occurred for 10 min within 6 h and at 24 h from symptoms-onset and
also at 3 months in survivors (n = 31).

2.3. Data analysis

All signals were inspected and artifacts removed. Systolic, diastolic
and mean values of ABP (MBP) and CBFV (MFV) were calculated. Cere-
brovascular resistance index (CVRi) was calculated by MBP/MFV
reflecting vasomotor function [17]. Transfer function Analysis (TFA)

Table 1
Demographic, clinical and radiographic characteristics of subjects at baseline.
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was used to assess dynamic CA by calculating coherence, gain and
phase parameters from beat-to-beat spontaneous oscillations in MFV
and MBP as previously reported [13,18]. Ten minutes of normalized
data were interpolated at 100 Hz into uniform time basis; averaged
periodogram was calculated by Welch method [13] with Hanning win-
dow of 30 s, with two-third overlap. The cross spectrum between MBP
and MFV signals was calculated and used to determine coherence,
phase and gain in the low (autoregulatory) frequency range (0.03-
0.15 Hz). Lower coherence (correlation coefficient) and gain (damping
mechanism) and higher phase (speed of the autoregulatory response)
between oscillations of MBP and MFV indicate more effective CA [13].

2.4. Neuroimaging assessment

Head CT (Siemens Somaton Emotion Duo, Erlangen, Germany), with
3 to 6 mm slices, was performed on admission and repeated at 24 h. Any
hemorrhagic transformation (from petechial hyperdensities to paren-
chymal hematoma, defined by ECASS [2] was considered. Cerebral
edema was defined as any focal brain swelling causing midline shift
[19]. Subtle edema, such as sulci or ventricular effacement was not in-
cluded. Infarct volume was measured at 24 h following ABC/2 rule
[20]. White matter changes were graded by the van Swieten scale [21,
22].

2.5. Statistical analysis

Normality was determined by Shapiro-Wilk test. Groups with and
without HT or CE were compared with chi-square/Fisher's exact test
for nominal variables and Student t-test or Mann-Whitney for continu-
ous variables as appropriate. Repeated measures ANOVA was used to
find significant differences in hemodynamic variables along time and
between groups with multiple comparisons corrected by Bonferonni's
post-hoc test. Spearman's rho correlation analysis was performed to
evaluate the relationship between TFA parameters and continuous
baseline variables. We estimated the effects of CA parameters in HT or
CE by calculating the odds ratios and 95% interval confidence using lo-
gistic regression with adjustment to baseline variables by forward con-
ditional method. Statistical significance was set at p < 0.05.

Total Hemorrhage Cerebral edema
Yes No Yes No
n =46 n=10 n =36 n=38 n =38

Demographics

Male 25 (54) 5(50) 20 (55) 5(62) 20 (53)

Age, years (mean + SD) 73 + 12 76 £ 15 72+ 11 77 + 10 73+13

BMI, kg-m~2 (mean + SD) 27 +5 26+ 5 28 + 4 26+ 6 28+5

Previous stroke/TIA, n (%) 7(15) 1(10) 6(17) 3(38) 5(62)

Atrial fibrillation, n (%) 20 (43) 6 (60) 14 (39) 3(34) 17 (45)

Hypertension, n (%) 24 (74) 8 (80) 26 (72) 6(75) 28 (73)

Diabetes mellitus, n (%) 17 (37) 4 (40) 13 (36) 3(37) 14 (37)

Dyslipidemia, n (%) 37(73) 7 (70) 27 (75) 8 (100) 26 (68)

Tobacco, n (%) 6(13) 0(0) 6(17) 0(0) 6(16)

Ipsilateral carotid stenosis 50-60%, n (%) 6(13) 0(0) 6(17) 0(0) 6(16)
Stroke characteristics

Occlusion of affected MCA, n (%) 16 (35) 4 (40) 12 (33) 4 (50) 12(31)

Thrombolysis, n (%) 35 (76) 10 (100) 25 (70) 7(88) 28 (74)

NIHSS score [median(IQR)] 14 (9-22) 20 (8-22) 13 (9-21) 22 (18-22) "12 (9-20)
Neuroimaging [median(IQR)]

Infarct volume, mL 19(2-9) 99 (23-212) 16 (1-104) 8172 (109-333) 15 (1-62)

Severity of white matter changes 2(1-3) 3(2-4) *2(1-3) 2(1-3) 2(1-4)

Body-Mass Index (BMI), Transient Ischemic Attack (TIA), Modified Rankin Scale (MRS), middle cerebral artery (MCA), National Institutes of Health Stroke Scale (NIHSS).
* p<0.05 for Student's t-test/Mann-Whitney or Chi-square/Fisher's exact test p value for differences in continuous or categorical variables, respectively, between subgroups with and

without hemorrhagic transformation or cerebral edema.

8 p<0.001 for Student's t-test/Mann-Whitney or Chi-square/Fisher's exact test p value for differences in continuous or categorical variables, respectively, between subgroups with and

without hemorrhagic transformation or cerebral edema.
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3. Results

Demographic and clinical characteristics were similar between
subgroups with and without HT or CE (Table 1). Four patients had
both CE and HT. Ten patients developed HT scored H2 in 3, PH1 in
5, and PH2 in 2. Eight patients developed CE with mean midline
shift of 5.6 4 2.2 mm. Patients with HT, had higher stroke volumes
(p = 0.028) and greater severity of white matter changes (p =
0.030). CE was also associated with larger stroke volumes
(p<0.001) and higher NIHSS admission scores (p = 0.023). MCA oc-
clusion was detected at admission (after thrombolysis if applied) in
16 (35%) of our cohort by transcranial ultrasound allowing only con-
tralateral MCA to be monitored.

Hemodynamic data is presented in Table 2. MBP was elevated during
the first 24 h as compared to 3 months (p = 0.003) without differences
between subgroups. Most patients, showed increased CVRi in the ische-
mic hemisphere at acute stage (<6 h compared to 24 h p = 0.033 and to
3 months p = 0.039), but those who developed CE, had opposite profile,
with lower CVRi in the infarcted hemisphere (<6 h p = 0.033 and 24 h
p = 0.044). This subgroup also showed increased MFV in ipsilateral

Table 2
Temporal changes in systemic and cerebral hemodynamics.

hemisphere during the acute period (<6 hp =0.033and24 hp =
0.020). All hemodynamic differences resolved at 3 months.

We first examined the relationship between dynamic CA
measures and baseline clinical and radiographic characteristics in
all cohort. Ipsilateral phase was negatively correlated with stroke
volume (Spearmean's rho — 0.444, p = 0.020), and bilateral gain
was positively correlated with severity of white matter changes
(ipsilateral r = 0.368, p = 0.040; contralateral r = 0.402, p =
0.006).

Next, we examined the relationship between dynamic CA measures
at admission and development of HT and CE at 24 h. Figs. 1 and 2 com-
pares dynamic CA measures (phase and gain) between those with and
without HT or CE, respectively. At admission, phase was significantly
lower in ipsilateral hemisphere in those patients who subsequently de-
veloped HT (<6 h p = 0.033; 24 h p = 0.047) or CE (<6 h p = 0.002) on
their 24 h head CT. These differences resolved at 3 months (p = 0.094
and p = 0.567, respectively). Gain was not associated with HT or CE
(ipsilateral, p = 0.597 and 0.247; contralateral side p = 0.169 and
643). Coherence was not different between groups and times (data
not shown).

Total Hemorrhage Cerebral edema
Yes No Yes No
n =46 n =10 n =36 n=3§ n =38
Systemic hemodynamics (mean + SD)
Systolic ABP, mm Hg <6 44 + 19 48 + 18 146 + 19 154 + 19 142 + 19
24 142 +19 41 + 24 42 + 18 135 + 19 143 + 20
3M 124 + 17 113 + 21 126 + 19 120 + 18 124 + 17
Mean ABP, mm Hg <6 101 + 14 97 +7 01 + 11 f97 4 12 101 + 14
24 97 + 11 96 + 11 97 + 10 91 + 10 98 + 11
3M 87 £ 11 78 + 11 90 + 11 87 + 16 87 +£ 11
Diastolic ABP, mm Hg <6 75 + 11 72+ 9 77 + 11 71+ 12 76 + 10
24 74 £ 10 73+9 75 + 10 69 + 10 175 + 10
3M 69 + 10 60 + 7 72 +9 70 £ 15 69 + 10
Heart rate, bpm <6 67 £ 11 61 + 10 71+ 11 58 + 8 70 + 11
24 67 £ 11 67 + 14 68 + 12 67 £ 17 67 +£ 11
3M 71 +15 83 + 23 69 + 13 87 + 22 70 + 13
EtCO;, mm Hg <6 36 +7 35+7 36 +7 37+ 6 377
24 36+ 6 37 £7 3647 3846 36+7
3M 37+7 34+7 35+7 38+6 39+7
Cerebral hemodynamics (mean + SD)
Subgroup without MCA occlusion
n =30 n=6 n=24 n=4 n =26
Infarct hemisphere
MFV, cm/s <6 +25 41 + 25 25 4+ 17 51 + 25 42 + 17
24 51 + 18 51 + 18 46 + 18 57 + 16 46 + 17
3M 43 + 21 43 + 21 39 +£ 16 44 + 20 43 + 17
CVRi, mm Hg/cm/s <6 21+ 09 21+ 13 22412 14 + 02 23+ 15
24 1.6 + 0.2 1.6 + 0.2 1.8 + 0.8 "12+03 18 +0.7
3M 1.8 £ 08 1.8 + 08 18 + 0.8 1.7 + 08 1.8 +£ 08
Non-infarct hemisphere
MFV, cm/s <6 49 + 15 50 + 18 50 + 16 56 + 11 48 + 15
24 53 + 16 60 + 18 514+ 15 60 + 10 52 4 17
3M 46 + 17 45 + 17 46 + 17 39 +12 48 + 17
CVRi, mm Hg/cm/s <6 18 +£13 14 + 0.6 19 + 0.6 13 +02 1.8 4+ 0.7
24 15+ 02 12+ 03 16 +£ 08 1.0+ 04 1.5 £ 0.6
3M 20+08 19 + 0.5 20+ 06 23 + 06 1.7 =13
Subgroup with MCA occlusion (only non-infarct hemisphere monitored)
n =16 n=4 n=12 n=4 n =12
Non-infarct hemisphere
MFV, cm/s <6 53 +17 47 + 15 554 18 53 +£ 25 53 +23
24 58 + 26 47 £ 15 62 + 28 59 £ 11 58 £ 15
3M 52 + 24 39 53 + 26 27 55 + 20
CVRi, mm Hg/cm/s <6 1.7 +£12 1.6 + 0.6 1.8 + 0.8 14403 1.7 £ 06
24 14 £ 07 14 4+ 04 1.7 £ 06 12 + 04 1.5 4+ 05
3M 20+ 08 22 19+ 14 32 19 + 1.0

Mean flow velocity (MFV), cerebrovascular resistance index (CVRi), arterial blood pressure (ABP), end-tidal carbon dioxide (EtCO.), within 6 h (<6) and at 24 h from symptom-onset;

3 months (3 M).

* p<0.05 for Repeated-Measures ANOVA p value for differences between subgroups with and without hemorrhagic transformation or cerebral edema.
¥ p<0.05 for Repeated-Measures ANOVA p value for variations with time (3 months as a reference).
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Fig. 1. Variations in phase (degrees) and gain (%/mmHg), in the ischemic and contralateral hemispheres, over time in subgroups with and without hemorrhagic transformation. Bars/
whisker represents mean/side deviation. P value obtained with repeated-measures ANOVA. Significant differences are identified by asterisks.

We estimated the effects of ipsilateral phase <6 h and the risk of HT
or CE by calculating the odds ratios and 95% interval confidence using
logistic regression adjusted to (stroke volume and white matter chang-
es or NIHSS, respectively) by forward conditional method. Phase (<6 h)
was lower (worse CA) in patients with hemorrhagic transformation
[6.6 4= 30 versus 45 =+ 38°; adjusted odds ratio 0.95 (95% confidence in-
ternal 0.94-0.98), p = 0.023] and with cerebral edema [9.9 + 30 versus
41 + 38°; adjusted odds ratio 0.96 (0.92-0.999), p = 0.044].
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4. Discussion

Our data show that early impairments in dynamic CA during acute
ischemic stroke are associated with development of HT and CE. In
these patients, lower phase in the acute (<6 h) period was associated
with development of HT and CE on the 24 h CT scan.

Dynamic cerebral autoregulation using transfer function analysis has
been widely studied in cerebrovascular disease [9-11,15,16,23-30].
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Fig. 2. Variations in phase (degrees) and gain (%/mmHg), in the ischemic and contralateral hemispheres, over time in subgroups with and without cerebral edema. Bars/whisker represents
mean/side deviation. P value obtained with repeated-measures ANOVA. Significant differences are identified by asterisks.
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Lower phase shift, reflecting less effective autoregulation, has been
demonstrated in poorly compensated carotid or MCA stenosis [27,29,
30] or vasospasm after subarachnoid hemorrhage [27,28] as well as in
ischemic stroke [15,16]. However, most prior studies did not assess
phase in the early hyperacute period post ischemia, nor did they relate
it to HT or CE. We show that in this hyperacute period (<6 h), impaired
cerebral autoregulation, as reflected by lower phase, is associated with
development of CE and HT. One mechanistic pathway explaining these
observations is that the failure of the autoregulatory capability of cere-
bral resistance vessels results in disruption of Starling's principle and
pathological elevation of the hydrostatic pressure across the capillary
bed, which could then aggravate the existing blood-brain barrier leak-
age and cause CE and HT [12,13]. In favor of this hypothesis, we found
abnormally lower CVRi and increased MFV in ischemic hemisphere pre-
ceding the development of CE. A less effective CA will also endanger the
ischemic penumbra [31], which is acutely perfusion dependent. This
may be the mechanisms linking low phase values at presentation to
larger infarct area at 24 h in our data. Unlike phase, gain has not been
linked to ischemic stroke in prior studies [16,26] which is in line with
our findings.

Dohmen et al. [32] reported previously that impaired cerebral auto-
regulation measured by tissue oxygen pressure correlation seems to
play a key role for development of a malignant course and might
serve as a predictive marker. We extend their results by showing that
this deregulation is already present from in the very early hours of is-
chemia and also in less severe patients able to be monitored non-
invasively with TCD.

Another finding of this study relates to temporal changes in CVRi.
Higher CVRi in the early hours post stroke suggests an acute cerebral va-
soconstriction response. This may be explained by high endotelin-1
levels [33], a potent cerebral vasoconstrictor, but also by the presence
of microthrombosis [6] and/or cytotoxic edema [4]. Curiously, patients
who developed CE show a paradoxical response, with lower CVRi at pre-
sentation. This maladaptive vasodilatory response could contribute to
CE. The molecular mechanisms underlying this observation warrant fur-
ther investigation and offer a potential target for preventing secondary
malignant cerebral edema in large strokes.

Finally, all the acute changes in CA resolved within 3 months. The
transient nature of autoregulatory failure is pathophysiologically intui-
tive and provides biological plausibility for early CA measures as mean-
ingful quantitative markers of disease severity and risk for CE and HT.
Early modulation of cerebral autoregulation [4] may therefore, be a po-
tential therapeutic target towards improve outcome in ischemic stroke.

This study has some limitations. We recognize the limitation on the
number of subjects enrolled. For instance patients with HT were 4 years
older, 60% vs. 39% had AF, 100% vs. 70% performed thrombolysis. How-
ever there was no statistical significance, likely related to the small sam-
ple size. This might explain the reason why HT and CE were not found to
be significantly related to thrombolysis [2].

Regarding the limitations inherent CA assessment to TCD [34], some
non-stationary conditions (e.g., agitation, mental changes) might turn
linear methods like TFA less reliable. Further development of non-
linear techniques to assess CA could clarify this point.

Finally, we did not assess MCA patency before thrombolysis. There-
fore, we cannot be ascertained about recanalization or non-
recanalization. However, the subgroup of patients with non-occluded
MCA at presentation represents mostly recanalyzed (by thrombolysis
or spontaneously) cases whereas MCA occlusion subgroup represents
mainly non-recanalyzed (all except one had thrombolysis).

5. Conclusions
In conclusion, our findings provide support for early autoregulatory

impairment as a possible mechanism leading to development of HT and
CE in patients who present with acute ischemic stroke. Assessment of

dynamic CA may help to identify high risk individuals and possibly pro-
vide a therapeutic target in the future.
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Abstract

Background and Purpose:

Chronic kidney disease increases stroke incidence and severity but the mechanisms behind
this cerebro-renal interaction are mostly unexplored. Since both vascular beds share similar
features, microvascular dysfunction could be the possible missing link. Therefore, we
examined the relationship between renal function and cerebral autoregulation (CA) in the early
hours post ischemia and its impact on outcome.

Methods: We enrolled 46 ischemic strokes (middle cerebral artery). Dynamic CA was
assessed by transfer function (coherence, phase and gain) of spontaneous blood pressure
oscillations to blood flow velocity within 6 hours from symptom-onset. Estimated glomerular
filtration rate (eGFR) was calculated. Hemorrhagic transformation (HT) and white matter
lesions (WML) were collected from computed tomography performed at presentation and 24h.
Outcome was evaluated with Modified Rankin Scale at 3 months.

Results: High gain (less effective CA) was correlated with lower eGFR irrespective of infarct
side (p<0.05). Both lower eGFR and higher gain correlated with WML grade (p<0.05). Lower
eGFR and increased gain, alone and in combination, progressively reduced the odds of a good
functional outcome [ipsilateral OR=5.34 (CI95% 1.20 — 32.5), p=0.040; contralateral
OR=7.37 (CI95% 2.04 — 26.5), p=0.002] and increased risk of HT [ipsilateral OR=2.50
(CI95% 0.41 — 15.0), p=0.318; contralateral OR=6.00 (CI95% 1.36 — 26.4), p=0.018].
Conclusions: Lower renal function correlates with less effective dynamic CA in acute
ischemic stroke, both predicting a bad outcome. The evaluation of serum biomarkers of renal
dysfunction could have interest in the future for assessing cerebral microvascular risk and

relationship with stroke complications.
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Text

Introduction

Chronic kidney disease (CKD) increases the risk of ischemic stroke (IS)'3, its severity and the
chance of poor outcome* °. The exact mechanisms that govern this cerebro-renal interaction
are scarcely understood®. A possible explanation may involve the similar features of kidney
and brain microvascular beds. Both vascular beds are low resistance arterial beds that rely on
continuous blood flow that is maintained at relatively constant levels by a fine-tuned myogenic
regulatory system protecting both the brain and kidney from blood pressure (BP) fluctuations

7-12

that could cause large swings in blood flow’"'“. This property, called autoregulation, has been

1 12,13 18.]0,14

long known to exist in rena and cerebra vasculature. Despite differences between
organ systems, it can be viewed as a generalized vascular protective mechanism'! with failure
resulting in microvessel damage (e.g.: from uncontrolled hypertension and diabetes'>"%). In
fact, glomerular sclerosis of chronic kidney failure'® as well as lacunar infarcts and white

matter lesions in the brain'>

are characterized by similar pathological conditions: endothelial
dysfunction; ischaemic arteriosclerosis; low perfusion and small vessel leakage.'> 2° Recent
evidence has shown that kidney impairment is associated with a greater severity of cerebral
white matter lesions?!.

Therefore microvascular dysfunction that could impair myogenic autoregulation may be the
missing link between renal function and stroke morbidity and worthwhile of being explored.

Dynamic cerebral autoregulation (CA) can be rapidly and noninvasively assessed at patient

bedside by transfer function analysis (TFA) using spontaneous oscillations in blood pressure

22 7,17,23-25 26, 27

and cerebral blood flow velocity which is known to be impaired in acute IS
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In this study we examined the relationship between renal function and CA, assessed from TFA

measured within 6 hours of symptom-onset and its impact on long-term outcome.

Methods

Population studied

We included patients with acute IS admitted to stroke unit at Sdo Jodo Hospital Centre, Porto,
that were able to be monitored within 6 hours of symptoms. Exclusion criteria included
hemodynamic instability requiring vasoactive agents, other central neurological co-morbidities
(e.g. tumor) or acute renal injury or insufficient temporal acoustic window. We recruited 46
with ischemic stroke of middle cerebral artery (MCA) territory. All participants underwent
cervical and transcranial ultrasound studies (Vivid e; GE) before evaluation to exclude
hemodynamically significant extra- or intracranial stenoses. Blood samples were collected at
admission for C-reactive protein (CRP) and creatinine levels. Estimated glomerular filtration
rate (eGFR) was calculated using the Chronic Kidney Disease Epidemiology Collaboration

28

formula®®. In the first fasting sample, with total, low-density lipoprotein (LDL) and high-

density lipoprotein (HDL) cholesterol, glucose, glycated hemoglobin (HgA1C).

Clinical Assessment

All patients underwent neurological examination at presentation and National Institute of
Health Stroke Scale (NIHSS) scores were calculated at baseline and on a daily basis until
discharge. Outcome, assessed by clinical interview, corresponded to mortality and functional

independency [modified Rankin Scale (MRS) 0-2] at 90 days.

Monitoring protocol
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Evaluations were carried out in the stroke unit with head of the bed at 0° during the 10min of
recording. Arterial blood pressure (ABP) was continuously monitored with a finger cuff in the
unaffected side using Finometer MIDI (FMS, Amsterdam, Netherlands). Additionally, blood

pressure was assessed with oscillometric cuff (Dash 2500, GE, UK). HR was assessed from
lead II of a standard 3-lead electrocardiogram (ECG). Cerebral blood flow velocity (CBFV)
was recorded bilaterally from M1 segment of MCA (depth of 50-55 mm) with 2-MHz
monitoring probes secured with a headband (Doppler BoxX, DWL, Singen, Germany). End-
tidal carbon dioxide (CO2) was evaluated by nasal cannula attached to Respsense capnograph
(Nonin, Amsterdam, The Netherlands). All data was synchronized at 400 Hz with Powerlab
(AD Instruments, Oxford, UK) and stored for offline analysis. Data collection occurred for 10

min within 6 from symptoms-onset.

Cerebral autoregulation data analysis

All signals were inspected using a custom based Matlab® program and artifacts removed by
linear interpolationzg. Systolic, mean and diastolic values of ABP and CBFV were calculated.
For each heart-beat cerebrovascular resistance index (CVRi) was calculated by mean
ABP/CBFV, reflecting vasomotor function®’. Transfer function Analysis (TFA) was used to
assess dynamic CA by calculating coherence, gain and phase parameters from beat-to-beat

23,31,32 Ten minutes of

spontaneous oscillations of CBFV and ABP as previously reported
normalized data were interpolated at 100 Hz into uniform time basis; averaged periodogram
was calculated by Welch method*® with Hanning window of 30 seconds, with two-third
overlap. Coherence was calculated between input auto-spectra of ABP over cross-spectra of
CBFV/ABP and transfer functions of phase and gain were determined by dividing the cross-

spectrum by the input auto-spectrum?*. Coherence, gain and phase are reported for the low

frequency range (0.03-0.15 Hz) which is the autoregulatory frequency’” ?* ?* 3! In short,
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coherence is the coefficient of correlation between the signals; higher coherence between the
oscillations is reflective of less effective CA. Gain quantifies the damping effect of CA on the
magnitude of ABP oscillations. Phase shift represents the time delay between ABP and CBFV
oscillations. Lower gain and higher phase represent tighter, more effective autoregulatory

response® 33,

Neuroimaging Assessment

All subjects were assessed with admission CT brain scan (Siemens Somaton Emotion Duo,
Erlangen, Germany), with 3 to 6 mm slices, at presentation and repeated at 24 hours.
Hemorrhagic transformation was defined as any hemorrhage ranging from petechial
hyperdensities to parenchymal hematoma®*. White matter lesions , a correlate of cerebral
microvascular disease?®, were graded by the van Swieten scale based on the first CT scan, a

method validated against MRI in IS36-38,

Statistical analysis

Normality was determined by Shapiro-Wilk test. Baseline data are presented for all subjects.
The relationship between baseline characteristics, including eGFR, and CA parameters was
determined by multivariate and univariate linear regression analysis adjusting for age, gender
and other significantly related variables at previous univariate analysis. To better depict the
relationship between renal function and eGFR both were divided into terciles or medians. Any
subgroups were compared with Kruskal-Wallis and Mann-Whitney tests. The impact of eGFR
on outcome (MRS 0 — 6) and association with white matter lesions grades (0 — 4) was
characterized by ordinal regression analysis. Logistic regression analysis was used to access
the risk of hemorrhagic transformation. To avoid spurious associations, we considered

statistically significant at P<0.01 level for univariate regression analysis. Otherwise, P<0.05
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cut-off was used. All statistics were performed using IBM Statistical Package for Social

Sciences (SPSS) Statistics v21™.

Results

Renal function and cerebral autoregulation

Baseline characteristics and hemodynamic data are reported in Tables 1 and 2, respectively.
In a multivariate linear regression analysis, greater LF and HF gain values (less effective CA)
were significantly associated with lower eGFR irrespective of infarct side (p<0.05, Table 3).
Phase and coherence were not related to any baseline variable. Complete univariate linear
regression analysis are presented in table 4. To better depict this relationship between renal
function and dynamic CA, eGFR was divided in terciles subgroups of low (<65 ml/min),
medium (65-87 ml/min) and high (>87 ml/min) values. Inspection of figure 1, showing the
distribution of CA parameters throughout all spectrum of frequencies shows gain significantly
increased in low eGFR subgroup compared to the higher one (p<0.05).

Previous use of Calcium Channel Blockers (CCB) was also associated with higher gain values
bilaterally (p<0.05, Table 3). To explore further the influence of chronic medication of CCB
we compared subgroups with (n=10) and without it regarding gain levels (Figure 2A and B)
and renal function (Figure 2C). CCB use was associated with lower gain values (p<0.05) and
also with lower eGFR (57 and 75 ml/min, p=0.022) but not statistically significant if only
chronic hypertensive patients were selected (N=37, 57 and 70 ml/min, p=0.082). CCB users
an non-users did not show different ABP values at presentation (systolic 13721 vs 138+20

mm Hg, p=0.901; diastolic 4712 vs 55+14 mm Hg, p=0.125)

Relationship with cerebral microvascular disease (White Matter Lesions)
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White matter lesions grade was correlated in an inverse manner with lower levels of eGFR
(rho spearman = - 0.52, p<0.0001) and proportionally to higher levels of LF gain (ipsilateral
r= 0.368, p= 0.040; contralateral r= 0.402, p= 0.006). This can be depicted clearly in figures
3C and 4C+F, where we explored the distribution of white matter lesions grades accordingly
to terciles of eGFR and LF gain, respectively. In Figure 5C and 5F, we demonstrate the
interaction between renal function and dynamic CA, by studying subgroups of eGFR and LF
gain split by their medians. The lower the eGFR and the higher the LF gain (worse CA) the
more severe were the white matter lesions grade (ordinal shift analysis infract side p=0.09;

non-infarct side p=0.05) but not reaching statistical significant at ischemic side.

Renal function, cerebral autoregulation and outcome

As presented in Figure 4A, lower GFR reduces significantly the odds of a good outcome
measured by MRS at 3 months [Figure 3A, lower eGFR as reference, ordinal regression odds
ratio, OR = 0.36 (confidence interval, CI, 95% 0.18 — 0.73), p=0.005] and higher risk of
hemorrhagic transformation [Figure 3B, logistic regression OR 0.97 (CI95% 0.95 — 0.99),

p=0.026].

Figure 4 depicts outcome accordingly to CA status. Higher LF gain (worse CA) also increased
the odds of a poor outcome [Figure 4A, ipsilateral OR=2.18 (CI95% 1.01 — 5.28), p=0.048;
figure 4D, contralateral OR=2.17 (CI95% 1.12 — 4.17), p=0.022], and the risk of developing
hemorrhagic transformation [Figure 4B, ipsilateral OR=1.98 (CI95% 1.002 — 8.12), Figure

4E, p=0.042; contralateral OR=2.79 (CI95% 1.03 — 7.56), p=0.043].

A ordinal regression model with interaction between decreasing eGFR and increasing LF gain

(Figure 5A and D) found that both factors combine to progressively reducing the odds of a
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good functional outcome [ipsilateral OR=5.34 (CI95% 1.20 — 32.5), p=0.040; contralateral
OR=7.37 (CI95% 2.04 — 26.47), p=0.002]. Multinomial logistic regression also found the
interaction of lower eGFR and higher LF gain for increased risk of hemorrhagic
transformation only with statistical significant at contralateral side [Figure 5B and SE,
ipsilateral OR=2.50 (C195% 0.41 — 15.0), p=0.318; contralateral OR=6.00 (CI95% 1.36 —

26.4), p=0.018].

Discussion

Our data shows significant association between impaired cerebral autoregulation (higher
dynamic CA gain values) assessed during acute ischemic stroke (<6 hours) and impaired renal
function (lower glomerular filtration rate) independent of age, vascular risk factors and relevant
laboratory metabolic control parameters. Moreover, both reduced renal function and high gain
values were associated with greater white matter abnormalities and with reduced likelihood of

a good functional outcome as assessed by Modified Rankin Scale at 3 months.

To understand why impaired renal function might be linked to impaired cerebral
autoregulation, we need to consider the physiology of autoregulation. Renal autoregulation
adjusts vascular resistance to stabilize renal blood flow and GFR during changes in renal
perfusion pressure.” > Basically, as pressure changes stretch the smooth muscles of the afferent
and cortical arterioles, a myogenic response occurs to adjust vascular resistance to maintain
flow. Since blood flow in a vascular bed is determined by perfusion pressure and resistance
(Blood flow = perfusion pressure / vascular resistance), if perfusion pressure increases,
stretching the smooth muscle surrounding the arterioles, the arterioles will then constrict to
increase resistance and maintain the ratio of pressure to resistance and thus maintain blood

flow.” In fact, renal autoregulation status has been well documented by the same method of
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TFA we used to assess dynamic CA. This method quantifies the transfer of blood pressure
changes into flow change, thus high gain means pressure changes are causing flow changes,
and thus autoregulation is impaired. In the kidney, previous work in hypertensive rats with
adenine-induced chronic renal failure has shown that gain is increased in the <0.1 Hz band,

indicating that higher gain is an indicator of impaired renal autoregulation®.

The same characteristics are found in the cerebrovasculature with increased gain in the low
frequency range associated with impaired cerebral autoregulation.'® 2* In fact, myogenic
autoregulation is widely distributed over various vascular beds including the brain, coronary,

pulmonary, mesenteric, and skeletal muscle.'!

Considering the similarities in the characteristics of autoregulation in the kidney and brain, one
could propose that microvascular damage (e.g. caused by hypertension, diabetes) that causes
impairment in kidney function® ' could also affect the brain in a similar fashion. Support for
this idea is found in stroke-prone spontaneously-hypertensive rats that have a genetic
predisposition to rapid glomerulosclerosis and stroke.*’ In fact in these rats, both renal
autoregulation (as assessed by TFA) and cerebral autoregulation are impaired prior to the
development of stroke and death.**> Examination of the histopathology of cerebral arteries in
the spontaneously hypertensive rates have also shown medial hypertrophy and remodeling,*?
that are hallmarks of small vessel disease, as in humans.?’ Thus it would appear that the stroke
prone spontaneously hypertensive rats show impairments of autoregulation in both the kidney
and brain, prior to stroke. These data would suggest, in this animal model, that impairment of

autoregulation is occurring in multiple vascular beds.
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Taken together, this would suggest that if patients demonstrate less effective autoregulation in
cerebral vasculature (high gain) they would likely also have impaired renal myogenic

autoregulation, which would cause glomerular dysfunction.

One interesting finding was that previous CCB use was correlated to increased LF gain values
in both cerebral hemispheres as well as reduced eGFR. A possible explanation for this finding

lies in the effect of CCB on autoregulation. In fact, previous work has demonstrated that CCB

9,44 45

impairs the myogenic response in the kidney in animal models® ** and perhaps in humans.*

CCB block the L-type voltage-gated calcium channels that are activated by stretch of the

arterial vessel wall.” 12

Thus changes in pressure that result in changes in stretch of the walls
will no longer activate the release of calcium and contraction of smooth muscle to modulate
vascular resistance to maintain flow, which we would expect to result in increased gain (i.e.
worse autoregulation). The finding that CCB are associated with increased gain and poor eGFR
may be due to CCB impairing autoregulation in both organs (brain and kidney), consistent with
our hypothesis. However, the effect of CCB on cerebral autoregulation in humans is not as

3,45, 46’ while

clear with studies using measures other than TFA showing impaired autoregulation
another study found no change in TFA derived gain in 8 healthy individuals*’. Further work is

necessary to determine if CCB could be affecting autoregulation in both the kidney and brain

in patients.

Our finding that both low eGFR and high gain were significantly associated with severe white
matter lesions does suggest that impaired autoregulation in the brain and kidney may be
associated. One suggested mechanism for this is that microvascular damage is the basis of this
autoregulatory dysfunction. Further prospective studies could untangle what’s cause or

consequence.
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Another finding in our study was the relationship between high gain, low eGFR and
hemorrhagic transformation. Higher gain values reflect less effectiveness in the dampening
capability of cerebral resistance vessels in the insonated vascular territory to BP oscillations”
2. These dysfunctional vessels disrupt Starling’s principle by increasing the hydrostatic
pressure across the capillary bed and contribute to the existing blood-brain barrier leakage®®.
Therefore, this might explain the association of higher gain and the risk of hemorrhagic
transformation. Also, high gain values have been implicated in acute intracerebral
hemorrhage®* *’ and hematoma expansion®.

In the infarct hemisphere, gain had more non-significant relationships with outcome
measurements. This can be observed by inspecting figures 4 and 5. One obvious explanation
is that some patients had occluded MCA at infarct side and CA cannot be assessed at infarct
side in the severe cases. Therefore, gain apparently had weaker associations with outcome
measures. A second possibility may be that the gain in the ischemic hemisphere is artificially
lowered and cerebral autoregulation falsely normalized due to the increased vascular resistance
caused by microthrombosis (6) and/or cytotoxic edema (5) in the infarcted area (34). Clearly,
much more work on the physiological determinants influencing each TFA parameter is needed.
However, much more work on the clinical and physiological determinants influencing each

TFA parameter is needed, namely with biomarkers, to confirm our results.

In conclusion, our findings provide support that early autoregulatory impairment of cerebral
small vessels as well as renal vessels may be a possible mechanism linking low renal function
with higher severity of ischemic stroke. Rapid assessment of serum markers of renal

dysfunction could be used as surrogates of cerebral microvascular function integrity which may
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help identify high risk individuals for complications like hemorrhagic transformation and

possibly provide a therapeutic target in the future.
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FIGURE LEGENDS

Figure 1 Frequency spectra from 0.03 to 0.5 Hz of Coherence and Transfer Function Gain and
Phase measured in acute stroke patients (< 6 hours) accordingly to their estimated glomerular
filtration rate (eGFR). Continuous, interrupted and spotted lines within dark grey, light grey
and spotted white strips corresponds to means+SE of groups of low (<65 ml/min), medium (65
— 87 ml/min) and high (>87 ml/min) terciles of eGFR, respectively. Groups were compared
with ANOVA and P values presented at right superior corner of each plot. Lower GFR shows

higher gain values bilaterally which indicate less effective dynamic cerebral autoregulation.

Figure 2 Box plots comparing median and quartiles distribution of cerebral autoregulation
Gain, at low (LF: 0.03-0.15 Hz) and high (HF: 0.15-0.5 Hz) frequency bands, and estimated
glomerular filtration rate (GFR) by groups with and without chronic use of calcium channel

blockers (CCB). Statistical p value of Mann-whitey test (A, B) and T-test (C) is presented.

Figure 3 Relationship between renal function subgroups of low (<65 ml/min), medium (65 —
87 ml/min) and high (>87 ml/min) terciles of estimated glomerular filtration rate (¢eGFR) and
outcome accordingly to modified Rankin scale (A), risk of hemorrhage (B) and the severity of
white matter lesions assessed at 24-hour head Computed Tomography, accordingly to
vanSwieten scale *. Subgroups were compared with ordinal regression or logistic regression

as appropriate.

Figure 4 Relationship between cerebral autoregulation subgroups of low, medium and high
terciles of LF gain at infarct (<0.82, 0.83-1.01, >1.01 %*mmHg?, respectively) and non-infarct

hemisphere (<0.89, 0.90-1.23, >1.23 %*/mmHg?, respectively) and outcome accordingly to
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modified Rankin scale (A), risk of hemorrhage (B) and the severity of white matter lesions
assessed at 24-hour head Computed Tomography, accordingly to vanSwieten scale *.

Subgroups were compared with ordinal regression or logistic regression as appropriate.

Figure 5 Interaction between cerebral autoregulation and renal function on outcome
accordingly to modified Rankin scale (A), risk of hemorrhage (B) and on severity of white
matter lesions assessed at 24-hour head Computed Tomography, accordingly to vanSwieten
scale 3. Subgroups were created by splitting by median values: renal function into low (<72
ml/min) and high (>72 ml/min) subgroups of estimated glomerular filtration rate (eGFR);
cerebral autoregulation into low (Lo gain) and high (Hi gain) subgroups of LF gain in infract
(< 0.87 and >0.87 %*mmHg?) and non-infarct hemisphere (< 1.02 and >1.02 %*mmHg?).
Notice that higher gain values represents worse levels of cerebral autoregulation. The
interaction effect in outcome and white matter lesions was tested in multinomial logistic or

ordinal regression models as appropriate.
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Table 1 Demographics and Baseline characteristics of patients (N=46)

Demographics
Male 19 (51)
Age, years (mean+SD) 73+12
BMI, Kg.m? (mean+SD) 2745
Previous stroke/TIA, n (%) 6 (16)
Hypertension, n (%) 28 (77)
Diabetes Mellitus, n (%) 14 (38)
Dyslipidemia, n (%) 27 (73)
Tobacco, n (%) 4(11)
Previous M1, n (%) 2(4)
Atrial Fibrillation, n (%) 20 (43)

Chronic Medication, n (%)

Antiplatelet 18 (49)
Statin 17 (46)
Beta-Blocker 10 (27)
ACEI/ARiB 15 (41)
CCB 9 (24)

Stroke characteristics
Etiology (TOAST), n (%)

Large Vessel 6 (16)
Cardioembolic 18 (49)
Small vessel 2(5)
Other 1(3)
Undetermined 12 (27)
Occlusion of affected MCA 16 (35)
NIHSS score [median(IQR)] 14 (9-22)

Neuroimaging [median(IQR)]
Infarct Volume, mL 19 (2-139)
Leucoencephalopathy grade 2 (1-3)

(VanSwieten scale®)

Laboratorial (mean+SD)

C-reactive protein, mg/L 7.7£14.7
Total cholesterol, mg/dL 174+72
LDL cholesterol, mg/dL 105+42
HDL cholesterol, mg/dL 46+11
Triglycerides, mg/dL 111+68
Glucose, mg/dL 14081
HbAIC, % 6.4+1.4

Creatinine, mg/dL 1.0£1.0



Capitulos

Renal Function

eGFR, ml/min/1.73 m? 80+39
CDK-EPI Stage 0-1, n (%) 10 (20)
CDK-EPI Stage 2, n (%) 23 (46)
CDK-EPI Stage 3, n (%) 13 (25)
CDK-EPI Stage 4, n (%) 1(2)
CDK-EPI Stage 5, n (%) 1(2)

Body-Mass Index (BMI), Transitory Ischemic Attack (TIA), Modified Rankin Scale (MRS),
angiotensin-conversion-enzyme inhibitor (ACEI), angiotensin receptor blocker (ARB),
calcium channel blocker (CCB), Trial of ORG10172 in Acute Stroke Treatment (TOAST),
middle cerebral artery (MCA), National Institutes of Health Stroke Scale (NIHSS), Low-
density lipoprotein (LDL), High-density lipoprotein (LDL), glycated hemoglobin (HbA1C),
eGFR (estimated glomerular filtration rate) by Chronic Kidney Disease Epidemiology

Collaboration (CKD-EPI) formula®s.
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Table 2 Systemic and cerebral hemodynamic characteristics of patients (N=46)

Systemic hemodynamics (mean+SD)

Systolic ABP, mm Hg 144£19
Mean ABP, mm Hg 98+11
Diastolic ABP, mm Hg 75+11
Heart rate, bpm 67+11
LF BP variability, (mm Hg)? 85+111
HF BP variability, (mm Hg)? 13420
EtCO2, mm Hg 36+7

Cerebral hemodynamics (mean+SD)

Ipsilateral
MFV, cm/sec 40420
CVRi, mm Hg/cm/sec 2.3+0.9
LF BV variability, (cm/sec)? 128+142
HF BV variability, (cm/sec)? 35449
Contralateral
MFV, cm/sec 48+17
CVRi, mm Hg/cm/sec 1.7+£0.7
LF BV variability, (cm/sec)? 2004250
HF BV variability, (cm/sec)? 47+68

Dynamic cerebral autoregulation
Ipsilateral

LF coherence 0.5+0.2
LF gain, %/mm Hg 1.0£0.3
LF phase, degrees 32423
HF coherence 0.6+0.2
HF gain, %/mm Hg 1.5+0.6
HF phase, degrees - 0.1+13
Contralateral
LF coherence 0.5+£0.2
LF gain, %/mm Hg 1.2+0.5
LF phase, degrees 44426
HF coherence 0.7+£0.2
HF gain, %/mm Hg 1.5+£0.6
HF phase, degrees -0.7£13

Arterial blood pressure (ABP), cerebrovascular resistance index (CVRi), end-tidal carbon
dioxide (EtCO2), low (LF: 0.3 — 0.15 Hz) and high (HF: 0.15 — 0.5 Hz) frequency spectral

bands.
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Table 3 Association between estimated glomerular filtration rate and cerebral autoregulation parameters in acute stroke (<6 hours)

Multiple Linear Regression — Beta coefficients and estimated 95% confidence interval

Coherence (a.u.)

LF band

Ipsilateral (N=37)
eGFR, min/min —-0.03 (0,01, 0.01)
CCB -0.32(-45.6,7.5)
MBP, mm Hg 0.01 (- 0.01,0.01)
Heart Rate, bpm —0.11 (= 0.01, 0.00)
EtCO2, mmHg -0.13 (- 0.01,0.01)
Contralateral (N=46)
eGFR, min/min -0.19 (-0.01, 0.01)
CCB -0.15(-34.5,10.2)
MBP, mm Hg —-0.20 (- 0.01,0.001)
Heart Rate, bpm —0.08 (= 0.01, 0.003)

EtCO2, mmHg -0.03 (- 0.01,0.01)

HF band

—-0.08 (-0.23,0,15)
~0.32(-45.6,7.5)
0.06 (- 0.27, 0.37)

—-0.02 (-0.43,0.37)

-0.03 (- 0.78,0.67)

0.09 (- 0.13,0.25)
-0.32(-45.6,7.5)
0.10 (- 0.22, 0.45)
—-0.02 (- 0.45,0.38)

-0.17 (- 1.12,0.28)

Gain (%* mmHg?)

LF band

*~0.61 (-0.01,-0.004)
*0.52(0.22,0.71)
-0.39 (- 0.02, 0.001)
—0.30 (- 0.03, 0.03)

—0.34 (- 0.08, 0.05)

*-0.45 (-0.01,-0.004)
*0.40 (0.16, 0.81)
*~0.49 (-0.03,-0.01)
—-0.15 (= 0.02,0.01)

~0.29 (- 0.04, 0.00)

HF band

*~0.47 (-0.18,-0.003)
*0.35 (0.06, 1.12)
-0.01 (- 0.03,0.01)
—0.32 (- 0.01, 0.02)

—0.23 (- 0.10,0.02)

*-0.42 (-0.02,-0.004)
0.25 (- 0.04, 0.76)
*-0.47 (-0.03,-0.01)
—-0.32(-0.01,0.13)

-0.24 (- 0.01,0.12)

Phase (degrees)

LF band HF band

0.10 (- 0.24, 0.43) —0.08 (- 0.26, 0.14)
0.17 (- 0.09, 0.26) 0.17 (- 0.05, 0.12)
0.28 (- 1.21, 0.60) 0.28 (- 1.21, 0.60)
0.13 (- 0.33, 1.26) 0.24 (- 1.23,0.23)
0.31 (- 0.10, .34) 0.13 (- 0.13,2.31)
0.06 (- 0.23, 0.35) 0.09 (- 0.13,0.25)
0.14 (- 0.06, 0.24) 0.17 (- 0.05, 0.12)
0.17 (- 0.26, 0.84) 0.21 (- 1.23, 1.01)
-0.04(-0.58,1.03) —0.10(-2.33,0.12)

0.13 (0.14, 2.56) -0.25(-0.23,3.12)
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Estimated glomerular filtration rate (eGFR), mean arterial blood pressure (MBP), end-tidal
carbon dioxide (EtCO2), low (LF: 0.03 — 0.15 Hz) and high (HF: 0.15 — 0.5 Hz) frequency
spectral bands.* P<0.01 for multivariate linear regression analysis adjusting for age, gender

and all significantly related variables in univariate analysis
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Capitulo 5: Doentes com insuficiéncia cardiaca e com estenose adrtica grave

apresentam uma resposta autorreguladora cerebral superior no AVC isquémico agudo

Castro, P., Rocha, I., Serrador, J., Chaves, P., Sorond, F., & Azevedo, E. (2017). Heart Failure
Patients with Severe Aortic Stenosis Have Enhanced Cerebral Autoregulation Response in Acute

Ischemic Stroke. Int J Cardiol (em revisao)
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Abstract

Background and Purpose:

The cerebrovascular effects of a failing heart-pump, namely its relation to the capability
of cerebral autoregulation, are largely unknown. Understanding the influence of chronic
heart failure (CHF) in cerebral autoregulation in the setting of acute ischemic stroke can
reveal new insights into the vasomotor control and targets that can benefit all stroke
patients. In this study we examined the relationship between CHF and dynamic cerebral
autoregulation (CA), within 6 hours of symptom-onsetthrough a chronic stage of
ischemic stroke.

Methods: We prospectively enrolled 50 patients with acute ischemic stroke. Groups with
CHF (N=8) and without CHF were compared. Arterial blood pressure (Finometer),
cerebral blood flow velocity (transcranial Doppler), electrocardiogram and end-tidal-CO>
were recorded over 10 minutes within 6 and at 24 hours from symptom-onset and at 3
months. We assessed CA by transfer function analysis (coherence, phase and gain).
Cardiac disease markers were assessed at presentation.

Results: CHF associated with higher phase (better CA) at ischemic hemisphere within 6
(p=0.042) and at 24 hours (p=0.006) but this effect resolved at 3 months (p>0.05). Gain

and Coherence trends were similar between groups. We found a positive correlation
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between Phase values and troponin I levels at presentation (Spearman’s r= 0.348,
p=0.044.

Conclusions: Our findings advances the knowledge of how brain and heart interact is
acute ischemic stroke by showing an enhanced dynamic cerebral autoregulation response
in CHF patients. Understanding the physiological mechanisms that govern this complex
interplay can be useful to find novel therapeutic targets which can improve outcome in

ischemic stroke.

Text

Introduction

Increasing attention is being given to the complex interplay between heart and brain and
in this context chronic heart failure (CHF) is an illustrative challenge. In fact, it is known
that CHF increases the risk, severity and poor outcome of ischemic stroke (IS)', in part
due to frequent concomitant atrial fibrillation (AF). On the other hand, CHF causes
chronic brain hypoxia and thereby may induce changes in the capability of small
resistance vessels to react to ischemic insult, i.e. may promote ischemic preconditioning?.
There is some evidence that CHF can have impact in cerebral hemodynamics and
reduced oxygenation upon standing’, possibly caused by augmented vasoconstriction
due to overactivity of sympathetic nervous system®, although the decrease in cerebral
perfusion pressure can be caused by the reduced ejection fraction itself. However, despite
its clinical and physiological interest, the cerebrovascular control to blood pressure
fluctuations, the so called cerebral autoregulation (CA), has never been properly studied

before in CHF patients. Exception goes for a recent study on ischemic CHF that found
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impaired CA and an previous work reporting impaired cerebrovascular vasodilation to
CO:> challenge’, which is definitely not a synonym of CA. There are no studies of CA
response of patients with CHF under acute stress or acute stroke not to subtypes of heart
failure due to valvulopathy. Understanding the effects of chronic low perfusion pressure
on brain can lead, not only to better treatment of neurological complications of CHF, but
also to unravel the mechanisms of cerebral vascular control to global hypoxia.

Dynamic CA can be rapidly and noninvasively assessed at the bedside by transfer
function analysis (TFA) using spontaneous oscillations in blood pressure and cerebral

712 which is known to be impaired in acute IS'* ',

blood flow velocity
In this study we compare the Dynamic CA response measured by TFA between patients

with and without CHF, from acute through chronic stage of IS.

Methods

Population studied

We consecutively included patients with acute IS admitted to stroke unit at Sdo Jodo
Hospital Centre, Porto, and able to be monitored within 6 hours of symptoms. Exclusion
criteria included hemodynamic instability requiring vasoactive agents, other central
neurological co-morbidities (e.g. tumor), acute renal injury, myocardial infarction
(clinical, electrocardiographic ST-elevation or serial myocardial injury enzymes) or
insufficient temporal acoustic window. We recruited 50 patients, 46 with IS of middle
(MCA) and 4 of posterior (PCA) cerebral arteries territories. In 3 of these cases we did
not have imaging confirmation of the definitive infarcted territory and patients were
included based on clinical signs of MCA territory infarction (aphasia). All participants

underwent cervical and transcranial duplex scan (Vivid e; GE) before evaluation. All
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patients underwent neurological examination at presentation and National Institutes of
Health Stroke Scale (NIHSS) scores were calculated at baseline and on a daily basis until
discharge. IS patients with or without CHF were identified and compared. CHF was
diagnosed previously on cardiac CHF symptoms with functional class I to III, according
to the New York Heart Association (NYHA) classification{Bennett, 2002 #555}

irrespective of left ventricle ejection fraction (LVEF).

Monitoring protocol

Evaluations were carried out in the stroke unit with head of the bed at 0° during the 10
min of recording. Arterial blood pressure (ABP) was continuously monitored with a
finger cuff in the unaffected side using Finometer MIDI (FMS, Amsterdam, Netherlands).
Additionally, blood pressure was assessed using an oscillometric cuff (Dash 2500, GE,
UK) hourly in the first 24-hours and at 3 months. HR was assessed from lead II of a
standard 3-lead electrocardiogram (ECG). Cerebral blood flow velocity (CBFV) was
recorded bilaterally from M1 segment of MCA (depth of 50-55 mm) and P2 segment if
PCA (depth 50-60 mm) with 2-MHz monitoring probes secured with a standard headband
(Doppler BoxX, DWL, Singen, Germany). End-tidal carbon dioxide (CO2) was
continuously recorded with nasal cannula attached to Respsense capnograph (Nonin,
Amsterdam, Netherlands). All data were synchronized and digitized at 400 Hz with
Powerlab (AD Instruments, Oxford, UK) and stored for offline analysis. Data collection
occurred for 10 minutes within 6 hours and at 24 hours from symptoms-onset and also at

3 months in survivors available for follow-up (n=36).

Heart disease markers
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Blood samples were collected immediately at admission for B-type natriuretic peptide
(BNP), troponin I (TpI), myoglobin, creatinine kinase—MB, C-reactive protein (CRP) and
creatinine levels. Estimated glomerular filtration rate (eGFR) was calculated using the
Chronic Kidney Disease Epidemiology Collaboration formula!®. In the first fasting
sample we measured total, low-density lipoprotein (LDL) and high-density lipoprotein
(HDL) cholesterol, glucose and glycated hemoglobin (HgA1C).

Transthoracic Echocardiography (Philips, iE33, Amsterdam) was performed during the
first 48 hours and validated by experienced cardiologist and let ventricle ejection fraction
(LVEF) and mass (LVM) were calculated accordingly to guidelines'®. CHF patients were

reviewed for previous echographic studies to exclude those with acute heart changes.

Data analysis

All signals were inspected and artifacts removed by linear interpolation. Systolic, mean
and diastolic values of ABP and CBFV were calculated. For each heart-beat
cerebrovascular resistance index (CVRi) was calculated by ABP/CBFV reflecting
vasomotor function'”. Transfer function Analysis (TFA) was used to assess Dynamic CA
by calculating coherence, gain and phase parameters from beat-to-beat spontaneous
oscillations of CBFV and ABP as previously reported” '®. Ten minutes of normalized data
were interpolated at 100 Hz into uniform time basis; averaged periodogram was
calculated by Welch method’ with Hanning window of 30 seconds, with two-third
overlap. Coherence was calculated between input auto-spectra of ABP over cross-spectra
of CBFV/ABP and transfer functions of phase and gain were determined by dividing the
cross-spectrum by the input auto-spectrum'?. Coherence, gain and phase are reported for
the low frequency range (0.03-0.15 Hz) which is the autoregulatory frequency®!% '¥. In

short, coherence is the coefficient of correlation between the signals; higher coherence
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between the oscillations is reflective of less effective Dynamic CA. Gain quantifies the
damping effect of Dynamic CA on the magnitude of ABP oscillations. Phase shift
represents the time delay between ABP and CBFV oscillations. Lower gain and higher

phase represent tighter, more effective autoregulatory response® '°.

Neuroimaging Assessment
All subjects were assessed with admission CT brain scan (Siemens Somaton Emotion
Duo, Erlangen, Germany), with 3 to 6 mm slices, at presentation and repeated at 24

hours. Infarct volume was measured at 24h following ABC/2 rule®.

Statistical analysis

Normality was determined by Shapiro-Wilk test. Baseline data are presented for all
subjects. Groups with and without CHF were compared with qui-square test for nominal
variables and Student t-test or Mann-Whitney for continuous variables as appropriate.
Repeated measures ANOVA was used to find significant time changes in hemodynamic
variables. Polynomial contrast compared serial time marks; differences between
dichotomous groups with and without CHF were achieved by repeating the model with
fixed factors. Bonferonni's post-hoc test was used to correct for multiple comparisons.
The relationship between continuous variables, such as TFA parameters and cardiac
disease markers, were analyzed with Spearman’s rho correlation analysis. All effects
were considered statistically significant at P<0.05 level. All statistics were performed

using IBM Statistical Package for Social Sciences (SPSS) Statistics v21™.

Results
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We identified 8 patients with CHF: 6/8 had severe aortic stenosis and 6/8 had previous
ischemic heart disease. Etiological classification was considered to be primary due to
valvulopahty in 6/8 and the remain ischemic. Only 2 patients had preserved CHF with
LVEF; 5/8 patients were in NYHA class II, 2 in class III and 1 in class I. Baseline
characteristics and hemodynamic data are reported in Tables 1. CHF group was older
(p=0.034), had lower BMI (p=0.039) and, as excepted, higher levels of cardiac
dysfunction (Tpl, BNP, LVEF and LVM p<0.05). Stroke severity (infarct volume or
NIHSS score) were not different in CHF compared to the others (p>0.05). As shown in
Figure 1, CHF patients had higher VLF Phase (better CA) at ischemic hemisphere within
6 (p=0.042) and at 24 hours (p=0.006) of symptom-onset which resolved at 3 months
(p> 0.05). Tlain and Coherence trends were similar between groups. Concerning
laboratory and laboratorial markers of cardiac dysfunction, we found a positive
correlation between VLF Phase values and Tpl levels at presentation (Spearman’s r=
0.348, p=0.044). NYHA class, BNP and LVEF were not correlated with TFA parameters
(p>0.05). Analysis of the relationship between TFA parameters and baseline
characteristics reveled that VLF Phase were inversely correlated with infarct volume (<6
hours, Spearman’s Rho r= — 0.483, p=0.007; at 24 hours r= — 0.456, p=0.007) but not
with any other independent variable. The presence of AF did not influence it either

(p=0.281).

Discussion

Our data shows that patients with CHF have a significantly higher Dynamic CA (higher
VLF Phase) in affected arterial territory of acute IS then those without CHF. Also, a
higher Phase was correlated with increased myocardial injury as detected by Tpl at

presentation.
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An increased phase shift at lower frequencies is generally accepted as a marker of more
effective Dynamic CA, as continuous counter-regulation of CBFV to oscillations of BP.
A lower phase (usually < 20-30 degrees) has been reported in several cerebrovascular

diseases such as IS'*?!, intracerebral hemorrhage®>, MCA stenosis****, carotid stenosis**

and even predictor of cerebral vasospasm or delayed cerebral ischemia®®2®

supporting its
value as a marker of impaired Dynamic CA.

The explanation for our findings it not easily depicted from the exhaustive
characterization of the patients. BNP were not correlated with VLF Phase, meaning that
CHF severity was not a determining for the higher Dynamic CA. Also, systemic
hemodynamic parameters were similar between groups apart from obvious lower cardiac
output (lower LVEF) in CHF.

Increased sympathetic autonomic activity, frequently found in CHF' or IS* could be a
possible link since it may interfere with cerebrovascular control’® *!. Curiously, higher
TpI was also modestly related to higher VLF phase at affected hemisphere. Increased
sympathetic activity could be the cause of increased myocyte necrosis which is commonly
described in stress myocardiopathy?’. However, the available evidence points in favor of
an impaired cerebral hemodynamics by increased autonomic activity' 4, which is not in
accordance to our results. Increased sympathetic activity in CHF could cause cerebral
vasoconstriction impairing cerebral autoregulation, contrary to what we have found.
Unfortunately, the high prevalence of AF in CHF subgroup prevented us to explore HR
variability, a surrogate for autonomic activity to clarify this point.

Another possible explanation to our results might derive from the fact that chronic brain
hypoperfusion in CHF patients could induce some direct or remote preconditioning
effects at cerebral level rendering it more resistant to ischemia®. Supporting this

hypothesis, we remember that most of our CHF patients had concomitant ischemic heart



Capitulos

disease. Hypoxia-inducible factor-1 (HIF-1) is increased in CHF patients even with
preserved LVEF and correlates with the increased Tpl levels at admission of
decompensated CHF*, HIF-1-activation pathway reacts to ischemia by increasing serum
vascular endothelial growth factor and erythropoietin concentrations®® . Also, in animal
models, iron chelation and HIF-1 activation have been shown to be neuroprotective in

acute ischemic stroke and subarachnoid hemorrhage®’.

Recent work elegantly
demonstrated that activation of HIF-1-regulated pathway with deferoxamine improved
CA**. Therefore, higher Dynamic CA response in our study can be an expression of this
hypoxic-ischemic preconditioning. Another possibility is that augmented CA is the
expression the severe aortic obstruction of many patients with CHF. It should be noticed,
however, that this could not be accounted by low peripheral arterial BP levels because
MBP was similar between groups.

Future studies should thus measure these biomarkers to assess their relevance in IS.
Studies should also be sought to compared CA in patients with severe aortic stenosis or
HF and between both acute ischemic settings (eg, controlled forearm ischemia) and
chronic stable conditions.

As in previous works'# 2! 38.39

, gain did not show unequivocal proofs of being altered in
acute IS which are in line with our results. Phase may be a much more sensitive measure
of Dynamic CA than gain.

In conclusion, our findings contribute to the knowledge of how brain and heart interact
in acute ischemic stroke by showing an enhanced dynamic cerebral autoregulation
response in CHF patients. Understanding the physiological mechanism that govern this

complex interplay can be useful to allow searching therapeutic targets that can improve

outcome in ischemic stroke.
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FIGURE LEGENDS

Figure 1 Differences in cerebral autoregulation between groups of CHF and without
CHF. TFA parameters — Coherence, Gain and Phase — are presented across different
spectral bands of Very Low Frequency (VLF, 0.03-0.07 Hz) 0.03-0.07 Hz; HF), low
frequency (LF, 0.07-0.15 Hz) to high frequency (HF, 0.015-0.3 Hz) and at successive
time marks from stroke symptoms (< 6 hours, 24 hours and 3 months). Significant
differences (P<0.05) between groups with CHF and without CHF in repeated-measures

ANOVA are highlighted with bracket with asterisk (*) on top.
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Table 1 Baseline characteristics of patients with and without Heart Failure (N=50)

Demographics TOTAL HF Non-HF P value
(N=50) (N=8) (N=42)

Male, n (%) 23 (46) 3(11) 24 (57) 0.444
Age, years (mean+SD) 73+12 80+9 69+13 0.034
BMI, Kg.m? (mean+SD) 2745 2443 28+5 0.039
Previous stroke/TIA, n (%) 7(14) 1(13) 6(14) 1.000
Previous M1, n (%) 2(4) 0(0) 2(5) 1.000
Hypertension, n (%) 37 (74) 6 (75) 31(74) 0.944
Diabetes Mellitus, n (%) 18 (36) 3(38) 15 (36) 1.000
Dyslipidemia, n (%) 38 (76) 6 (63) 33 (78) 0.379
Tobacco, n (%) 6(12) 2 (25) 4 (10) 0.242
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Chronic Medication, n (%)

Antiplatelet 27 (46) 5(62) 18 (43) 0.444
Statin 17 (46) 5(62) 16 (38) 0.255
Beta-Blocker 10 (22) 4 (50) 7(17) 0.037
ACEI/ARiB 10 (20) 5(62) 15 (36) 0.240
CCB 10 (20) 0(0) 10 (24) 0.184

Stroke characteristics

Atrial Fibrillation, n (%) 21 (42) 6 (75) 15 (36) 0.039
Large Vessel atherosclerosis, n 6(12) 1(12) 5¢12) 1.000
(%)
Lacunar infract, n (%) 6(12) 0(0) 6(14) 0.572
Thrombolysis, n (%) 37 (74) 6 (75) 31 (74) 1.000
Occlusion of affected MCA 16 (32) 3(38) 13 (31) 0.699
NIHSS score [median(IQR)] 12 (7-21) | 14(7-20) 11 (5-21) 0.887
Infarct Volume, 15 (1-112) | 6(0.4-53) | 16 (1-123) 0.296
mL/median(IQR)]
Laboratorial (meanSD)
C-reactive protein, mg/L 7.7£14.7 4.8+2.7 6.9+14 0.683
Total cholesterol, mg/dL 17472 151436 182448 0.096
LDL cholesterol, mg/dL 105+42 91+39 110£40 0.214
HDL cholesterol, mg/dL 46+11 4449 45+11 0.659

Triglycerides, mg/dL 111+68 85428 12771 0.105
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Glucose, mg/dL 140481 134451 142480 0.773

HbAIC, % 6.4+1.4 6.0+0.6 6.5£1.5 0.429

eGFR, ml/min/1.73 m? 71+£24 68+20 72425 0.692

Cardiac markers (meanSD)

Troponin I, ng/ml 0.06+£0.28 | 0.31+0.68 | 0.02+0.04 0.0001
BNP, pg/ml 428+668 | 11761198 | 267+341 0.008
LVEF, % 56+11 45+14 61+8 0.006
LV mass, g/1.73 m? (mean+SD)| 136%32 158436 133429 0.046

Systemic hemodynamics
(mean+SD)

Systolic ABP, mm Hg 144+£19 143£29 148+19 0.486

Mean ABP, mm Hg 98+11 102£25 101+11 0.825

Diastolic ABP, mm Hg 75+11 82423 78«11 0.386

Heart rate, bpm 67+11 7515 68+11 0.122

LF BP variability, mm Hg? 85+111 117£170 102£150 0.789

HF BP variability, mm Hg? 13+£20 8+8 15+£25 0.442

EtCO2, mm Hg 367 36+4 37+7 0.516

Cerebral hemodynamics
(mean+SD)

Ipsilateral
MFV, cm/sec 40£20 40£18 41£19 0.847
CVRi, mm Hg/cm/sec 2.3+0.9 2.3+0.7 2.3£1.0 0.987
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LF variability, (cm/sec)? 128+142 1484230 120+108 0.649

HF variability, (cm/sec)? 35+49 22423 35+49 0.561
Contralateral

MFV, cm/sec 48+17 4049 52+17 0.076

CVRi, mm Hg/cm/sec 1.7£0.7 2.2+0.7 1.8+0.6 0.110

LF BV variability, (cm/sec)? 200£250 2124250 189+229 0.794

HF BV variability, (cm/sec)? 45+68 36441 45+67 0.733

Body-Mass Index (BMI), Transitory Ischemic Attack (TIA), Modified Rankin Scale
(MRS), angiotensin-conversion-enzyme inhibitor (ACEI), angiotensin receptor blocker
(ARB), calcium channel blocker (CCB), Trial of ORG10172 in Acute Stroke Treatment
(TOAST), middle cerebral artery (MCA), National Institutes of Health Stroke Scale
(NIHSS), Low-density lipoprotein (LDL), High-density lipoprotein (LDL), glycated
hemoglobin (HbA1C), eGFR (estimated glomerular filtration rate) by Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) formula'. Arterial blood pressure
(ABP), cerebrovascular resistance index (CVRi), end-tidal carbon dioxide (EtCO2), low

(LF: 0.3 —0.15 Hz) and high (HF: 0.15 — 0.5 Hz) frequency spectral bands.
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Table 2 Association between cardiac disease markers and bral

ion p in acute stroke (<6 hours)

Spearman’s Correlation Coefficients and P value

Tropopin I, ng/ml

BNP, pg/ml

LVEF (%)

LV mass, g/ min/1.73 m?

Age, years

r=0.598, p<0.00001

r=0.695, p<0.00001

=—0.503, p=0.001

1= 0.444, p=0.004

eGFR, ml/min/1.73 m*

r=-0.424, p<0.004

r= - 0.491, p<0.00002;

r=0.534, p=0.0003

r=-0.453, p=0.003

Infarct side (N=34)

VLF (0.03-0-07 Hz)
Phase, degrees 1=0.348, p=0.044 | r=-0.010, p=0.956 r=—-0.195, p=0.301 r=0.068, p=0.722
Gain, %/mm Hg r=-0.103, p=0.562 | r=0.183, p=0.468 r=—0.183, p=0.333 = 0.090, p=0.333

Coherence, a.u.

r=-0.244, p=0.195

r=-0.309, p=0.075

r=0.037, p=0.847

r=-0.056, p=0.769

LF (0.07-0.15 Hz)

Phase, degrees

r=0.123, p=0.489

r=-0.018, p=0.927

r=0.021, p=0.921

r=-0.208, p=0.271

Gain, %/mm Hg

r=0.018, p=0.920

r=0.098, p=0.606

r=0.033, p=0.862

r=—-0.174, p=0.357

Coherence, a.u.

r=0.016, p=0.928

r=—0.092, p=0.628

r=0.174, p=0.359

r=—0.121, p=0.525

HF (0.15-0.3 Hz)

Phase, degrees

r=0.025, p=0.889

r=—0.175, p=0.356

r=0.190, p=0.315

r=-0.219, p=0.246

Gain, %/mm Hg

1= 0.232, p=0.187

r=-0.301, p=0.105

r=-0.123,p=0.519

r=0.047, p=0.806

Coherence, a.u.

r=0.116, p=0.345

r=0.179, p=0.513

r=-0.003, p=0.989

r=0.072, p=0.706

Non-infarct side (N=50)

VLEF (0.03-0-07 Hz)

Phase, degrees

t=0.198, p=0.169

r=— 0007, p=0.964

r=— 0015, p=0.924

r=-0.034, p=0.169

Gain, %/mm Hg

r= 0.024, p=0.868

r= 0.210, p=0.166

r=0.015, p=0.928

r=0.125, p=0.435

Coherence, a.u.

r=0.139, p=0.335

r=-0.102, p=0.506

r=-0.093, p=0.565

r=0.207, p=0.088

LF (0.07-0.15 Hz)

Phase, degrees

r=—0.065, p=0.653

r=-0.174, p=0.254

r=0.085, p=0.596

r=-0.192, p=0.229

Gain, %/mm Hg

r=0.091, p=0.529

r=0.169, p=0.267

r=0.041, p=0.801

r=0.000, p=1.000

Coherence, a.u.

r=0.153, p=0.289

r=—0.067, p=0.663

r=0.107, p=0.507

r=— 0.040, p=0.804

HF (0.15-0.3 Hz)

Phase, degrees

r=—0.049, p=0.735

r=-0.167, p=0.272

r=0.054, p=0.736

r=—0.184, p=0.249

Gain, %/mm Hg

1= 0.264, p=0.064

r=0.285, p=0.058

r=-0.149, p=0.352

r=0.103, p=0.521

Coherence, a.u.

r=0.191, p=0.183

r=-0.181, p=0.234

r=-0.142, p=0.374

r=0.205, p=0.199
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Estimated glomerular filtration rate (eGFR), mean arterial blood pressure (MBP), end-tidal
carbon dioxide (EtCO2), low (LF: 0.3 — 0.15 Hz) and high (HF: 0.15 — 0.5 Hz) frequency
spectral bands.* P<0.01 for multivariate linear regression analysis adjusting for age, gender

and all significantly related variables in univariate analysis
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VI. DISCUSSAO

O presente projeto de investigacdo baseou-se na exploracdo das potencialidades da ARC
dinamica no contexto de AVC isquémico agudo, nomeadamente como marcador de progndstico

e preditor de complicagdes neuroldgicas.

Numa primeira fase, foi estudada uma populagdo de individuos sauddveis, de modo a perceber
entre que valores a ARC normalmente opera e a influéncia de fatores demograficos como sexo
e idade nas suas medi¢cdes. Numa segunda fase, estudou-se a fase aguda do AVC isquémico
agudo com monitorizacdo multimodal seriada dentro das primeiras 6 horas de inicio de sintomas
de AVC, e depois as 12, 24 e 48 horas. Os sobreviventes foram ainda analisados aos 3 meses.
Excluiram-se doentes com lesdao hemodinamica significativa dos vasos cervicais. Consideraram-
se os AVC resultantes do atingimento de qualquer artéria intracraniana (ACM, ACA, ACP).
Contudo, apds 50 doentes incluidos, apenas um reduzido nimero de casos apresentava oclusao
de outro vaso intracraniano que n3do a ACM (ACP, n=4/50). A andlise de resultados foi entdo
dirigida para o grupo de 46 casos de oclusdo da ACM, exceto no capitulo 5. Esta escolha permitiu
estudar uma populagdo mais homogénea de doentes e, no final, melhorar o enquadramento no

panorama de estudos no AVC isquémico, onde é habito privilegiar a circulagdo anterior.

Houve ainda a preocupacao de utilizar metodologias sensiveis, atuais e ndo invasivas no estudo
da hemodinamica cerebral. O DTC parece cumprir esses requisitos, tem uma excelente
resolucdo temporal e apresenta uma grande flexibilidade ao permitir investigacbes em
diferentes condic¢Oes e locais. As técnicas de medicdo da ARC pela AFT também sdo as mais
valorizadas pela comunidade cientifica internacional {Claassen, 2016 #501}. O recurso a
flutuagdes espontaneas dos sinais biolégicos tem a vantagem de obviar a colaboracdo do doente
e dos efeitos confundidores ou clinicamente inapropriados das manipulagées farmacoldgicas,

no contexto agudo da isquemia cerebral.

Apds estas consideragdes genéricas iniciais, e atendendo aos objetivos do projeto, passa-se a

discutir os principais resultados obtidos.
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Fatores demogrdficos, hemodindmica sistémica e autorrequlacdo cerebral

O primeiro estudo demonstrou que a medicdo da ARC, da VR e da ANV nao é influenciada pela
idade ou sexo em individuos sauddveis. Também mostrou que os parametros que medem os
diversos mecanismos de regulacdo ndo sao correlacionaveis entre si. Se, do ponto de vista tedrico,
tal seria esperado de distintos fatores de controlo cerebrovascular, este resultado chama a
atengdo para alguns aspetos praticos relevantes. Na literatura é comum a comparagdo entre
estudos da “reatividade cerebral” através de metodologias distintas. Os nossos resultados
sugerem que a ARC, a ANV ou o VR ndo devem ser usados e interpretados de modo permutavel.
Por conseguinte, sera desejavel uma bateria alargada de testes para se obter uma visdo completa
do estado da fungdo vascular cerebral. A auséncia de qualquer efeito da idade sobre os
mecanismos de regulacdo cerebral podera parecer, a primeira vista, um achado inesperado. Alias,
tém sido descritas alteragdes hemodindmicas na arvore vascular cerebral com o avancgar da idade
(Krejza et al., 1999, Bakker et al., 2004), pelo que podemos ter algumas reservas quanto a
sensibilidade dos procedimentos técnicos naquilo que pretendem medir. Nao obstante, aamostra
selecionada mostrou de forma clara uma diminuicdo da VFSC e aumento do valor de resisténcia
vascular (Purkayastha & Sorond, 2014), iRVC, com o aumento da idade. Isto revela aspetos ja bem
documentados quanto ao envelhecimento vascular cerebral (Bakker et al., 1999, Bakker et al.,
2004, Krejza et al., 1999), o que deixa alguma seguranca acerca da sua representatividade. Ja no
gue concerne a VR, alguns estudos encontram um efeito significativo da idade em resposta ao CO;
(Sorond et al., 2015, Coverdale et al., 2016), embora varios trabalhos demonstrem o contrario
(Bakker et al., 2004, Yamamoto et al., 1980, Fluck et al., 2014, Barnes et al., 2012). Ndo podemos,
contudo, esquecer que esta populacdo é saudavel e a auséncia de fatores de risco vascular pode
contribuir para essa auséncia de correlagdo. Apesar de pequeno, este estudo mostrou que ha
uma preservacdo do controlo vascular cerebral a varios niveis, sendo pioneiro no facto de
combinar num sé estudo medicGes de varios aspetos da regulacdo cerebrovascular - ANV, CA e
VR. A maior parte dos estudos prévios apenas avaliaram um desses parametros.

Assim, poderd haver alguma reserva funcional que compense a deteriora¢do cerebrovascular
associada ao envelhecimento. De acordo com esta hipdtese, estudos prévios mostraram que
individuos com lesGes marcadas na substancia branca apenas se tornariam sintomaticos
(alteragdo da marcha e risco de quedas) se a ANV estivesse alterada (Sorond et al., 2010).
Contudo, ndo podemos excluir o facto de a avaliagdo por DTC poder nao ser suficientemente
sensivel para detetar alteracdes mais subtis na regulacdo microvascular quando comparado com

outros métodos com maior resolugdo especial (e.g., ressonancia magnética). A avaliacdo por



Discusséo

DTC é, pois, uma avaliacdo global da capacidade funcional cerebrovascular do territério
sondado. Os resultados obtidos sdo relevantes para o estudo da ARC no AVC isquémico, ja que
afeta uma populagao idosa. O efeito da idade parece nao vir a influenciar diretamente os nossos

resultados, embora possa haver interagao com fatores de risco vascular.

A auséncia de um efeito do sexo no controlo vascular foi um tanto inesperada, ja que tém sido
demonstradas varias alteragdes hormonais no controlo vasomotor, talvez pela modulagao da
via do NO (Matteis et al., 1998, Cagnacci et al., 2003) e um risco cardiovascular associado a
menopausa (El Khoudary et al., 2015). Dado que nao foi controladopara a fase do ciclo ovarico,
podemos ndo ter apreciado corretamente a influéncia do sexo nos vdrios mecanismos de

regulacdo vascular.

Este estudo mostrou ainda novos dados no que concerne o estudo da VR, ja que se verificou que
a amplitude da resposta da VFSC a hipercapnia ndo se correlaciona com o grau de resposta a
hipocapnia. Como monitorizdmos concomitantemente outros parametros hemodindmicos (PA
e CO,TE) durante as manobras, podemos avancar com a explicacio de que se tratam
simplesmente de manobras diferentes do ponto de vista hemodindmico sistémico. A prova
inalatdria de CO; (carbogénio) promove uma subida lenta da PA e tem pouco efeito sobre a FC.
Pelo contrario, a hipocapnia, conseguida a custa de trabalho ventilatdrio, provoca uma queda
transitdria inicial de PA, sobressaindo o aumento da FC durante toda a prova. Assim, o efeito da
diferente ativacdo do SNA simpatico pode condicionar influéncias ndo previstas sobre a arvore
vascular cerebral e enviesar os resultados. De outro modo, podem a hipo ou hipercapnia
corresponder a diferentes respostas fisioldgicas vasculares, o que merece estudo subsequente.
Este estudo alerta assim, mais uma vez, para o facto de os resultados dos estudos na literatura
poderem nao ser comparaveis entre si se usarem diferentes métodos, ainda que se fale do

mesmo mecanismo de controlo cerebrovascular.

Este estudo foi importante ja que mostrou que:
e A idade e o sexo, ndo sdo por si sés fatores determinantes para o estado vascular
cerebral funcional, nomeadamente, a ARC, a VR e o ANV, quando avaliado por DTC;
e Devemos ter precaugdo ao comparar os resultados de estudos que utilizaram diferentes
métodos de avaliagdo da funcdo vascular cerebral para investigar aspetos fisioldgicos ou
patoldgicos cerebrovasculares; pelo menos a ARC, a VR e o ANV ndo sdo sempre

correlacionaveis.
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Uma autorregulagdo cerebral mais eficaz no AVC isquémico agudo prediz

enfartes cerebrais de menor volume e melhor resultado funcional

Neste estudo avalidamos a ARC dinamica por AFT dentro das primeiras 6 horas de sintomas de
AVC isquémico em territério da ACM, e verificou-se que uma melhor eficdcia autorregulatéria
na fase aguda (maior fase e ganho reduzido) conduziu a um menor volume de enfarte
estabelecido em tomografia computadorizada cerebral as 24 horas e a um melhor resultado

funcional aos 3 meses.

A AFT é cada vez mais usada para analisar a ARC (Meel-van den Abeelen et al., 2014b, Malojcic
et al., 2017) em doencas neuroldgicas. O desvio de fase, isto €, o atraso temporal da oscilacdo
da VFSC em relacdo a PA, mostrou ser um preditor significativo em situacdes como a doenca
carotidea (Hu et al., 1999, Panerai et al., 1998b) ou estenose intracraniana (Haubrich et al.,
2003), ou o desenvolvimento de vasospasmo apds hemorragia subaracnoideia (Budohoski et al.,
2015, Calviere et al., 2015, Otite et al., 2014, Soehle et al., 2004). Este parametro também tem
sido avaliado no AVC isquémico (Aries et al., 2010, Dawson et al., 2000a, Dawson et al., 2003,
Eames et al., 2002, Reinhard et al., 2005, Reinhard et al., 2008), parecendo estar relacionado
com a sua gravidade (Reinhard et al., 2005, Reinhard et al., 2008). No seu conjunto, todos estes
estudos mostram que a fase parece ser um parametro importante que reflete a capacidade
regulatdria no territério arterial afetado. Os nossos resultados parecem estar de acordo com
esta visdo, ja que mostram que uma fase melhor estd relacionada com enfartes mais pequenos
e melhor estado funcional a longo prazo. O ponto de corte que estimamos também esta perto
de um valor de =30°, aproximado do nivel que se pensa ser o limite da ARC alterada ou ndo
(Diehl et al., 1995, Aries et al., 2010, Panerai et al., 1998a). Com base num ponto de corte de
fase em 37°, verificou-se que a probabilidade de estar independente funcionalmente aos 3
meses era 14 vezes superior no caso de uma ARC mais eficiente (fase > 37 °). Este subgrupo
também evidenciou enfartes de menor volume as 24 horas. Estes resultados dizem respeito a
ARC medida no hemisfério afetado, o que demonstra alguma plausibilidade fisiopatoldgica dos
achados.

Também foi interessante notar que valores menores de PA sistdlica se associaram a enfartes
maiores, mas apenas se a ARC estivesse diminuida. Uma PA menor num territdrio de penumbra
isquémica que ndo consegue autorregular podera significar uma hipoperfusao progressiva (Bang
et al., 2008). Este resultado langa o interesse em se modelar a ARC (Sorond et al., 2015) para

preservar a penumbra isquémica ou usar a ARC para selecionar melhor os doentes que
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beneficiam de terapéutica hipertensiva, de modo a evitar a isquemia definitiva em areas

cerebrais em risco.

Os fatores de risco vascular ndo se relacionaram com os parametros de ARC. Ainda assim, dado
o numero reduzido de participantes, ndo podemos excluir de modo perentério o facto de que
estas comorbilidades nao influenciaram a ARC. Por exemplo, uma ARC alterada foi registada
num doente com apneia do sono com risco aumentado de AVC (Tsivgoulis & Alexandrov, 2009).

Sdo necessarios mais estudos para perceber a relagao da ARC com fatores de risco vascular.

Os resultados obtidos poderdo explicar os resultados negativos de ensaios clinicos com
manipulacdo da PA na fase aguda do AVC isquémico. Estes ndo demonstraram qualquer
beneficio clinico para os doentes, i.e., ndo alteraram significativamente o prognéstico (Tikhonoff
et al., 2009). Isto podera resultar da possibilidade de nem todos os doentes poderem beneficiar
do ajuste hemodindmico, pois dependeria da preservacdo da sua ARC, reduzindo o poder
estatistico desses trabalhos. Baseando-nos nos resultados deste estudo, poderiamos sugerir que
uma avaliacdo da ARC pode identificar doentes com menor capacidade autorregulatdria (fase <
379), nos quais se poderiam tomar atitudes para manter a PA e o fluxo em niveis mais
adequados.

Em linha com estudos prévios, notamos que o ganho ndo parece ser um marcador tdo sensivel
como a fase para o resultado funcional. De qualquer das formas, um maior ganho (menor

amortecimento das oscilagbes de PA) associou-se a um pior estado funcional aos 3 meses.

Algumas precaucGes devem ser tidas em conta na interpretacdo dos resultados. No contexto do
AVC isquémico agudo, existiram certamente multiplos fatores que levaram a variagdes ndo
lineares na avaliagdo hemodinamica (e.g., agitacdo, altera¢des cognitivas, alteragdes
autonomicas), que poderdo invalidar os resultados da AFT, um método linear. Também convém
refletir sobre as oclusGes da ACM no seu segmento M1. Neste caso, ndo temos acesso a VFSC
por DTC. A maior parte dos casos em que a M1 ndo esteve acessivel foram casos de
revascularizacdo infrutifera de trombdlise endovenosa. Esta limitagao da aplicabilidade da ARC
na fase aguda do AVC pode ser vista como uma falha metodolégica importante. Contudo, uma
oclusdo que persiste nas primeiras horas de AVC, mesmo apds trombdlise endovenosa, é por si
s6 um fator de muito mau progndstico (Sagqur et al., 2007). Nesta situacdo, a avaliacdo da ARC
com certeza ndo acrescentara nenhuma mais-valia no que toca ao prognéstico, ja de si muito

reservado. De facto, estes doentes foram acompanhados e apenas 1/16 se encontrava
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independente aos 3 meses e todos eles apresentavam enfartes em territdrio total de ACM. O
que o estudo vem revelar é que, mesmo que a ACM recanalize, uma ARC mais eficaz (fase > 37°)

traduz-se numa probabilidade aumentada de recuperacao funcional aos 3 meses.

Estes novos dados tém importancia porque:

e Uma disfuncdo da ARC parece estar envolvida na fisiopatologia do AVC isquémico
agudo;

e Demonstram pela primeira vez que a ARC dinamica pode ser avaliada dentro de 6 horas
de sintomas, janela de tempo durante a qual as decisdes médicas sdo cruciais para o
prognostico (European Stroke Organisation Executive & Committee, 2008, Jauch et al.,
2013b);

e Os niveis de ARC modelam a relagdo da PA com o volume de enfarte estabelecido as 24
horas. Assim, os doentes com uma ARC menos eficaz (fase < 37°) apresentam uma area
de enfarte cerebral maior quanto menor a PA;

e Em futuros ensaios clinicos, a ARC podera ser um bom marcador de sele¢cdo dos doentes

gue mais beneficiardo de terapéutica modificadora da PA na fase aguda.

Transformacdo hemorragica e edema cerebral: conexdo a

autorregulacdo cerebral

Neste estudo, mostramos que as alteragdes precoces da ARC (dentro de 6 horas do inicio de
sintomas) aumentam o risco de complicagOes futuras, como o edema cerebral e a transformacéo
hemorragica evidenciados por tomografia computadorizada as 24 horas.

Este estudo mostra, pela primeira vez, que o risco de edema cerebral e de transformacdo
hemorragica pode ser predito pelo estado da ARC individual numa fase ainda precoce da
isquemia cerebral.

Estudos prévios (Reinhard et al., 2005, Reinhard et al., 2008) mostraram uma relagdo da ARC
com o progndstico, mas ndo com o risco de complicagGes. A explicagdo simples para os
resultados é que a falha da capacidade autorreguladora, muito assente em mecanismos
miogénicos, pode significar que os vasos de resisténcia cerebral, ao ndo conseguirem absorver
as oscilagdes de PA, provoquem uma elevag¢dao da pressdo hidrostatica na rede capilar e um
consequente agravamento da lesdo de BHE. Esta disrupcdo dos pequenos vasos cerebrais

promove o extravasamento do conteldo intravascular, ou seja, o edema cerebral e a
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transformacdo hemorragica (Wang & Lo, 2003, Bang et al., 2007, Balami et al., 2011). A favorecer
esta hipdtese, encontramos um iRVC diminuido e a VFM aumentada no hemisférico afetado pela
isquemia nos doentes que tiverem estas complicagcdes. Podemos considerar entdo que estes
doentes apresentam uma resposta vasodilatadora cerebral inapropriada e sem efeito tampao
(menor capacidade de ARC) sobre os estimulos presséricos.

A variacdo do iRVC desde uma fase tdo precoce de isquemia cerebral ndo foi descrita
anteriormente. Considerando toda a coorte de doentes, um maior iRVC nas primeiras horas
sugere uma resposta de vasoconstricdo cerebral como resposta aguda. Podemos colocar a
hipdtese de que tal se deve a agentes vasoconstritores libertados. Por exemplos, sabemos que
no AVC agudo sdo libertadas substancias como a endotelina-1 em grandes quantidades, um
potente vasoconstritor cerebral (Ziv et al., 1992). Também existem modelos experimentais que
mostram gque uma isquemia transitéria de curta duracdo pode exibir um fendmeno de uma
contrac3o prolongada dos pericitos pelo influxo de Ca?*. Assim, mesmo que restituido o fluxo
sanguineo, o tecido cerebral pode permanecer sob isquemia profunda (Hall et al., 2014). Para
este aumento do iRVC também poderado contribuir a microtrombose e o edema citotdxico, que
se instalam na microcirculacdo da area de enfarte (Balami et al., 2011). Os resultados deste
estudo revelam entdo indicios de que no AVC isquémico, em geral, hd uma vasoconstricdao
mantida no tecido cerebral, mesmo que restituido o fluxo no tronco principal, neste caso, a
ACM. Esta condicdo esta de acordo com o fendmeno de nado recirculacdo avancado por Ames na
década de 70 (Ames et al., 1968) em modelo experimental de isquemia cerebral, o que faria
deste estudo o primeiro relato em humanos deste fendmeno. Esta condigdo esta bem
documentada apds revascularizacdo coronaria, podendo contribuir para o resultado funcional
apos o enfarte do miocardio (Ito, 2001, Harding, 2006).

Por fim, verificdmos que estas alteragdes se resolveram aos 3 meses. A natureza transitdria da
ARC alterada é fisiopatologicamente intuitiva e oferece mais uma prova bioldgica plausivel para
as medidas de ARC como marcadores de risco de AVC grave com risco de edema ou
transformagao hemorragica.

Reiterando, percebendo quais as vias moleculares determinantes para esta ARC ineficaz,
vasodilatagdo inapropriada ou vasoconstricdo pds-recanalizagdo, podemos oferecer uma
oportunidade de melhorar o prognédstico nos doentes com AVC isquémico agudo, preservando
uma maior area de penumbra isquémica, perceber melhor os mecanismos e evitar a progressao

para edema maligno ou transformacdo hemorragica.

Este estudo foi importante porque mostrou que:
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e Uma ARC diminuida no AVC isquémico agudo coloca o tecido cerebral em risco de
progresso para edema cerebral ou transformacdao hemorrégica;
e Os doentes com estas complicacdes parecem ter uma resposta vasodilatadora em fase

precoce (< 6 horas de inicio de sintomas de AVC) que sugere disfuncdo vasomotora.

Doenca renal cronica e resultado funcional desfavordvel no AVC isquémico

agudo: serd a autorrequlacdo cerebral a ligagdo perdida?

Nos trabalhos prévios (“Capitulo 2: Uma autorregulacdo cerebral mais eficaz no AVC isquémico
agudo prediz enfartes cerebrais de menor volume e melhor resultado funcional” e “Capitulo 3:
Transformagdo hemorrdgica e edema cerebral no AVC isquémico agudo: conexdo a
autorregulagdo cerebral”) demonstramos que a ARC é importante para o progndstico e previsao
de complica¢des do AVC isquémico. Procurou-se entdo saber que fatores poderiam contribuir
para uma ARC menos eficaz.

No estudo “Capitulo 4: Doenca renal cronica e resultado funcional desfavordvel no AVC
isquémico agudo: serd a autorregulacdo cerebral o elo de ligacdao perdido?” estudou-se a
relacdo entre a ARC na fase aguda do AVC isquémico e a doenga renal crdnica. Verificou-se que
a funcdo renal e a ARC apresentam alteracGes paralelas, sugerindo a existéncia de uma
disfungao microvascular sistémica subjacente nos doentes que se apresentam com pior ARC.

O estudo mostrou haver uma associagdo entre uma ARC menos eficaz (niveis elevados de ganho)
e uma insuficiéncia renal traduzida por menor taxa de depuragdo da creatinina,
independentemente da idade, fatores de risco vascular e marcadores séricos de controlo
metabdlico. Também se verificou que a disfungdo renal ou de ARC (ganho elevado) se
relacionava com a gravidade de alteragdes da substancia branca cerebral determinada por
tomografia computadorizada. Cada um destes fatores relacionaram-se com o pior progndstico
aos 3 meses, com reducdo da probabilidade de serem independentes (escala de Rankin

modificada 0 - 2).

Para percebermos melhor esta cumplicidade cerebrorrenal, temos de nos debrucar, em primeira
instancia, sobre a fisiologia da autorregulagdo renal. Com efeito e propdsito similar ao da ARC a
nivel cerebral, esta permite estabilizar o fluxo e a taxa de filtracdo renal, apesar das variaces
da pressao de perfusdo. Sucintamente, a medida que a PA varia e, consequentemente, se altera

o estiramento das células musculares lisas das arteriolas aferentes e corticais renais, ocorre uma
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resposta miogénica para ajustar a resisténcia vascular de modo a manter o fluxo constante
(Carlstrom et al., 2015). Ndo deixa de ser curioso que a autorregulacdo renal também seja
estudada com a mesma técnica de AFT (Abu-Amarah et al., 2005, Loutzenhiser et al., 2006,
Saeed et al., 2014). Contudo, dado o caracter invasivo da mediacdo de fluxo na artéria renal,
esta apenas esta descrita em animais de laboratdrio (Abu-Amarah et al., 2005, Saeed et al., 2014,
Carlstrom et al., 2015). Modelos de ratos hipertensivos com insuficiéncia renal induzida pela
adenina mostraram um ganho de AFT aumentado na banda < 0,1 Hz, indicando uma falha de
autorregulacdo renal (Saeed et al., 2014). Do mesmo modo, ganhos elevados a nivel cerebral
em bandas de frequéncia também baixas refletem autorregulacdo limitada e incapacidade de
amortecimento das oscilagbes pressdricas a nivel cerebral (Zhang et al., 1998, Panerai, 1998,
Azevedo & Castro, 2016). Isto faz sentido, ja que os mecanismos de regulacdo miogénica serdo,
teoricamente, os mesmos em vdrios leitos vasculares, sejam eles os do cérebro, rim, coronarias,
mesentério ou musculo esquelético (Davis, 2012). Considerando estas similitudes, pressupdem-
se que a lesdo microvascular (e.g., causado pela HTA ou diabetes) que causa a disfuncdo renal
(Bidani & Griffin, 2004) também pode afetar a ARC. Podemos encontrar sustentagdo para esta
premissa em ratos espontaneamente hipertensivos com predisposicdo genética para
glomerolosclerose rapida e AVC (Churchill et al., 2002). De facto, estes ratos apresentaram
autorregulacdes cerebral e renal disfuncionais antes do desenvolvimento de AVC e morte (Abu-
Amarah et al., 2005, Smeda et al., 1999). A histopatologia destes animais mostrou artérias
cerebrais com hipertrofia da média e sinais de remodelagem (lzzard et al., 2003), as mesmas
alteracOes que caracterizam a doenga de pequenos vasos cerebrais (Fazekas et al., 1993).
Portanto, somos levados a pensar que a disfungdo do mecanismo de autorregulagdo estara a
decorrer em varios territérios. Voltando aos resultados dos doentes com AVC isquémico do
Capitulo 4: Doencga renal crénica e resultado funcional desfavoravel no AVC isquémico
agudo: sera a autorregulacdo cerebral o elo de ligacdo perdido?, é-nos permitido supor
que aqueles que se apresentaram com uma ARC menos eficaz (ganho elevado) possam ter
também menor capacidade de regulagdo miogénica renal, um dos fatores associados a

insuficiéncia renal.

Foi interessante notar que o uso corrente de bloqueadores de canais de célcio se correlacionou
com um aumento de ganho (menor ARC) na banda de frequéncias baixas, o dominio espectral
da ARC (Zhang et al., 1998, Panerai, 1998), em ambos os hemisférios cerebrais (Figura 2 do
Capitulo 4: Doenga renal cronica e resultado funcional desfavoravel no AVC isquémico

agudo: serd a autorregulacdo cerebral o elo de ligacdo perdido?). O uso destes farmacos



Discussdo

estava igualmente associado a taxas de depuracao de creatinina reduzidas. Em modelos animais,
verificou-se que os bloqueadores de canais de célcio reduziam a resposta miogénica a nivel renal
(Nakamura et al., 1999, Carlstrom et al.,, 2015), o que talvez possa acontecer também em
humanos (Tan et al., 2013, Hamner & Tan, 2014, Endoh et al., 2000). Os bloqueadores de canais
de célcio bloqueiam os canais de Ca?* tipo L dependentes da voltagem, que s3o ativados pelo
estiramento do musculo liso vascular (Earley & Brayden, 2015). Assim, para além da
vasodilatacdo periférica que os caracteriza como agentes anti-hipertensores, também
bloqueiam o mecanismo de resposta vasoconstritora provocado pelo aumento da PA (Nakamura
et al., 1999). Pela sua ac¢do, a pressdao transmural ndo provocara a entrada de calcio e
consequente contracdo da célula muscular lisa de modo a aumentar a resisténcia vascular e
conservar um fluxo sanguineo constante. Isto reflete-se numa maior transmissao da amplitude
de oscilacdo pressodrica para o fluxo, i.e., maior ganho e menor capacidade autorreguladora. O
facto de termos encontrado uma associacao entre ganho elevado a nivel cerebral e fungdo renal
diminuida pode estar relacionado com o efeito dos bloqueadores de canais de calcio nos dois
orgdos. Contudo, o efeito de bloqueadores de canais de cdlcio a nivel da ARC humana nao é
totalmente claro nalguns estudos (Endoh et al., 2000, Tan et al., 2013, Hamner & Tan, 2014).
Alguns autores ndo encontraram alteracées do ganho da AFT em individuos normais (Tzeng et

al., 2011).

Também foram observadas associacGes de ganho elevado (ARC menos eficaz) ou reduzida taxa
de filtracdo glomerular, com maior gravidade de lesGes de substancia branca a nivel cerebral, o
que ja foi descrito previamente (Purkayastha et al., 2014, Yang et al., 2017). Este facto, apesar
de ndo ser inovador, vem reforcar a hipdtese de os pequenos vasos cerebrais com disfuncdo
vasomotora estarem envolvidos. N3o conseguimos, contudo, esclarecer se é a lesdo

microvascular que subjaz a disfun¢do de ARC ou o contrario.

Outro resultado importante foi o facto de encontrarmos um maior risco de transformacgao
hemorragica em doentes com ganho mais elevado e pior fun¢do renal. Um ganho mais elevado
significa que os vasos de resisténcia cerebrais sdo menos capazes de amortecer as oscila¢des de
PA, sendo que estas sdo transmitidas a rede capilar do parénquima cerebral. Esta disfungdo
vasomotora parece estar de acordo com a disrupgdo microvascular que contribui para a
disfuncdo de BHE e risco de hemorragia e edema no enfarte em modelo animal (Simard et al.,
2007). Esta tendéncia ja tinha sido observada na Figura 1 do “Capitulo 3: Transformagdo

hemorrdgica e edema cerebral no AVC isquémico agudo: conexdo a autorregulag¢do cerebral”,
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qgue, contudo, ndo atingiu o significado estatistico. Ao invés de utilizarmos os valores de ganho
como variavel continua, aqui os valores foram categorizados em 3 classes ordinais. O baixo
numero de participantes (n=46) e a variabilidade de medicdo da AFT (Meel-van den Abeelen et
al., 2014a) pode explicar a diferencga de significancia estatistica entre estudos. Noutro contexto,
em doentes com hemorragia intracerebral, os valores de ganho elevado também se associaram
a hematomas de maior volume e risco de expansdao do mesmo (Nakagawa et al., 2011, Reinhard
et al.,, 2010, Ma et al.,, 2016), o que mostra que a disfuncdo da ARC participa na rutura

microvascular cerebral.

O facto de o hemisfério sintomatico nao ter apresentado uma relagao significativa entre risco
de transformacdao hemorragica e ganho parece ser inconsistente com a hipétese formulada. Isto
pode ser observado nas Figuras 4 e 5 do Capitulo 4: Doencga renal crénica e resultado
funcional desfavoravel no AVC isquémico agudo: serd a autorregulacdo cerebral o elo
de ligacdo perdido?. Contudo, varios fatores adicionais podem explicar este aparente
paradoxo. Uma explicacdo possivel é de cariz meramente estatistico, ja que o nimero de casos
do lado do hemisfério afetado é menor (com oclusdo de M1, o que ndo permite a sua
monitorizagdo por DTC), reduzindo o poder estatistico. Do ponto de vista fisiopatoldgico, existe
uma possibilidade de as oscilagcbes de fluxo cerebral estarem artificialmente diminuidas por
microtrombose (Balami et al., 2011, Wang & Lo, 2003), edema celular e intersticial (Simard et
al., 2007), e fenémeno de nado recirculacdo cerebral (Ames et al., 1968) na zona isquémica. Estes
fatores poderdo gerar um falso “buffer” das oscilages de PA e, por isso, um ganho reduzido,
sem com isso querer dizer que a ARC seja mais eficiente.

Em conclusdo, a disfungdo renal mostrou uma associagao paralela a ARC menos eficaz e ambos
os fatores se associaram a uma maior gravidade de doenga microvascular cerebral, uma
transformagdo hemorrdgica e um pior progndstico. Seria interessante estudar com maior
pormenor os doentes com biomarcadores de lesdo renal como a cistatina C (Yang et al., 2017) e
a proteina Klotho (Arking et al., 2005), os quais poderdo ajudar a antever os doentes com menor
capacidade de ARC e que poderdo estar em risco de maior lesdo neuroldgica e complica¢des

hemorragicas.

Doentes com insuficiéncia cardiaca e com estenose aortica grave apresentam uma
resposta autorrequladora cerebral superior no AVC isquémico agudo
No estudo exposto no “Capitulo 5: Doentes com insuficiéncia cardiaca e com estenose adrtica

grave apresentam uma resposta autorreguladora cerebral superior no AVC isquémico agudo”,
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descreveram-se pela primeira vez os efeitos da IC na ARC de doentes com AVC isquémico.
Comparamos a resposta de ARC na fase aguda de AVC isquémico dentro de 6 horas de sintomas,
as 24 horas e aos 3 meses entre dois grupos, com e sem IC. Tratando-se de uma analise post-
hoc, nao foi elaborada uma metodologia de amostragem robusta, tipo caso-controlo, pelo que
nos limitdmos a comparar oito casos de doentes com IC crénica identificados retrospetivamente
a partir da coorte total (n=50) com o subgrupo sobrante, ou seja, sem IC. De modo ndo
programado, selecionaram-se sobretudo doentes com valvulopatia adrtica grave como causa de
IC (n=6/8). A isquemia cardiaca era prevalente e sobrepunha-se (n=6/8). VerificAmos que o
grupo de doentes com IC apresentava uma fase maior na banda de muito baixa frequéncia (ARC
mais eficiente) do que os restantes doentes com AVC isquémico, durante a fase aguda até as
primeiras 24 horas. Esta diferenca desapareceu na fase crénica, aos 3 meses. Também houve
uma correlacdo positiva, embora modesta, entre valores de fase e de troponina | na fase aguda,
ou seja, uma melhor ARC associou-se a um aumento de marcadores de isquemia do miocardio.
Este estudo foi pioneiro pelo facto de descrever mais um mecanismo de como coracdo pode
interagir com o cérebro no contexto do AVC isquémico agudo. Os resultados mostram uma
resposta de ARC dinamica aumentada (maior valor de fase na banda de muito baixa frequéncia)
nestes doentes, apesar de ndo conseguirmos desvendar os mecanismos subjacentes com os
dados disponiveis.

Uma apreciacdo intuitiva diria que as diferengas encontradas seriam justificadas por alteracGes
hemodinamicas sistémicas no contexto de IC. No entanto, tal ndo se verificou nesta coorte, ja
que PA, CO,TE e FC eram comparaveis entre grupos. A gravidade da disfuncao sistdlica cardiaca
(fracdo de ejecdo) ou dos valores de peptideo natriurético cerebral, este relacionado com a
gravidade da IC, também ndo se correlacionaram com os parametros de ARC. Ndo podemos
excluir que haja um efeito da prépria estenose adrtica sobre a ARC, mas se tal fosse o caso, as
alteracgOes persistiriam aos 3 meses, ja que nenhum doente foi submetido a cirurgia cardiaca, e

nado apenas presentes até as 24 horas.

Uma das hipdteses seria de a ARC estar a sofrer interferéncia pela hiperatividade simpatica, que
é caracteristica nos doentes com IC (Haeusler et al., 2011) e também no AVC isquémico agudo
(De Raedt et al., 2015). De facto, os doentes com IC apresentaram valores aumentados de
Troponina le estes tiveram uma correlacdo positiva com a ARC. Uma atividade simpdtica
exageradamente aumentada pode causar necrose dos midcitos que, no contexto da doenca
vascular cerebral aguda, costuma ser referido como miocardiopatia de stresse (De Raedt et al.,

2015). Sabemos ainda que existe alguma evidéncia de que o simpatico esta envolvido no
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controlo vascular cerebral (ser seccdo “Neurogénicas”). Contudo, a maior parte das alteracdes
causadas pelo simpdatico referem-se a disfuncado ou ablacdo do mesmo e ndo a um aumento da
sua atividade (van Lieshout & Secher, 2008). Mais ainda, uma atividade simpatica aumentada
provocaria uma vasoconstri¢ao cerebral nos doentes com IC, o que ndo é sugerido pela auséncia
de uma diferenca significativa do iRVC entre os grupos com e sem IC. Infelizmente, uma
prevaléncia elevada de AF no subgrupo de IC ndo permitiu a andlise da variabilidade da FC, um
instrumento Util para estudar o estado autonémico parassimpatico ou simpatico (Videira et al.,
2016).

Outra possibilidade mais interessante é a de que o cérebro, sob hipoperfusdo crénica pela IC,
pudesse desenvolver efeitos diretos e/ou remotos de pré-condicionamento isquémico (Koch et
al., 2014) e uma resposta autorreguladora cerebral mais eficaz pudesse ser uma das
manifestacdes desse mesmo pré-condicionamento. Alids, 6 dos 8 doentes com IC tinha histdria
de isquemia miocardica pré-existente, o que pode, adicionalmente, potenciar este mecanismo.
Sabemos que o fator induzido pela hipoxia 1 (na ndémina inglesa, hypoxia-inducible factor-1, HIF-
1) estda aumentado na IC, mesmo que apresente fung¢do ventricular esquerda preservada, e que
0s seus hiveis se correlacionam com os da troponina | (Li et al., 2015). Esta via reage a hipdxia
provocando o aumento do fator de crescimento endotelial vascular e as concentracGes de
eritropoietina (Sorond et al., 2015, Fernando et al., 2006). Também, em modelos animais, a
quelacdo do ferro e ativacdo do HIF-1 mostrou ter algum efeito neuroprotetor na isquemia
cerebral e hemorragia subaracnoideia (Prass et al., 2002, Bergeron et al., 2000, Hishikawa et al.,
2008). Um estudo recente mostrou de forma clara que a desferroxamina promovia o aumento
do HIF-1, assim como uma melhor ARC, particularmente um aumento de fase precisamente na
banda de muito baixa frequéncia (0,03 — 0,07 Hz) (Sorond et al., 2015), o que se sobrepdem aos

nossos resultados.

Este estudo mostra uma nova faceta da interagdo entre o cérebro e o cora¢do, ao demonstrar
que os doentes com IC podem despoletar uma resposta de ARC mais eficaz na fase aguda do
AVC isquémico. Se compreendermos melhor os mecanismos moleculares que lhe estdo
subjacentes, nomeadamente no contexto de um pré-condicionamento isquémico, poderemos
obter alvos interessantes que possam ser modulados em futuros ensaios terapéuticos e que

possam beneficiar todos os doentes com AVC isquémico.



Conclusées

VIl.CONCLUSOES

Resumidamente, as principais conclusdes inovadoras deste projeto de investigacdao foram:

Aidade e o sexo, por si sd, ndo sdo fatores determinantes para o desempenho dos varios
mecanismos de controlo vascular cerebral;

Devemos ter precaucdo ao comparar os resultados de estudos que utilizaram diferentes
métodos de avaliacdo da fungdo vascular cerebral para investigar aspetos fisiolégicos ou
patoldgicos cerebrovasculares; pelo menos a ARC, a VR e o ANV ndo sdo
correlacionaveis;

Demonstrou-se pela primeira vez que a ARC dinamica pode ser avaliada dentro de 6
horas de sintomas de AVC isquémico, janela de tempo durante a qual as decisGes
médicas sdo cruciais para o prognostico;

Uma disfuncdo da ARC parece estar envolvida na fisiopatologia do AVC isquémico
agudo, do seguinte modo:

o Uma ARC menos eficaz (fase reduzida) no AVC isquémico agudo coloca o tecido
cerebral em risco de progressdao para edema cerebral ou transformagado
hemorragica;

o Estas complicagdes estdo associadas a uma resposta vasodilatadora
inapropriada na fase aguda (< 6 horas de inicio de sintomas de AVC), o que
também sugere disfuncdo vasomotora;

o Uma ARC menos eficaz (fase reduzida) no AVC isquémico agudo (fase < 37°)
associa-se a enfartes de maior volume as 24 horas, provavelmente por
progressdo isquémica na area de penumbra;

o Os niveis de ARC modelam a relagdo da PA com volume de enfarte estabelecido
as 24 horas. Assim, os doentes com uma ARC menos eficaz apresentam uma
area de enfarte cerebral maior quanto menor a PA;

o Deste modo, podemos afirmar que, em futuros ensaios clinicos, a ARC podera
ser um bom marcador de selecdo dos doentes que mais beneficiam de
terapéutica modificadora da PA na fase aguda;

A ARC tem relevancia para o progndstico no AVC isquémico agudo;
o Uma ARC mais eficaz (fase > 37°) associou-se de modo significativo a uma maior

probabilidade de estar independente aos 3 meses;
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A disfuncdo renal avaliada em doentes com AVC isquémico agudo mostrou uma
associacao paralela a uma ARC menos eficaz, e ambos os fatores se associaram a uma
maior gravidade de doenca microvascular cerebral, uma transformag¢ao hemorragica e
um pior progndstico;

Os doentes com IC podem despoletar uma resposta de ARC mais eficaz na fase aguda
do AVC isquémico, o que coloca a ARC como possivel mecanismo de pré-

condicionamento isquémico.

Em suma, a autorregulacdo cerebral dindmica demonstrou ter um papel ndo desprezivel no

estudo e avaliacdo da isquemia cerebral aguda. Os resultados obtidos ddo animo para se

desenvolverem diferentes linhas de investigacdo com potencial interesse terapéutico, que

poderado beneficiar o progndstico dos doentes com AVC isquémico agudo.

VIll. PROPOSTAS E PROJETOS FUTUROS

Este projeto de investigacdo deixa varias questdes em aberto as quais seria interessante

responder no futuro com novas pesquisas para:

Avaliar o comportamento de outros marcadores de ARC, como o célculo do IARC
espontaneo ou Mx, e outros modelos de pressdo-velocidade, PRA+PCrE, de modo a
poder determinar quais os parametros cerebrovasculares mais estdveis e sensiveis na
determinacgao da desregulagdo vascular cerebral no AVC isquémico;

Responder a questdo: se a ARC pode estar alterada e ndo permitir fazer um
amortecimento eficaz sobre as oscilagdes de PA, qual serda o melhor intervalo de PA alvo
para proteger a penumbra isquémica? Esta questdo ndo pode ser respondida com um
numero t3do reduzido de participantes. Um novo estudo prospetivo com maior
recrutamento poderd ajudar na determinacdo desses valores, seguindo a mesma
estratégia desenvolvida para a individualizacdao da gestdao hemodinamica guiada pela
“PPC 6tima” no traumatismo cranio-encefalico (Dias et al., 2015);

Estudar a hipotese de utilizar modelos ndo lineares ou multiparamétricos, dado que a
relacdo entre a VFSC e a PA ndo é um fendmeno sempre linear (Mitsis et al., 2004);
Responder a questdo: pode a ARC ser modificavel, i.e., farmacologicamente

incrementada, de modo a conferir melhor prote¢do na zona de penumbra isquémica?
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Um estudo mostrou como o cacau puro (Sorond et al., 2013) ou a desferroxamina
(Sorond et al., 2015) podem melhorar a fun¢do vascular cerebral, o que seria
interessante testar no AVC isquémico;

Desenvolver novos estudos prospetivos que poderdao beneficiar de monitorizacdo da

ARC, tais como na hemorragia cerebral primdria ou na hemorragia subaracnoideia.

Estao também em curso projetos de linhas de investigacdo adicionais com ultrassonografia, em

diferentes contextos de doenca vascular, nomeadamente estudos de hemodinamica e de risco

vascular, como:

Projeto de tese de mestrado sobre a ARC em doentes com esclerose multipla. Existe um
risco vascular desproporcional na esclerose multipla, tanto de enfarte cerebral como de
enfarte do miocdrdio. Este estudo visa perceber se este risco podera ser explicado por
uma desregulacdo vasomotora subjacente;

Projeto de tese de mestrado para determinar o modo como o sistema de controlo da
PA periférico, ou seja, o BR arterial, interage com o controlo vascular cerebral avaliado
pela ARC;

Projeto de tese de doutoramento sobre as estenoses arteriais intracranianas
significativas e a repercussdo das alteragdes hemodinamicas. Nomeadamente, este
estudo pretende correlacionar o grau de estenose com a perturbacdo da perfusdo e da
regulacdo vasomotora distal.

Projeto de tese de doutoramento sobre a lesdo neuroldgica na cirurgia de substituicao
de valvula adrtica. Este projeto visa determinar marcadores passiveis de aplicagdo
clinica, que permitam predizer a lesdo neuroldgica (AVC, estado confusional agudo,
declinio cognitivo) apds cirurgia de substituicdo de vélvula adrtica. Uma das vertentes é
estudar a fungdo vascular cerebral através da ARC e a VR ao CO,. A hipdtese do estudo
€ que uma desregulacdo vasomotora a priori podera determinar uma menor capacidade
de defesa perante o insulto hemodinamico durante a cirurgia;

Projeto de tese de doutoramento sobre biomarcadores de risco na doenca
microvascular cerebral (BioRiMiC). Este estudo acompanhard uma coorte de doentes
hipertensos e visa compreender melhor o modo como os biomarcadores de doenca
macro e microvasculares influenciam a doenca de pequenos vasos cerebrais. Entre
outros parametros, sera estudada a fun¢do vascular cerebral através da medicdo de
ARC, VR ao CO; e ANV com prova visual. Assim, poderdo ser desenvolvidos

procedimentos ndo invasivos que permitam identificar precocemente os doentes com
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maior risco de desenvolver esta doenca e que possam ser integrados na pratica clinica
no futuro, nomeadamente, no desenvolvimento de estratégias para um controlo mais
apertado dos fatores de risco vascular nestes doentes;

e Projeto de tese de doutoramento sobre a avaliacdo multiparamétrica da vascularizacao
da coroide, retina e cerebral em doentes com coroidorretinopatia serosa central. Parte
deste projeto tenta perceber se os doentes com esta patologia, que se acredita estar
relacionada com a desregulacdo microvascular coroideia, podera ter uma vasculopatia
mais generalizada. Por esse motivo, serd estudada a func¢do vascular cerebral através da

mediacdo de ARC, VR ao CO; e ANV com prova visual.

A monitorizacdo da ARC acabou por se revelar util no AVC isquémico agudo. No entanto, antes
de partir para a sua aplicacdo na pratica clinica é necessdrio mais trabalho de validacao destas
ferramentas. Nesta linha de pensamento, a equipa de investigacdo cerebrovascular da Unidade
de Investigacdo e Desenvolvimento Cardiovascular da Faculdade de Medicina do Porto associou-
se a um grupo multicéntrico de avaliacdo internacional que junta investigadores com interesse
no estudo, validacdo e implementacdo da ARC — Cerebral Autoregulation network (CARnet).
Criou-se recentemente um subgrupo do CARnet de colaboragdo subsididria designado por
INiciative FOr Measurement of cerebral AuToregulation in Acute Stroke (INFOMATAS) que,
esperemos, no futuro possa contribuir para uma implementagdo com maior acuidade da

medi¢do da ARC no AVC isquémico agudo.
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KEYWORDS Summary Neurovascular coupling (NVC), analysed by a control system approach, was shown
Transcranial Doppler; to be unaffected by orthostatic challenge, but data is lacking regarding the mechanism of this
Brain activation interplay and the behaviour of other cerebrovascular reactivity parameters. We investigated
studies; the changes in different pressure—velocity models during functional transcranial Doppler (TCD),
Cerebral under different orthostatic conditions.

hemodynamics; Thirteen healthy volunteers performed a reading test stimulation task in sitting, supine and
Neurovascular head-up tilt (HUT) positions. CBF velocity was monitored with TCD in the posterior cerebral
coupling; artery, and blood pressure was monitored with Finapres. Cerebrovascular resistance index
Cerebral (CVRi) was compared to a two-parameter model including resistance-area product (RAP) and
autoregulation; critical closing pressure (CrCP), in the maximal and in the stable phases of flow response to
Critical closing visual stimulation.

pressure All cerebrovascular resistance parameters decreased with visual stimulation but the mag-

nitude of their variation in each orthostatic condition was not similar. From supine to HUT,
CrCP variation decreased (both maximal and stable phase p=0.001). CVRi variation increased
from sitting to HUT positions (maximal p=0.039; stable phase p=0.033). RAP variation to
visual stimulation did not change between the three positions (maximal p =0.077; stable phase
p=0.188).

Abbreviations: NVC, neurovascular coupling; ABP, arterial blood pressure; TCD, transcranial Doppler; CBF, cerebral blood flow; BFV, blood
flow velocity; MCA, middle cerebral artery; PCA, posterior cerebral artery; HR., heart rate; CVRi, cerebrovascular resistance index; CrCP,
critical closing pressure; RAP, resistance-area product.
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A 2-parameter model of vascular resistance provided better discrimination for the effects of
posture on NVC as shown by the adaptive changes in CrCP with orthostatic challenge, in compar-
ison with the classical use of CVRi. These findings suggest that although NVC seemed unaffected
by orthostatic challenge, more complex vasoregulative mechanisms are activated in different
orthostatic conditions that could potentially be of diagnostic or prognostic value.

© 2012 Elsevier GmbH. Open access under CC BY-NC-ND license.

Introduction

The brain has the capability of maintaining continuous
vascular supply of oxygen and glucose to support active
neuronal populations [1—3]. Neurovascular coupling (NVC)
matches cerebral blood flow (CBF) to different cortical areas
metabolic demand [1,2]. Another physiological mecha-
nism, cerebral autoregulation, maintains CBF stable against
changes in cerebral perfusion pressure and thus changes in
arterial blood pressure (ABP) [4,5].

The NVC is studied with different techniques such as MRI,
PET, SPECT and transcranial Doppler (TCD). Due to technical
reasons the postural condition of the patients varies with
these approaches. A recent focus on a disturbed NVC has
been outlined in stroke [6], Alzheimer [7], and autonomic
failure [8] diseases. For these reasons, a better understand-
ing of NVC mechanism in different orthostatic conditions can
have an impact both in scientific and clinical grounds.

There have been remarkable developments in the two
last decades about our understanding of the underlying neu-
rogenic, myogenic and metabolic components driving NVC
[9,10]. Neurons, as well as astrocytes, seem to play an
important role in focal CBF activation leading to upstream
vasodilation from the microvasculature through pial arter-
ies supplying focal activated area [11—13]. Probably, the
same resistance vessels play an important role in the cere-
bral autoregulation [14], so that the vascular tonus of the
cortical arterioles might be adjusted in accordance to the
needs of both the cerebral autoregulation as well as the NVC.
A previous study [15] has shown that activity-induced flow
velocity responses under different orthostatic conditions can
be compared with each other, but the mechanisms that keep
NVC unaffected under orthostatic stress remained obscure.
To further investigate this issue, we studied the behaviour
of systemic and cerebral pressure—velocity parameters
during functional TCD (fTCD) monitoring, under different
orthostatic conditions, by extending the classical repre-
sentation of cerebrovascular resistance to a more realistic
2-parameter model [21-23].

Materials and methods

Subjects

This study was performed in Hospital Sao Joao, a 1200-bed
university hospital in Oporto. The local institutional ethi-
cal committee approved the study. After information and
instruction each volunteer gave informed consent to partic-
ipate in the study.

Thirteen young adult volunteers (8 male) with mean £ SD
age 26.4+8.7years (range 18—48years), were included.
These subjects lacked classical cardiovascular risk factors
and did not take any medication, except for birth control

pills. They abstained from caffeine more than 12h before
the tests. Previously to the study, the volunteers performed
a cervical and transcranial duplex scan, with a HDI 5000
device (Philips, USA). Normal findings and a good tempo-
ral acoustic bone window to ensure a good acquisition of
velocity curves during the whole test were required as an
inclusion criterion.

Measurements

The study was carried out in a quiet room with a con-
stant temperature of approximately 22°C. Systolic, mean
and diastolic blood pressure and heart rate were monitored
with a non-invasive finger cuff Finapres device (model 2300;
Ohmeda, Englewood, CO, USA) holding the finger at heart
level. A hand support was used to allow a constant posi-
tion throughout the tests in the three different postural
conditions [15,16].

For insonation through the temporal transcranial ultra-
sonic bone window, 2 MHz pulsed wave Doppler monitoring
probes of a Multidop T2 Doppler device (DWL, Singen,
Germany) were mounted on an individually fitted head-
band, to record flow velocity in the P2 segment of the
left posterior cerebral artery (PCA), and the M1 segment
of the right middle cerebral artery (MCA), as described else-
where [15,17,18]. Beat-to-beat peak systolic, mean and end
diastolic blood flow velocities (BFV), ABP, calculated heart
rate (HR) and stimulus marker were digitally recorded in
the Doppler device. Recordings were considered acceptable
when the blood flow velocities could be detected bilater-
ally, with a clear envelope of the velocity spectrum during
the entire cardiac cycle.

Visual-evoked paradigm

The visual-evoked paradigm consisted of 10 cycles, each
with a resting phase of 20s with closed eyes and a stim-
ulating phase of 40s of silent reading text columns. The
text that the study subjects read was the same for all par-
ticipants and free of strong emotional content. Changes
between phases were signalled acoustically using a tone.
The complete test cycle had a total duration of 10min,
and was repeated in each position — supine, sitting and 70°
head-up tilt (HUT). The reading test and its reliability have
been already validated against a checkerboard stimulation
paradigm [19].

Data analysis

All signals were visually inspected to identify artifacts or
noise, and narrow spikes were removed by linear interpola-
tion. The heart—MCA distance was used to obtain estimates
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of ABP in the MCA (ABP-MCA). Cerebrovascular resistance
index (CVRi) was estimated by the ratio of mean ABP to
mean BFV for each heartbeat. For both PCA and MCA, the
instantaneous relationship between ABP and BFV was also
used to estimate the critical closing pressure (CrCP) of the
cerebral circulation, by extrapolation of the linear regres-
sion BFV =a x ABP + b, as previously described [20—22]. The
inverse of the linear regression slope was also obtained for
each cardiac cycle, and it is referred to as ‘‘resistance area
product’’ (RAP=1/a) to differentiate it from CVRi [22,23].
The CrCP can be obtained from the value of ABP where
BFV =0, that is, CrCP=—b/a.

All beat-to-beat estimates were interpolated with a
third-order polynomial and resampled at 0.2-s intervals to
generate a time series with a uniform time base.

To become independent from the insonation angle, all
parameters were normalized by the averaged value of the
5s period prior to activation [8,15,17,19]. Ten cycles of 20s
rest (closed eyes) and 40s stimulation (silent reading) were
averaged for each volunteer at each position.

For each parameter, two different variables were calcu-
lated from the evoked CBF in response to visual task: (1)
the maximal velocity variation during the 40s of stimula-
tion and (2) the averaged last 20s corresponding to a stable
phase of flow evoked response. The first one corresponds
to the classical overshoot phase used in other fTCD inves-
tigations [24—29]; the second was included since it seems
to be the most stable phase during activation, after the ini-
tial overshooting, and allows some comparison with the gain
parameter of a second order analysis [14,15,19].

Statistics

Data were expressed as mean =k standard deviation (SD).
Normal distribution of all variables was confirmed by
Shapiro—Wilk test and homogeneity of the variances was
assured by Levene’s test.

Repeated-measures ANOVA with lower-bound adjust-
ments for degrees of freedom were applied to compare
absolute and relative data in the three positions — supine,
sitting and HUT. Simple contrasts were applied to compare
each two different positions in case of statistical signifi-
cance, which was assumed for p <0.05.

Results

Table 1 shows absolute resting values and relative maximal
and stable phase (last 20s) variations to visual stimulation
of HR, mean ABP, mean BFV, CVRi, CrCP, and RAP, for PCA
and MCA, in supine, sitting and HUT conditions.

Regarding only resting values, repeated-measures ANOVA
showed a step increase in HR from supine to HUT posi-
tions (p=0.0001), and of mean ABP from supine to sitting
(p=0.0004), then stabilizing. There was a step decrease in
mean BFV of MCA from supine to HUT conditions (p=0.0004)
but for the PCA it seemed to remain constant (p=0.054)
in all positions. Concerning resting data of cerebrovas-
cular resistance models, RAP did not change between
different positions, while CVRi and CrCP resting values
progressively increased from supine to HUT conditions, in
both MCA (p=0.00001 and p=0.0002, respectively) and

PCA (p=0.0002 and p =0.00005, respectively), although not
reaching statistical significance between sitting and HUT in
the case of CVRi of PCA (p=0.053).

The variation of the parameters with visual stimula-
tion can be visualized in Fig. 1A—F. Mean BFV in the PCA,
had similar responses to visual stimulation in all positions
(Fig. 1A, maximal p =0.076; stable phase p=0.176). All cere-
brovascular resistance parameters decreased with visual
stimulation in the three positions, but showed different pat-
terns in response to orthostatic challenge: variation of CrCP
diminished progressively between supine and HUT (maxi-
mal and stable phase p=0.001); CVRi decreased slightly
but significantly more from sitting to HUT positions (max-
imal p=0.036; stable phase p=0.033). RAP seemed to
have decreased more in HUT conditions but there was
no statistical significance (maximal p=0.077; stable phase
p=0.188).

Although the MCA territory was used as a control, being
theoretically a non-stimulated territory, it registered, sim-
ilarly across all conditions, a small amplitude increment in
mean BFV (5—10%), as well as a decrement of CVRi (6—9%),
RAP (9—11%) and CrCP (11—17%) at maximal evoked flow
phase, which then tended to decrease in the stable phase.
For the MCA significant changes were only observed for BFV
in maximal (p=0.035) and CVRi in maximal (p=0.029) and
stable phases (p=0.043).

Regarding systemic hemodynamic data, the changes of
ABP and HR with stimulation ranged no more than 4%,
with no significant differences between positions, except
for maximal increment of ABP which was inferior during HUT
compared to supine condition (p=0.045).

Discussion
Main findings

We confirmed previous findings showing that the BFV
response to a reading paradigm was not altered by different
orthostatic challenges [15], but have also demonstrated that
the sensitivity of NVC to orthostasis is in fact manifested
by regulatory mechanisms influencing the instantaneous
pressure—velocity relationship.

Specifically, variation of CrCP following visual stimula-
tion was progressively reduced, more than a half, during
orthostatic challenge. Opposed to this pattern, RAP and
CVRi seemed to decrease slightly more during HUT. From the
changes in CVRi, one would assume that despite rising base-
line resting values with seating and HUT, the correspondingly
larger decreases with orthostasis during NVC activation
(Table 1) would simply reflect arteriolar vasodilation to
match the increased demand for O;. The problems with the
single-parameter model of CVR are two-fold. First, it has
been demonstrated that instantaneous pressure—velocity
relationships of the cerebral circulation do not tend to inter-
cept the pressure axis at the origin [20,22]. Second, CVRi
cannot explain the complexities of the interplay between
NVC and dynamic cerebral autoregulation [32]. This com-
plexity can be appreciated by the changes in CrCP and RAP.
Although the temporal response of RAP (Fig. 1) was not sig-
nificantly different for the three body positions considered,
overall it tends to reflect the myogenic response of dynamic
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Table 1

Absolute resting values and relative maximal and stable phase (last 20s) variations to visual stimulation of HR, mean

ABP, mean BFV, CVRi, CrCP, and RAP, for PCA and MCA, in supine, sitting and HUT conditions.

Supine Sitting Tilt ANOVA pY
HR
Resting (bpm) 68.7 £ 9.4 76.3 £11.9 86.3 +£9.0°1 0.0001
Maximal vel. phase (%) 4.4 4+ 3.3 2.9+3.2 2.8 +2.0 0.279
Resting (mmHg) 0.7+ 2.6 0.2 +£3.6 —1.4+12.6 0.067
Mean ABP
Stable phase (%) 73.2 £ 11.7 89.8 £9.3 93.8 £ 9.7 0.0004
Maximal vel. phase (%) 3.2+ 2.0 2.1 +£1.2 1.4+1.2 0.045
Stable phase (%) —0.2 £ 1.6 —-0.5+1.6 -1.1+2.0 0.223
MCA
Mean BFV
Resting (mmHg cm—"s72) 60.4 + 12.4 56.0 + 10.6 52.1 + 10.1%1 0.0004
Maximal vel. phase (%) 5.5 £ 1.7 7.0x2.5 9.5 +4.2° 0.035
Stable phase (%) 1.2 + 3.1 21+£2.7 4.7 + 3.8 0.011
CVRi
Resting (mmHgcm ' s72) 1.3+ 0.4 1.6 +0.2° 1.9+ 0.3°1 0.00002
Maximal vel. phase (%) —6.2 + 2.7 —6.0 £ 1.7 —9.3 + 3.7 0.029
Stable phase (%) —-1.9+ 4.4 —-3.0+1.8 —6.0 + 3.8"1 0.043
RAP
Resting (mmHgcm ' s72) 0.8 £ 0.2 0.9+£0.2 0.8 +0.1 0.338
Maximal vel. phase (%) —-11.2 + 8.0 —-8.8+5.4 -11.0 £ 4.2 0.567
Stable phase (%) —-2.5+5.4 —1.5 £ 3.5 -1.5+3.3 0.773
CrCP
Resting (mmHg) 26.5 £ 13.9 42.4 £9.0° 51.5 + 9.1°1 0.0004
Maximal vel. phase (%) —17.3 £12.3 —11.2 £ 6.6 -11.0 £ 5.6 0.061
Stable phase (%) 0.5 + 6.5 —1.7+ 49 —47+36 0.070
PCA
Mean BFV
Resting (mmHgcm~"s72) 36.7 + 6.8 33.6 + 6.7 33.0 +5.8 0.054
Maximal vel. phase (%) —32.0+ 6.4 —33.9+9.5 -37.7 £ 8.1 0.076
Stable phase (%) —23.4 £ 5.6 —24.2+7.6 —26.4 + 6.8 0.176
CVRi
Resting (mmHg cm~"s~2) 2.1+ 0.6 2.8 +0.6° 2.9 +0.6 0.00006
Maximal vel. phase (%) —25.0 £ 4.5 —25.2 £ 4.9 —27.6 £ 3.71 0.039
Stable phase (%) —21.5+ 5.1 —22.44+ 4.8 —24.9 + 4.4t 0.033
RAP
Resting (mmHgcm~'s~2) 1.2 +£0.3 1.3+0.3 1.2 +0.2 0.077
Maximal vel. phase (%) —15.6 £ 5.6 —14.7 £ 4.9 —19.9 £ 6.1 0.077
Stable phase (%) —-9.4+5.4 —6.4 + 6.1 -11.4 + 8.3 0.188
CrCP
Resting (mmHg) 29.3 £9.9 46.6 + 7.0° 56.5 + 9.471 0.00002
Maximal vel. phase (%) —44.1 +19.9 —27.2 £ 12.8 —18.9 + 6.3"1 0.001
Stable phase (%) —27.2 £12.2 —17.9 £ 10.0° —11.7 £ 5.1°1 0.001

Heart rate (HR), arterial blood pressure (ABP), middle cerebral artery (MCA), posterior cerebral artery (PCA), cerebral blood flow velocity
(BFV), cerebrovascular resistance index (CVRi), resistance area product (RAP), critical closing pressure (CrCP). Resting and activation
values are presented in mean + SD and normalized percentual variation, respectively.

9 Repeated-measures ANOVA p test comparing three positions.

" Repeated-measures ANOVA p < 0.05 for contrast to supine position.

T Repeated-measures ANOVA p<0.05 for contrast between sitting and head-up tilt position.

autoregulation, mainly as a compensation for the drop in
ABP following neural stimulation (Fig. 1E). It is likely that
some of its change also contributed to the rise in CBV dur-
ing the response (Fig. 1A). On the other hand, it can be
speculated that the changes in CrCP are mainly reflecting
the action of metabolic mechanisms [22,33]. If this is the
case, then it is not possible to say that the NVC response to

reading is entirely indifferent to orthostasis, since reading
and HUT seem to require less metabolic-coupled changes
than responses in the supine position.

Some studies have shown significant [30,35—37] or no
statistically significant [38] increases in ABP and HR during
mental activation. Moody et al. [30] analysed the hemody-
namic changes of cerebral and systemic responses, putting
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Figure 1  Group averaged normalized mean BFV (A), CVRi (B), RAP(C) and CrCP (D) of PCA [and mean BFV of MCA as a control (A)]

and mean ABP (E) and HR (F) changes before and during 40 s of reading task (gray bar at bottom) in supine (continuous line), sitting
(dashed line) and tilt (dotted line) positions. For clarity, only the largest & SE is represented at the point of occurrence. (First 10s

of resting phase not shown only for graphical proposal.)

into evidence an initial ABP peak, ~5s after MCA corti-
cal activation, that would drive an early-phase cerebral
vasoconstriction reflected in increased CVRi and RAP, fol-
lowed by metabolic vasodilatation. Our results showed
non-significant changes in HR and ABP responses. A watchful
eye through the curves of ABP in Fig. 1E might iden-
tify an initial ABP peak at ~5s only at sitting condition.
Also, the previously described possible initial ‘vasoconstric-
tion response’ [30] could not be demonstrated. With the
same as ours activation paradigm, Rosengarten et al. [37]
found no relevance of HR effects in regulative features
of the activity—flow coupling during reading task. A possi-
ble explanation to discrepant findings between the studies
can be a less demanding visual paradigm related to the
PCA territory as compared to MCA-activation paradigm, ren-
dering a less pronounced systemic/sympathetic response.
On the other hand, even in a PCA evoked flow paradigm
a small activation can sometimes be measured in the
MCA territory, as in our study, which might reflect some
activation of cortical areas, probably related to visual pro-
cessing.

Limitations of the study

CO,, a major determinant of cerebrovascular tone
[31,33,34], was not evaluated, and could have influenced
our results. However, we can speculate that relative
hypocapnia in orthostasis [34], namely during HUT, and
an assumed inverse relationship between CO, and CrCP
[22], would cause absolute CrCP to increase from supine
to HUT conditions and also would prevent a substan-
tial decrease with cortical activation in HUT. Also, it is
known that induced hypocapnia impairs NVC with a simi-
lar experimental protocol [29]. Given that these changes
were not observed in our study, it is more likely that
PaCO, remained relatively constant during the orthostatic
challenges. The importance of CO; changes during mental
activation was studied previously in a MCA-based pro-
tocol which analysed also CrCP—RAP variations [30] and
found significant changes of CO; interacting with cerebral
and systemic hemodynamic parameters. Nevertheless, the
study by Moody et al. [35] adopted cognitive paradigms
that can be much more stressful than plain reading and
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hence might have caused significantly greater hyperventi-
lation.

Conclusions

Taken together, we conclude that NVC has different
pressure-autoregulatory adaptation mechanisms with ortho-
static challenge, in spite of preserved cerebral evoked flow
responses.

Analysis of the NVC response to reading based solely
on the inspection of the BFV amplitude response gives the
false impression of a lack of effect of orthostatic chal-
lenges. In reality, by looking separately at changes in RAP
and CrCP, it is possible to appreciate the complex interplay
of these responses at different levels of orthostatic chal-
lenge. Further work is needed to assess the response of
these mechanisms in different cerebrovascular conditions
and their potential diagnostic and prognostic value.
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role of autonomic nervous system (ANS) in adapting cerebral blood
flow (CBF) to arterial blood pressure (ABP) fluctuations [cerebral
autoregulation (CA)] is still controversial. We aimed to study the
repercussion of autonomic failure (AF) on dynamic CA during the
Valsalva maneuver (VM). Eight AF subjects with familial amyloid-
otic polineuropahty (FAP) were compared with eight healthy controls.
ABP and CBF velocity (CBFV) were measured continuously with
Finapres and transcranial Doppler, respectively. Cerebrovascular re-
sponse was evaluated by cerebrovascular resistance index (CVRi),
critical closing pressure (CrCP), and resistance-area product (RAP)
changes. Dynamic CA was derived from continuous estimates of
autoregulatory index (ARI) [ARI()]. During phase II of VM, FAP
subjects showed a more pronounced decrease in normalized CBFV (78
* 19 and 111 = 16%:; P = 0.002), ABP (78 = 19 and 124 £ 12%;
P =0.0003), and RAP (67 = 17 and 89 *+ 17%; P = 0.019) compared
with controls. CrCP and CVRi increased similarly in both groups
during strain. ARI(f) showed a biphasic variation in controls with
initial increase followed by a decrease during phase II but in FAP this
response was blunted (5.4 * 3.0 and 2.0 = 2.9; P = 0.033). Our data
suggest that dynamic cerebral autoregulatory response is a time-
varying phenomena during VM and that it is disturbed by autonomic
dysfunction. This study also emphasizes the fact that RAP + CrCP
model allowed additional insights into understanding of cerebral
hemodynamics, showing a higher vasodilatory response expressed by
RAP in AF and an equal CrCP response in both groups during the
increased intracranial and intrathoracic pressure, while classical CVRi
paradoxically suggests a cerebral vasoconstriction.

cerebral autoregulation; cerebral vasoreactivity; autonomic nervous
system: Valsalva maneuver; transcranial Doppler

THE ROLE OF AUTONOMIC NERVOUS system (ANS) in the adapta-
tion of the cerebral vasculature to arterial blood pressure (ABP)
fluctuations, commonly referred to as dynamic cerebral auto-
regulation (CA), has been the subject of ongoing debate (5, 15,
22,33, 50, 51, 53). Besides considerable physiological interest,
it can have profound clinical impact since ANS dysfunction is
related to cerebrovascular disease (10) and the cerebrovascular
consequences of widely used parasympathatetic and sympa-
thetic modulating drugs are largely ignored.
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Contrary to earlier static methods of studying CA (41),
dynamic CA reflects regulation of CBF in response to rapid
changes of ABP (2, 16, 33, 48, 49, 57).

The Valsalva maneuver (VM) is particularly well suited for
studying both dynamic CA (49, 55) and the involvement of
ANS in the regulation of CBF because it challenges the
cerebrovascular bed by inducing predictable changes in ABP
and is extensively characterized in terms of autonomic contri-
bution (19, 49). However, most indexes of dynamic CA as-
sume steady-state physiological conditions (2, 15, 33, 48, 57),
which are not strictly met during VM. Therefore, commonly
used linear approaches, such as transfer function analysis (57),
cannot be applied (17, 20, 25, 28, 32, 44, 55). Facing these
problems, recent developments in modeling dynamic CA have
led to nonstationary indexes of dynamic CA (17, 20, 25, 28, 32,
44). Particularly, continuous estimation of autoregulatory in-
dex (ARI) has been validated during transient changes induced
by respiratory maneuvers (17, 35, 36, 40), but this approach
has never been tested in VM. In addition to nonstationary
indexes of CA, models of the instantaneous relationship be-
tween ABP and CBFV can also help to elucidate cerebral
hemodynamics during the VM and the ANS influences there-
upon. The CBFV response during VM was shown to be largely
explained by changes in critical closing pressure (CrCP) (13),
possibly reflecting the rise in central venous pressure and
intracranial pressure previously reported (21, 42) while resis-
tance-area product (RAP) seemed to reflect the vasodilation
effort during the VM (13). The capability of this two-parameter
model to separate metabolic and myogenic cerebrovascular
mechanisms has been proposed during changes in posture and
sensorimotor stimulation (5, 7, 27, 34, 37).

Our AF model consists of a population with familial amy-
loidotic polyneuropathy (FAP) type I (4). It is a hereditary
autosomal dominant disease resulting from mutation of the
transthyretin (TTR) gene, leading to deposition of abnormal
protein in many organs, typically in the peripheral nerves (4).
This causes early dysfunction of autonomic fibers being ortho-
static hypotension the hallmark of the disease. The fact that
central nervous system is usually spared (24) and the usual
absence of classic vascular risk factors makes FAP a well-
suited model to study the impact of AF on cerebrovascular
regulation.

To understand the behavior of CA during VM and the role
of ANS in cerebrovascular regulation, we aimed to compare
dynamic CA changes between healthy and FAP patients during
VM, testing two related hypotheses: /) dynamic CA does not
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remain constant during VM in either controls or FAP subjects,
and 2) AF affects the dynamic CA response.

MATERIALS AND METHODS

This study was performed in Sdo Jodo Hospital Center, a university
hospital in Porto, Portugal. The local institutional ethical committee
approved the study. Each participant gave written and signed in-
formed consent.

Population Studied

Eight FAP patients (7 male) with TTR Val30Met mutation and
mean age of 31.4 £ 6.5 (range 23-43) yr were included in AF group.
Only patients with severe (parasympathetic and sympathetic) AF were
selected, as determined by a composite scoring system previously
described (8) and detailed below. The control group consisted in eight
healthy volunteers (5 male) from our hospital and faculty staff, with
amean age of 28.3 & 5.9 yr (range 27-36). All participants performed
a carotid and transcranial duplex scan, with a HDI 5000 device
(Philips). Normal findings of extra- and intracranial vessels, and a
good temporal acoustic bone window, were required as inclusion
criteria. Classical risk factors including smoking, hypertension, dia-
betes mellitus, and dyslipidemia were exclusion criteria for all par-
ticipants.

Experimental Protocol

Participants were asked to refrain from any medication, alcohol-,
nicotine-, or caffeine-containing products for a minimum of 12 h.
Evaluations were carried out in a quiet room with a constant temper-
ature around 22°C. ABP and heart rate (HR) were continuously
monitored in the left hand with a noninvasive finger cuff Finapres
device (model 2300; Ohmeda, Englewood, CO) with its pressure
height correction unit placed at heart level. CBFV was recorded in M1
segment of both middle cerebral arteries (MCA) at a depth of 50-55
mm with 2-MHz pulsed wave Doppler monitoring probes of a Mul-
tidop X4 Doppler device (DWL, Sipplingen, Germany) mounted on
an individually fitted headband. Data were continuously stored in
Doppler device for offline analysis.

VM was performed in supine position, after 5 min of resting, by
instructing subjects to maintain an expiratory pressure of 40 mmHg
for 20 s by blowing through a mouthpiece with the tube attached to a
mercury manometer.

Autonomic Grading

To express the severity of AF of FAP, a previously described (8)
composite grading system to score degree of autonomic dysfunction
was applied. Four grades of autonomic failure were distinguished on
the basis of HR difference to deep breathing, Valsalva HR ratio and
overshoot in phase IV of VM, fall in systolic ABP during head-up tilt,
and basal plasma norepinephrine. According to the autonomic evalu-
ation, the included patients had grades III or IV corresponding to
severe AF. The Valsalva ratio was calculated as maximal HR of phase

IIb divided by minimal HR during phase IV (19).
Data Analysis

All signals were visually inspected to identify artifacts or noise, and
narrow spikes were removed by linear interpolation. Since the patients
were supine, the ABP at MCA was equivalent to that measured at the
heart level. Mean beat-to-beat values were calculated for ABP and
CBFV using the area between diastolic points. Two different pressure-
velocity models were evaluated. Firstly, the classical CVRi was
estimated by the ratio of mean ABP/mean CBFV for each heartbeat
for both MCAs (2, 48). Secondly, the instantaneous relationship
between ABP and CBFV was used to estimate the CrCP and RAP of
the cerebral circulation for each cardiac cycle, using the first harmonic
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method (1, 34). Consequently, for each cardiac cycle, the fundamental
frequency of ABP and CBFV was extracted from raw signals and
aligned previously to calculation of the straight-line fit. Figure 1 gives
examples of CBFV-ABP scatterplots and corresponding lines of best
fit at resting and phase [ of VM of one healthy subject.

All beat-to-beat estimates were interpolated with a third-order
polynomial and resampled at 0.2-s intervals to generate a time series
with a uniform time base. To correct for differences at baseline values
and, in the case of CBFV, to become independent from the transcra-
nial Doppler insonation angle, data were also normalized by their
mean baseline values (period of 10 s before beginning of VM) and
expressed in percentages.

Characteristic phases of VM were manually marked in individual
ABP curves and were used to calculate the values of parameters in
each phase. To assure that groups could be compared at similar time
marks, the values for these phases in FAP subjects were obtained at
points that represented the mean time of the fiducial marks from the
control group. A recovery phase at 35 s from the beginning of phase
I of VM was also added to analysis. To estimate representative group
mean and SD of the temporal changes in parameters, the beginning of
phase I was used to synchronize the calculations, since it is not
affected by AF (19, 55). To further explore the cerebrovascular
hemodynamic response to VM, we performed a subcomponent anal-
ysis of CBFV temporal changes and evaluated CA through calculation
of continuous ARI, as explained below.

Components of CBFV during VM. To weight the separate contri-
butions of ABP, CrCP, RAP, and CVRi to the CBFV responses
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Fig. 1. Estimation of critical closing pressure (CrCP) and resistance-area
product (RAP) from continuous recordings of arterial blood pressure (ABP; A)
and cerebral blood flow velocity (CBFV; B) during the Valsalva maneuver
(VM). One cycle at rest and one in phase I of the Valsalva were selected (solid
line) for plotting CBFV against ABP (C). Note that CrCP shifts to higher
values in phase I of the Valsalva while RAP is reduced.
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induced by VM, we performed a subcomponent analysis as described
previously (38). In summary, the two-parameter model, CBFV =
(ABP — CrCP)/RAP, can be linearized given the small changes in
RAP and further normalized (38) to represent any changes in CBFV
as the sum of three subcomponents corresponding to the respective
changes in ABP, CrCP, and RAP:

AV = AV, gp + AVicp + AViap

With the use of a similar procedure for the single parameter model,
CBFV = ABP/CVRI leads to:

AV = AV \pp + AVeyg

where the different terms represent the concomitant changes in ABP
(Avagp), CrCP (Averep), RAP (Avrap), and CVRi (Aveyri), all in
units of CBFV. The reference values were chosen as the mean value
of the 10-s interval preceding VM and units are expressed in percent-
age after normalization. The main advantage of this approach is that
at any given time changes in CBFV can be explained by correspond-
ing changes in ABP and the model parameters. Of relevance, reduc-
tions in RAP, CVRi, or CrCP will all lead to increases in CBFV and
for this reason the respective subcomponents will be represented by
positive values. Previous work (38) suggested that Avgap expresses
predominantly the myogenic response to blood pressure changes, but
this association has not been firmly established.

Continuous dynamic ARI. Time-varying estimates of dynamic
autoregulation were based on the ARI (35) introduced by Tiecks et al.
(48). In their original communication, a second-order differential
equation model was used to generate template mean CBFV step
responses to changes in mean ABP. Ten combinations of the gain,
time constant, and damping coefficients of the differential equations
define the ARI ranging from zero (absence of CA) to nine (best CA)
(48). Noteworthy, classical calculation of a single ARI index for
recordings lasting several minutes is not acceptable during maneuvers
like VM that induce nonstationary time series. For this propose, a
time-varying ARI [ARI(f)] was derived from autoregressive moving
average (ARMA) models with time-varying parameters after imple-
mentation of Tiecks’ model as an ARMA structure and use of the
Walsh set of orthogonal basis functions to obtain ARMA models with
time-varying parameters as previously described (35). Once those
parameters are obtained, it is possible to calculate a corresponding
CBFV step response for each instant of time, with each one leading to
an estimate of ARI(f). A maximum of 19 orthogonal functions were
adopted, and ARI(r) was calculated at 0.2-s intervals. Using this
model, Panerai et al. (35) showed that ARI(r) presented characteristic
time-varying patterns during respiratory maneuvers of apnea and
hyperventilation, providing a physiological validation of this method.

Statistical Analysis

Normality of the variables was determined by Shapiro-Wilk test.
Student’s 7-test was used to compare baseline resting values between
groups and paired -test to compare right and left MCA within each
group. In the absence of statistically significant differences between
parameters derived from the right and left MCA, these were averaged
for all subsequent analyses. Two-way repeated measures ANOVA
was used to find differences between groups and different phases of
VM: within each group differences between phases were calculated
using simple contrast with baseline resting values as reference; Bon-
feronni’s post hoc test for multiple comparisons was used to detect
differences between groups at each phase when interaction between
group and phase factor was significant. Statistical significance was
inferred at a P < 0.05 level.

RESULTS

All FAP subjects had severe grades (Il and IV) of AF with
the following group-averaged results: HR difference to deep
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breathing: 3.4 * 2.7 beats/min; Valsalva HR ratio: 1.1 = 0.1;
4 subjects with delayed and 4 with absent ABP overshoot in
phase IV of VM; fall in systolic ABP during head-up tilt:
35.6 = 27.2 mmHg; basal plasma norepinephrine: 78.6 * 64.0
pg/ml; autonomic score: 7.6 = 1.1. Baseline values for sys-
temic and cerebral hemodynamic parameters were not different
between FAP and controls (Table 1). In controls, VM showed
ABP and CBFV patterns in agreement with previous studies
(Fig. 2). Phase I, a purely mechanical hemodynamic challenge,
showed similar responses in healthy and FAP groups, being
characterized by a rapidly rising ABP, CVRi, and CrCP and
almost unchanged CBFV, RAP, and HR (Fig. 2 and Table 2).
There were marked differences between groups in all subse-
quent phases (Table 2). Systemic hemodynamic response of
FAP group revealed known characteristics of AF: there was
blunted HR response consistent with lower Valsalva ratio (1.1 = 0.1
and 1.8 *= 0.4; P = 0.0002); ABP dropped significantly more
in phase II (P < 0.0001). In addition to the changes in mean
ABP, pulse pressure (systolic — diastolic) also showed marked
differences between the two groups (Fig. 3), which reached
significance in phases I, IIb, and IV (Table 2).

Mean CBFV dropped in both groups (Fig. 2) but deeper in
FAP group and showed a blunted overshoot at phase IV
compared with controls (P = 0.001). The two models of
cerebrovascular resistance studied, CVRi and RAP + CrCP,
were substantially different. At the beginning of phase II, there
was a decrease in vascular resistance in both groups as ex-
pressed by RAP but this cerebral vasodilation response turned
out to be more pronounced in FAP group and was still present
at phase IV (P = 0.001). Nevertheless, this greater drop in
RAP was not sufficient to restore CBFV to its baseline values
in FAP compared with controls (Fig. 24). CrCP increased
similarly (P = 0.235) between phases I to IIT of VM in both
groups (Fig. 2D and Table 2). At phase III, both groups showed
rapid restoration of CrCP to baseline values immediately be-
fore CBFV overshoot, which was absent in FAP subjects (Fig.
2A). CVRi increased not differently (P = 0.390) between
groups during phases I through III (Fig. 2F and Table 2).

Subcomponent Analysis

Further differences between FAP and controls and between
the two different models of cerebrovascular resistance were

Table 1. Baseline resting absolute values for systemic and
cerebral hemodynamic parameters concerning right and left
MCA for both controls and FAP patients

Parameter Control FAP P Value*
HR, beats/min 80.8 + 8.3 82.9 = 8.8 0.641
Mean ABP, mmHg 80.5 £ 109 90.6 =203 0.235
Pulse pressure, mmHg 543+ 138 499 = 13.1 0523
Mean CBFV, cm/s 66.8 £ 12.2 67.3 £ 13.1 0.945
CrCP, mmHg 245+ 149 300 £ 12.7 0.444
RAP, mmHg-cm™!-s™2 0.90 = 0.26 0.90 = 0.19 0.721
CVRi, mmHg-cm™"s~2 1.00 = 0.19 1.15 £0.34 0.165
ARI(r), AU 3532 4741 0.512

All values are given as means = SD. MCA, middle cerebral arteries: FAP,
familial amyloidotic polineuropahty; HR, heart rate; ABP, arterial blood
pressure; CBFV, cerebral blood flow velocity; CVRI, cerebrovascular resis-
tance index; RAP, resistance-area product; CrCP, critical closing pressure;
ARI(1), continuous estimates of autoregulatory index; AU, arbitrary units. *P
value for differences between FAP and control groups by Student’s f-test.
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revealed by subcomponent analysis (Fig. 4). Avcyri showed a
biphasic contribution to CBFV variation in both groups with-
out significant differences (Table 3). On the other hand, Avgap
and Avc,cp had different temporal patterns with Avgap show-
ing marked differences (P = 0.025) for phases IIb, III, and IV
while Ave,cp showed similar contribution (P 0.162) to
CBFV changes (Table 3).

Dynamic CA Response

Temporal changes of ARI(7) differed significantly between
groups (P = 0.020; Fig. 5 and Table 3). A biphasic response
was observed in controls, characterized by an initial increase in
phases I-1la, followed by a continuous drop until phase IV. In
contrast, FAP response was practically unchanged despite a
tendency to increase values towards the end of the maneuver.
These mean temporal patterns were representative of individ-
ual ARI(¢) curves with 8/8 and 5/8 individuals showing similar
patterns to the mean of controls and FAP patients, respectively.

DISCUSSION
Main Findings

In this study we have shown that dynamic CA behaves as a
time-varying phenomena during VM and that it is significantly
affected by autonomic dysfunction. Our first hypothesis was

substantiated by inspection of ARI(f) patterns in individual
subjects, showing excellent agreement with the mean temporal
patterns represented in Fig. 5, thus confirming their robustness.
For the second hypothesis, the significant effect of autonomic
dysfunction was confirmed by two very distinct approaches. In
the first of these, the total variation in CBFV was broken down
in its subcomponents thus reflecting the relative contribution of
concomitant changes in ABP, CrCP, and RAP, showing
marked differences between controls and FAP subjects. In
particular, despite the larger drop in RAP in FAP, Fig. 24
indicates that these were not enough to restore CBFV to its
baseline values as observed for controls. The second approach,
involving the use of ARMA modeling to obtain estimates of
ARI(f), again showed marked differences between the two
groups as discussed below.

Finally, we also confirmed previous studies (7, 13, 38)
showing that a two-parameter model (RAP + CrCP) provides
clearer discrimination of changes in cerebral hemodynamics
than the classical, single CVRi parameter.

Dynamic CA control during VM

In healthy subjects, dynamic CA as assessed by continuous

estimates of ARI(7) showed a biphasic response to VM, with an

initial increase followed by a continuous drop until strain was
released. To our knowledge, this is first time that continuous
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Table 2. Normalized values of variation of cerebral and systemic hemodynamic parameters during each phase of the
Valsalva maneuver for controls and FAP patients
Parameter Phase 1 Phase Ila Phase IIb Phase IIT Phase IV Recovery ANOVA Pi
HR. %
Control 105+9 116 £ 12* 101 = 14 109 £ 17 113 = 20 83 £ 7* 0.023
FAP 101 =2 100 + 2% 108 £ 9 109 = 8* 109 £ 8 103 = 5%
Mean ABP, %
Control 128 =+ 13* 105 = 4 124 = 12* 106 = 14 123 = 12% 99 = 8 <0.0001
FAP 122 = 11% 90 = 14%% 78 = 19%F 78 = 15%F 84 = 16%} 101 = 19
Pulse Pressure, %
Control 114 = 15% 90 + 14 124 + 28* 94 + 26 137 = 37% 120 = 21* 0.001
FAP 102 = 37 83 + 19* 72 £ 12%F 78 = 10* 83 £ 15%} 105 £ 26
Mean CBFV, %
Control 107 =8 93 = [10* 111 £ 16 118 £ 15% 150 = 24% 92 = 16 0.001
FAP 107 = 10 69 = 11+ 78 = 19%} 91 = 19%} 101 = 23} 105 = 17*
CrCP, %
Control 268 = 178* 244 * 132%* 212 = 142% 109 £ 54 57 £ 58 121 £ 49 0.235
FAP 196 = 61* 177 + 44% 130 = 67* 121 = 37 116 = 27 93 =13
RAP, %
Control 98 = 15 77 *+ 8% 89 = 17 90 = 14 96 = 10 105 = 14 0.001
FAP 87 £ 13 76 *+ 29% 67 = 17%F 64 = 13%F 66 * 14%f 100 = 17
CVRI, %
Control 127 = 22% 115 £ 11%* 118 = 17* 92 £ 13 87 = 14 111 =19 0.390
FAP 120 = 16* 113 £ 41 97 =35 83 £ 20 81 £ 17* 97 £ 17

All values are given in percentage (normalized). *P < 0.05, level of significance for differences between baseline values and each of the Valsalva maneuver
phases obtained by repeated-measures ANOVA. 1P < 0.05, level of significance for differences between familial amyloidotic polineuropahty (FAP) and control
groups obtained by repeated-measures ANOVA. 1P value for interaction between phase and group by two-way repeated-measures ANOVA.

estimates of dynamic CA changes were described in VM. The
initial increase of ARI(7) could represent the cerebrovascular
autoregulatory effort to bring CBFV levels back to baseline in
response to sudden increase of CrCP and effective reduction of
perfusion pressure (ABP — CrCP), taking into account that the
autoregulatory response normally takes from 2-5 s to be
manifested (Fig. 4). However, FAP patients showed no
changes in ARI(?) at the same phases despite similar variations
of ABP and CrCP. Thus cerebral perfusion pressure changes
probably do not explain dynamic CA augmentation at this
point. Interestingly, pulse pressure seemed to be the only factor
(Table 1 and Figs. 2 and 3), with striking differences between
the two groups at this phase, showing an increase in healthy
subjects and decreasing immediately in FAP patients, despite
equivalent challenges from changes in ABP and CBFV. Pulse
pressure is regarded as proportional to cardiac output and
inversely related to cardiovascular compliance (12). In a beat-
by-beat analysis, especially in young subjects, stroke volume
changes seem to be the principal factor affecting pulse pressure

1504 I la

b I 1V
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Fig. 3. Group-averaged normalized arterial pulse pressure (PP: systolic —
diastolic) for controls (solid line) and FAP patients (dashed line). Averaging

was synchronized at ABP rise in phase I indicated by the vertical arrow. For
clarity, only the largest = SD bar is represented at the point of occurrence.

variation (3). Therefore, sudden increase of cardiac output
could trigger augmented ARI(#) in normal subjects, which is
not observed in FAP patients as expected from their AF (19).
Cardiac output seems to play a role in CA (52), perhaps
mediated through endothelial factors (56), but some caution is
warranted since there are recent data providing evidence to the
contrary (14). However, FAP patients are not healthy subjects
and infiltration of abnormal protein TTR in the vessel wall can
affect aortic compliance, thus affecting pulse pressure changes.

At phase II other factors emerge and their complex interplay
can contribute to the steady fall of dynamic CA until strain
release. Firstly, sympathetic activation is known to be an
important factor in increasing ABP, HR, and cardiac output at
this stage (19). ARI(¢) decline seems to parallel sympathetic
activation (19), but the contribution of the sympathetic nervous
system to CBF control is still under dispute (26, 43, 51).
Moreover, during autonomic blockade, lower body negative
pressure induces a decrease in CBFV, even if blood pressure is
maintained by infusion of a pressor drug. This observation
confirms that CBF can be influenced by peripheral changes
without the participation of the sympathetic nervous system
(56). However, long-standing data suggest that ANS cerebro-
vascular control is more effective under dynamic than steady-
state conditions (6, 46). Indeed, there are data demonstrating
depression of dynamic CA during orthostatic stress (29), gan-
glionic blockade (58), and even physiological phenomena like
rapid eye movement sleep (9) and neurovascular coupling (5,
37, 39). The fact that the FAP group demonstrated a different
response with a less pronounced decrease in CA may corrob-
orate this hypothesis. Secondly, hypercapnia induced by the
maneuver (21) may account for dynamic CA variations (2, 17,
18). However, cerebrovascular and autonomic responses dur-
ing VM were described as unrelated to Pco, changes (13, 54,
55). Finally, intracranial pressure elevation is associated with
deterioration of dynamic CA as measured by Mx in traumatic
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Fig. 4. Group-averaged normalized mean CBFV changes (grey continuous line) and its subcomponents of CVRi and RAP + CrCP models for control (A and
C, respectively) and FAP (B and D, respectively) groups. Avapp, ABP subcomponent, grey dotted line; Averep, CrCP subcomponent, dashed dark line; Avevri,
CVRi subcomponent, and Avgap, RAP subcomponent are marked with “x”. The sum of ABP and CVR subcomponents are presented with line width white circle
marks. Averaging was synchronized at ABP rise in phase I indicated by the vertical arrow.

brain injury (11). However, during VM, intracranial pressure
increases a maximum of 23.5 mmHg (21), and at this range Mx
remained normal (11).

The short-term modulation of CA during VM raises impor-
tant questions for further studies of CA (and other physiolog-
ical control systems): at some stages enhanced CA is observed,
while at other times CA seems to be absent, even in healthy
controls. For example, at phase III, where CBFV is high and
the drop in ABP helps to restore CBFV to baseline. Active
autoregulation at this stage might keep CBFV artificially high,

undoing the effect of the restoration of ABP in returning the
flow to baseline.

Effect of Autonomic Dysfunction on Normal Cerebrovascular
Control

In FAP patients, ARI(r) was practically unchanged during
strain but increased towards the end of the maneuver, which
confers a completely different pattern from control group.
Overall, the clear-cut distinct pattern of ARI(#) during VM,
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Table 3. Normalized CBFV changes and its components (ABP, CrCP, and RAP, and CVRi) and ARI(t) absolute values
changes during all phases of the Valsalva maneuver for controls and FAP patients
Parameter Phase 1 Phase Ila Phase I1b Phase 111 Phase IV Recovery ANOVA Pi
Av, %
Control 59 —12 = 8% 13+17 20 + 15* 49 £ 23%* -6+ 14 0.00002
FAP 5*11 —28 = 10*} —23 = 18*f —8 = 197 2 + 23} 8 £ 18
Avagp, %
Control 42 + 19%* 8§12 34 £ 17* 6+ 20 34+ 17* 7+ 14 0.0002
FAP 35 £ 19% -4 £24 —33 & 27%f —31 = 18%7 —22 & 23 —4 =33
AVCVRiv (75
Control —24 *+ 20* —23 = 13* —12 = 15% =11 = 12* 16 £ 12* —13 =21 0.139
FAP —18 = 14* —32 = 14* —6 =29 1219 15 = 16* 9+17
Avercp L %
Control —40 *+ 27* —37 = 10* —32 = [9* 7x25 7+19 —7 = 8% 0.162
FAP —44 + 25% —44 = 20* =19 =24 —=10= 19 -9+ 14 3+ 11
Avrap, %
Control 3x12 22 £ 12% 9%17 9=x15 511 -8 %18 0.025
FAP 12 = 13* 28 + 18* 39 * 14+ 36 = 12%7 34 + 15%F 8 +24
Avgap + Avagp, %
Control 44 + 21* 26 + 9% 37 £ 8* 14 = 17* 30 + 8* 1+ 14 0.024
FAP 44 + 28%* 22 £ 11% 3= 167 3+15 -5+ 197 3+10
ARI(r), AU
Control 7.8 =0.9* 54+22 37*+37 1.2 £32% 0.6 £09* 55*30 0.020
FAP 3.3 £ 3.5% 2.2 £3.0f 5432 4.0 x35 5.8 = 3.57 72%x32

All values are given in percentage (normalized) except for ARI(r), which are means = SD. Av, changes in CBFV. *P < (.05, level of significance for
differences between baseline values and each of the Valsalva maneuver phases obtained by repeated-measures ANOVA. P < 0.05, level of significance for

differences between FAP and control groups obtained by repeated-measures
repeated-measures ANOVA.

compared with controls, strongly suggests a major role for
ANS involvement in dynamic CA, as proposed by other groups
(9, 29, 58). The suggestion of an increase in ARI(f) during late
phase II and III might represent the attempt of cerebrovascular
control to restore CBF in the face of a higher drop of ABP (34,
38). This response pattern may not simply imply impaired CA,
as patients can achieve very high ARI and values during
baseline (Table 1) and recovery seem similar (Fig. 5). They are
also able to modulate ARI and RAP, but they do so differently
than controls. This altered response could be explained solely
by the different ABP patterns. However, in phase I the initial
increase ABP was similar between groups (Fig. 2 and Table 1)
but increased ARI(z) was shown only by controls. Future
studies are needed to address these additional questions gen-
erated from our results.

10 = Controls
I Ha b I 1V vee FAP
8
o &
€ 4
2
0
-10 0 10 20 30 40 50
Time (s)

Fig. 5. Group-averaged normalized autoregulatory index changes [ARI(?)]
during the VM for controls (continuous line) and FAP (dotted line) groups.
Averaging was synchronized at ABP rise in phase [ and the beginning is
marked by a vertical arrow. For clarity, only the largest = SD bar is
represented at the point of occurrence (wider horizontal top and bottom
delimiters for FAP group).

ANOVA. iP value for interaction between phase and group by two-way

Mechanisms of Cerebrovascular Control During VM and
Physiological Correlates

Previous studies (21, 42) have characterized changes in
cerebral hemodynamics during VM using invasive measure-
ments (electromagnetic flowmeter), confirming that between
phases I to III there is an increase in cerebrospinal fluid
pressure (CSFP) of 7.5 mmHg and a decrease in internal
carotid blood flow by 21%. Cerebrovascular resistance, calcu-
lated as (mean ABP — CSFP)/blood flow, decreased during
strain, meaning cerebral vasodilation, and increased during
phase 1V. Dawson et al. (13), using transcranial Doppler,
showed the same temporal profile by using the RAP + CrCP
model. Particularly, RAP seemed to change in accordance with
the cerebrovascular effort of vasodilation during VM, and
CrCP very closely accompanied the changes in intrathoracic
and intracranial pressures (13). Our results not only match
those of Dawson et al. (13) in the healthy group but also
reinforce the value of the CrCP + RAP model over CVRi by
showing that the same physiological correlates could be inter-
preted in a different response caused by autonomic dysfunc-
tion. During the normal response to VM, RAP varies as
expected, reflecting the cerebral vasodilation effort during
phase 11 (21). AF caused a larger CBFV reduction during phase
II compared with controls, consistent with previous studies
with ganglionic blockade (55). This is accompanied by a
substantial drop in ABP, which is related to adrenergic dys-
function (19). This cerebral vasodilation seems to be better
explained by the longer and deeper RAP reduction, while
CVRi suggests a paradoxical cerebral vasoconstriction (21,
49). We speculate that RAP is more sensitive to ABP varia-
tions and, therefore, behaves as a myogenic component of
cerebrovascular regulation. Previous studies support this as-
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sumption (6, 34, 37, 38). We have previously reported (5)
blunted ABP response in FAP patients when changing from
supine to the sitting position with only RAP reflecting cere-
brovascular differences. This suggests the presence of cerebral
vasodilation in adaptation to ABP challenge, which was al-
ready documented earlier (23, 31). Also, RAP and not CrCP
seems to follow ABP, possibly a myogenic response (37),
explaining different CBFV responses during neurovascular
coupling paradigms (45). Contrary to CrCP, RAP seem not to
be disturbed by metabolic components during complex neuro-
vascular activation (37, 45) and CO, changes (27, 37).

On the other hand, CrCP increased during strain in both
groups, despite the presence of AF, giving credit to the hy-
pothesis that it represents intracranial pressure changes during
phase II (13). At the end of the VM, we did not observe an
increased CBFV that would suggest a “hyperemic response”
due to autonomic dysfunction as it was reported by Zhang et al.
(55) with ganglionic blockade. However, these authors used, as
a model of AF, an otherwise healthy population that was
artificially and acutely deprived of their autonomic function.
Long-standing autonomic dysfunction might have induced
adaptive changes of cerebral vasculature dynamics (22, 23, 53)
in chronically denervated FAP subjects.

Study Limitations

An important methodological point concerns to the use of
transcranial Doppler for measurements of cerebral blood flow.
Changes in CBFV reflect changes in cerebral blood flow only
if the diameter of the insonated artery remains constant. How-
ever, several studies suggested that the diameter of the middle
cerebral artery remains relatively stable during rapid alterations
in arterial pressure (30) and during simulated orthostasis (47).

Noninvasive measurements of BP in the finger could also be
suspected as a source of spurious influence due to random
fluctuations in the blood flow circulation of the hand and could
be regarded as a source of spurious noise during CrCP and
RAP calculations. However, a previous investigation has
shown that estimates of ARI(#) obtained with the moving-
window ARMA technique were very similar to those derived
from direct catheter-tip BP measurements in the ascending
aorta (40). Spontaneous BP fluctuations have been often ad-
opted to measure dynamic CA but cannot be assumed to be
physiologically equivalent to those induced by the thigh-cuff
maneuver (2). Some caution over the results obtained are also
inherent to the methods to assess autoregulation, as ARI, RAP,
or CrCP are only estimates of some abstraction of different
aspects of vascular control. This includes the interpretation of
changes in RAP as caused by myogenic regulation. Although
there is some evidence for this association, based on previous
studies (7, 37, 38), its generalization is premature and further
studies are needed. Another limitation of the present investi-
gation maybe the lack of CO, measurement. Previous studies
have not found significant changes in CO, during the proce-
dure (13, 54, 55), but we cannot rule out the possibility that
small changes in PaCO, might have influenced our results,
although similar changes in PaCO» would be expected for both
groups. Finally, our study enrolled a relatively small number of
patients. FAP is a rare disease, and nowadays patients are
treated earlier, namely with pacemaker and liver transplanta-
tion, which were exclusion criteria for the study. Nevertheless,

Autonomic Dysfunction Affects Cerebral Autoregulation « Castro P ef al.

this population is very homogeneous in its disease process and
lacks vascular risks factors, like diabetes, that would make it
difficult to discern the effects of autonomic dysfunction among
other vascular aggressors.

Conclusions

In summary, by applying a recently designed continuous
estimation of ARI, we could measure, for the first time, the
dynamic CA performance during VM. Our data suggest that
dynamic CA undergoes temporal changes during the VM and
that it is significantly altered in subjects with severe autonomic
failure. Moreover, a two-parameter model, including CrCP and
RAP, allowed a clearer insight into cerebral hemodynamics
than the CVRi alone. Further physiological studies are needed
to describe the multiple interactions between ABP changes and
cerebrovascular parameters in response to different maneuvers
in patient populations with ANS dysfunction.
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Abstract

Purpose The study of dynamic cerebral autoregulation
(CA), which adapts cerebral blood flow to arterial blood
pressure (ABP) fluctuations, has been limited in ortho-
static intolerance syndromes, mainly due to its stationary
prerequisites hardly to meet during maneuvers to provoke
syncope itself. New techniques of continuous estimates
of CA could overcome this pitfall. We aimed to evaluate
CA during head-up tilt test in common conditions causing
syncope.

Methods We compared three groups: eight controls; eight
patients with autonomic failure due to familial amyloidotic
polyneuropathy; eight patients with vasovagal syncope
(VVS). ABP and cerebral blood flow velocity (CBFV)
were measured with Finometer® and transcranial Doppler.

Communicated by Massimo Pagani.

4 Pedro Castro
pedromacc@ gmail.com
Jodo Freitas
Jjppafreitas @sapo.pt
Rosa Santos
rosampsantos2 @gmail.com
Ronney Panerai
rp9 @leicester.ac.uk

Elsa Azevedo
eazevedo @med.up.pt

Department of Neurology, Sao Jodo Hospital Center, Faculty
of Medicine of University of Porto, Alameda Professor
Hernani Monteiro, 4200-319 Porto, Portugal

= Autonomic Unit, Sao Jodo Hospital Center, Faculty
of Medicine of University of Porto, Porto, Portugal

Department of Cardiovascular Sciences and NIH Biomedical
Research Centre, University of Leicester, Leicester, UK

We calculated cerebrovascular resistance index (CVRi),
critical closing pressure (CrCP) and resistance area product
(RAP), and derived CA continuously from autoregulation
index [ARI(7)].

Results  With HUTT, AF subjects showed a pronounced
decrease in CBFV (=36 + 17 versus =7 + 6%, p < 0.0001),
ABP (=29 + 27 versus 7 + 12%, p < 0.0001) and RAP
(=17 + 23 versus 3 + 18%, p < 0.0001) but not CVRi
(p = 0.110). VVS subjects showed progressive cerebral
vasoconstriction prior to syncope, (reduced CBFV 19 + 15
versus 1 + 6, p < 0.000; increased RAP 12 + 18 versus
2 + 3%, p = 0.024 and CVRi 12 + 18 versus 2 + 3%,
p = 0.005). ARI(#) increased significantly in AF patients
(5.7 + 1.2 versus 6.9 + 1.2, p = 0.040) and VVS (5.8 £ 1.2
versus 7.3 + 1.2, p = 0.015) in response to ABP fall during
syncope.

Conclusions Our data suggest that dynamic cerebral
autoregulatory response to orthostatic challenge is neither
affected by autonomic dysfunction nor in neutrally medi-
ated syncope. This study also emphasizes that RAP + CrCP
model is more informative than CVRi, mainly during cer-
ebral vasodilatory response to orthostatic hypotension.

Keywords Cerebral blood flow - Cerebral vasoreactivity -
Autonomic nervous system - Head-up tilt - Transcranial
Doppler - Syncope - Orthostatic intolerance

Abbreviations

CA Cerebral autoregulation

CBFV Cerebral blood flow velocity
MCA Middle cerebral artery

CrCP Critical closing pressure

RAP Resistance area product

CVRi Cerebrovascular resistance index
ARI Autoregulation index
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ARI(1) Time-varying autoregulation index
AF Autonomic failure

VVS Vasovagal syncope
ARMA  Autoregressive moving-average
ANOVA  Analysis of variance
HUTT Head-up tilt test

YLEF Very low frequency
LF Low frequency

HF High frequency

ABP Arterial blood pressure
HR Heart rate

CO, Carbon dioxide
Introduction

Orthostatic posture ignites complex and critical hemody-
namic changes to assure that blood flow is preserved in crit-
ical organs like the brain (Castro et al. 2012; Van Lieshout
et al. 2003). Systemic neutrally mediated and hormonal
mechanisms have been widely studied (Van Lieshout et al.
2003; Freitas et al. 2007; Goldstein et al. 2003; Carey et al.
2001a, b) but organ-specific vascular regulatory mecha-
nisms may also play their role (Castro et al. 2012; Van
Lieshout et al. 2003). In what concerns to the brain, it is
well documented that cerebral vasculature is able to adapt
arterial blood pressure (ABP) fluctuations, commonly
referred to as cerebral autoregulation (CA) (Zhang et al.
1998).

The study of the role of CA in syncope has been charac-
terized by mixed results. This could be explained in part by
the heterogeneous medical conditions but also by technical
aspects used to calculate CA. Most indices of dynamic CA
assume steady state physiological conditions (Zhang et al.
2002; Claassen et al. 2016; Mitsis et al. 2006; Tiecks et al.
1995) which are not strictly met during orthostatic stress,
particularly with head-up tilt test (HUTT). Therefore, com-
monly used linear approaches, such as transfer function
analysis (Zhang et al. 1998), may not be applied (Dineen
et al. 2010; Latka et al. 2005; Rowley et al. 2007; Mitsis
et al. 2004). As a consequence, the ability to obtain esti-
mates of CA in orthostatic intolerance syndromes has been
limited by the non-stationarity of physiological mecha-
nisms that preclude the use of more established techniques
such as transfer function analysis (TFA) (Dineen et al.
2010; Latka et al. 2005; Castro et al. 2014; Rowley et al.
2007; Mitsis et al. 2004).

Techniques of continuous CA estimation could over-
come this pitfall (Dineen et al. 2010; Castro et al. 2014;
Panerai et al. 2015). Recent developments in modeling
dynamic CA have led to nonstationary indices of dynamic
CA (Dineen et al. 2010; Giller and Mueller 2003; Latka
et al. 2005; Mitsis et al. 2004; Novak et al. 2004; Rowley

@ Springer

et al. 2007; Panerai et al. 2016). One relevant recent devel-
opment is the possibility of obtaining continuous esti-
mates of ARI with temporal resolution of a few seconds.
The feasibility of this approach has been demonstrated in
recordings obtained at rest (Panerai et al. 2008, 2005), dur-
ing respiratory maneuvers such as breath holding or hyper-
ventilation (Dineen et al. 2010; Panerai et al. 2010), dur-
ing Valsalva maneuver (Castro et al. 2014) and tight cuff
release (Panerai et al. 2015).

Time-varying changes in dynamic CA parameters have
not been described during HUTT in healthy subjects as
well as in patients with orthostatic intolerance. HUTT is
also particularly well suited for the involvement of auto-
nomic nervous system by inducing predictable changes in
ABP in different conditions like vasovagal syncope (Ocon
et al. 2009; Goldstein et al. 2003; Carey et al. 2001a, b;
Schondorf et al. 2001a, b; Lagi et al. 2001) and autonomic
failure (Blaber et al. 1997; Horowitz and Kaufmann 2001;
Novak et al. 1998; Bondar et al. 1997). Therefore, contin-
uous assessment of CA during HUTT may not only give
further hints into the pathophysiology of syncope but also
derive new data concerning the role of autonomic nervous
system in regulation of cerebral blood flow.

In addition to nonstationary indices of CA, we can also
use models of instantaneous relationship between ABP and
CBFV that can also help to elucidate cerebral hemody-
namics during the Valsalva and the autonomic influences
thereupon (Castro et al. 2014). The CBFV response during
Valsalva maneuver was shown to be largely explained by
changes in critical closing pressure (CrCP) (Dawson et al.
1999), possibly reflecting the rise in central venous pres-
sure and intracranial pressure previously reported (Green-
field et al. 1984; Pott et al. 2000), while resistance area
product (RAP) seemed to reflect the vasodilation effort
(Dawson et al. 1999; Castro et al. 2014). The capability of
this 2-parameter model to separate metabolic and myogenic
cerebrovascular mechanisms has been proposed during
changes in posture and sensorimotor stimulation (Maggio
et al. 2013; Azevedo et al. 201 1; Carey et al. 2001a; Panerai
2003; Panerai et al. 2012).

Taken together, the overall approach can provide fur-
ther insights into cerebral hemodynamics in the context of
orthostatic stress as well and provide future clinical ben-
efits in diagnosis and treatment.

To understand the behavior of CA during orthostatic
challenge and the role of autonomic nervous system in cer-
ebrovascular regulation, we aimed to compare dynamic CA
changes between healthy subjects, VVS and AF patients
during HUTT. We tested whether dynamic CA remains
constant during orthostatic stress and autonomic dysfunc-
tion or if hyperadrenergic status conditions (Freitas et al.
2007; Goldstein et al. 2003) of VVS could affect that
response.
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Materials and methods

This study was performed in Sdo Jodo Hospital Center,
a University Hospital in Porto, Portugal. The local insti-
tutional ethical committee approved the study. Each par-
ticipant gave written informed consent.

Population studied

We compared three groups of subjects: healthy con-
trols, patients with AF due to familial amyloidotic
polyneuropathy and patients with VVS. Our AF model
consists of eight patients (6 males), age of 31.4 + 6.5
(range 23-43) years, with familial amyloidotic poly-
neuropathy type I (4) caused by transthyretin gene Val-
30Met mutation. It is a hereditary autosomal dominant
disease leading to deposition of abnormal transthyretin
in many organs, typically in the peripheral nerves (4).
This causes early dysfunction of autonomic fibers being
orthostatic hypotension a hallmark of the disease. Auto-
nomic characteristics of this group were detailed in pre-
vious work (Castro et al. 2014). In summary, we selected
only patients with severe AF (Carvalho et al. 2000) and
all had orthostatic hypotension (fall in systolic/diastolic
ABP during HUTT of at least 20/10 mmHg) with inca-
pacitating symptoms. The facts that central nervous sys-
tem is usually spared (26) and the usual absence of clas-
sic vascular risk factors, makes this disease a well-suited
model to study the impact of AF on cerebrovascular reg-
ulation. VVS group consisted of 8 patients (4 male) aged
30.2 + 8.7 (range 23-42) years old, who had frequent
repetitive clinical vasovagal syncope episodes (more
than six episodes in the last 2 years) and a positive pas-
sive 70° HUTT with reproduction of symptoms without
pharmacological provocation. These patients re-experi-
enced syncope in the study during HUTT with a mean
lag time of 26 + 6 min (range 13-41). The VVS group
was characterized before as having increased adrenergic
activity, particularly increased adrenaline production and
higher frequency systolic ABP variability in response to
HUTT, that was analyzed in previous work (Freitas et al.
2007). The control group consisted of 8 healthy volun-
teers (5 male) from our hospital and faculty staff, with
a mean age of 28.3 + 5.9 years old (range 27-36). All
participants performed a carotid and transcranial duplex
scan, with a HDI 5000 device (Philips, USA). Normal
findings of extra- and intracranial vessels, and a good
temporal acoustic bone window, were required as inclu-
sion criteria. Classical risk factors including smoking,
hypertension, diabetes mellitus and dyslipidemia were
exclusion criteria for all participants.

Experimental protocol

Participants were asked to refrain from any medication,
alcohol-, nicotine-, or caffeine-containing products for a
minimum of 12 h. Evaluations were carried out in a quiet
room with a constant temperature around 22 °C. ABP
and heart rate (HR) were continuously monitored in the
left hand with a non-invasive finger cuff Finapres® device
(model 2300; Ohmeda, Englewood, CO, USA) with its
pressure height correction unit placed at heart level. CBFV
was recorded in M1 segment of both middle cerebral arter-
ies (MCA) at depth of 50-55 mm with 2 MHz pulsed wave
Doppler monitoring probes of a Multidop® X4 Doppler
device (DWL, Sipplingen, Germany) mounted on an indi-
vidually fitted headband. Data were continuously stored for
offline analysis.

Data recording began after 30 min of bed rest, during
10 min in supine position, and then during tilting at 70°
HUTT for a maximum of 45 min or until syncope occurred.

Data analysis

All signals were visually inspected to identify artifacts or
noise, and narrow spikes were removed by linear interpo-
lation. In supine condition, ABP at MCA was equivalent
to that measured at heart level but during HUTT ABP
was adjusted to heart-brain distance. Mean beat-to-beat
values were calculated for ABP and CBFV using the area
between diastolic points. Two different pressure—velocity
models were evaluated. Firstly, the classical cerebrovas-
cular resistance index (CVRi) was estimated by the ratio
of mean ABP/mean CBFV for each heartbeat, for both
MCAs (Aaslid et al. 1989; Tiecks et al. 1995). Secondly,
the instantaneous relationship between ABP and CBFV
was used to estimate the CrCP and RAP of the cerebral
circulation for each cardiac cycle, using the first harmonic
method (Aaslid et al. 2003; Panerai 2003). Consequently,
for each cardiac cycle, the fundamental frequency of ABP
and CBFV was extracted from raw signals and aligned pre-
viously to calculation of the straight-line fit (further details
in “Appendix”). CVRi calculation assumes that there is
a linear relationship between ABP and CBFV, i.e., flow
ceases only when ABP is zero. However, at various vascu-
lar beds, including the brain, flow stops at higher values of
ABP (Panerai 2003). This parameter has been shown to be
important to cerebrovascular tone control mainly reflecting
changes due to metabolic stimulus to cerebral blood flow,
like cognitive (Salinet et al. 2013), CO, (Panerai 2003) and
intracranial pressure (Castro et al. 2014). Taking this into
account, the CrCP + RAP model provides a more accurate
representation of the relationship between ABP and CBFV.
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Some evidence suggests that RAP follows physiologically
changes presumed to be predominantly myogenic (Castro
et al. 2014; Panerai et al. 2005).

All beat-to-beat estimates were interpolated with a third-
order polynomial and resampled at 0.2-s intervals to gener-
ate a time series with a uniform time-base. To correct for
differences at baseline values and, in the case of CBFV, to
become independent from the TCD insonation angle, data
were also normalized by their mean baseline values.

We compared the three groups during the first 3 min
of HUTT and data were normalized to the beginning of
HUTT. Additionally, we compared VVS and controls in the
last 5 min before and 1 min after the time of occurrence of
syncope. For this purpose, data were normalized with refer-
ence to syncope. To assure that controls could be compared
at similar time marks, we normalized the data in this group
at 26 min (mean time of syncope in VVS group during
HUTT). To further explore the cerebrovascular hemody-
namic response to HUTT, we evaluated CA by two meth-
ods, by transfer function analysis and through calculation
of continuous ARI, as explained below.

Transfer function analysis

Dynamic CA was assessed by Transfer Function Analysis
(TFA) by calculating coherence, gain and phase parameters
from beat-to-beat spontaneous oscillations in CBFV and
ABP (Claassen et al. 2016). TFA parameter settings were
in compliance with standard recommendations (Claassen
et al. 2016): 10 min of data interpolated at 10 Hz with a
third-order polynomial spline; window length of 102 s;
Hanning anti-leakage window; 50% superposition window,
triangular smooth filtering. Values were reported in three
spectral bands: very low frequency (VLF: 0.02-0.07 Hz),
low frequency (LF: 0.07-0.20 Hz) and high frequency (HF:
0.20-0.50 Hz). CA is believed to operate at slower VLF
and LF bands as a high-pass filter (Meel-van den Abeelen
et al. 2014). Lower coherence (correlation coefficient),
lower gain (damping of ABP oscillations) and higher phase
(speed of the autoregulatory response) between oscillations
of ABP and CBFV tend to indicate more effective CA.

Baseline and continuous dynamic autoregulation index

Using the inverse fast Fourier transform of the transfer func-
tion, the CBFV response to a step change in ABP was also
derived (Panerai 2008; Zhang et al. 1998). The CBFV step
response was compared with 10 template curves proposed
by Tiecks et al. (1995) and the best fit curve corresponded
to the ARI (Panerai 2008). An interpolation procedure was
adopted to obtain real values of ARI (as opposed to only
integer values) by fitting a second-order polynomial to the
integer values of ARI neighboring the region of minimum
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error (Panerai 2008). Values of ARI = 0 indicate the absence
of CA, while ARI = 9 corresponds to the most efficient CA
that can be observed (Tiecks et al. 1995). A new procedure
was adopted using the normalized mean square error for fit-
ting the model to the CBFV step response and a minimum
threshold for the LF coherence function to accept or reject
estimates of ARI (Panerai et al. 2016).

Noteworthy, classical calculation of a single ARI index
for recordings lasting several minutes is not acceptable
during maneuvers like Valsalva maneuver that induce non-
stationary time-series. For this propose, a time-varying
ARI [ARI(r)] was derived from a autoregressive—moving-
average (ARMA) structure after implementation of Tiecks’
model and use of the Walsh set of orthogonal basis func-
tions to obtain ARMA models with time-varying param-
eters as previously described (Panerai et al. 2010). Once
those parameters are obtained, it is possible to calculate a
corresponding CBFV step response for each instant of time,
each one leading to an estimate of ARI(r). A maximum of
19 orthogonal functions were adopted and ARI(#) was cal-
culated at 0.2-s intervals. Using this model, Panerai et al.
(2010) showed that ARI(f) presented characteristic time-
varying patterns during respiratory maneuvers of apnoea
and hyperventilation, providing a physiological validation
of this method. We also showed significant changes during
Valsalva maneuver due to AF (Castro et al. 2014).

Statistical analysis

Normality of the variables was determined by Shap-
iro-Wilk test. ANOVA and Student’s ¢ test was used to
compare baseline resting values between groups and
paired ¢ test to compare right and left MCA within each
group. In the absence of statistically significant differences
between parameters derived from the right and left MCA,
these were averaged for all subsequent analyses. Two-way
repeated-measures ANOVA was used to find differences
between groups and different phases of HUTT: within each
group differences between phases were calculated using
simple contrast with reference to baseline resting values for
the first part of HUTT and to the time period of syncope
in VVS or equivalent in controls; Bonferoni’s post hoc test
for multiple comparisons was used to detect differences
between groups at each stage when interaction between
group and phase factor was significant. Statistical signifi-
cance was inferred at a p < 0.05 level.

Results

Baseline values for systemic and cerebral hemodynamic
parameters were not different between AF, VVS and con-
trols (Table 1) except for significantly reduced ABP and
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Table 1 Baseline resting absolute values for systemic and cerebral
hemodynamic parameters concerning right and left MCA for con-
trols, vasovagal syncope (VVS) and autonomic failure (AF) patients

Table 2 Baseline resting absolute values for systemic and cerebral
hemodynamic parameters concerning right and left MCA for both
controls, Vasovagal syncope (VVS) and autonomic failure (AF)

Parameter Control VVS AF p value*
HR, bpm 81+8 71+84 829+88 0.641

CV, % 50+13  56+26  19+19%/<0.001
Mean ABP, 81+ 11 78+ 9 91+20 0.235

mmHg

CV, % 4409 39=x1.1 23 +0.7°/ <0.001
PP, mmHg 50+ 13 48+ 12 50+93 0914
Mean CBFV, cm/s

Right MCA 66+ 15 68+ 11 64+12  0.737

Left MCA 68+ 11 69+ 12 T2+14  0.428

CV, %

Right MCA 52+13 61x1.1 55+14 0.559
Left MCA 5115 6012 53x19 0754

CrCP, mmHg

Right MCA 24+ 15 28+ 15 32+15 0301

Left MCA 2415 26+ 18 26+ 11 0.444
RAP, mmHg/cnvs’

Right MCA 0.89+ 030 0.77+0.13 088 £0.18 0.722

Left MCA 090+ 027 076+0.17 085+021 0.732
CVRi, mm}*lg/cm/s2

Right MCA 1.00+0.19 1.17+0.19 1.18 £0.34 0.166

Left MCA 1.00+0.19 1.15+£024 101 £0.36 0.634

All values are given as mean + SD

HR heart rate, CV coefficient of variation, ABP arterial blood pres-
sure, PP pulse pressure, CBFV cerebral blood flow velocity, CVRi
cerebrovascular resistance index, RAP resistance area product, CrCP
critical closing pressure

* ANOVA p value for differences between AF, VVS and control
groups

“/Student’s £ test p value of for differences between AF and control or
VVS groups, respectively

HR variability in AF group (either coefficient of varia-
tion of mean ABP and HR (p < 0.001) and as mean ABP
power spectral density power (p < 0.001; Table 2). Despite
that, CBFV variability was similar in AF as compared to
VVS or controls (coefficient of variation, Table 1 and spec-
tral density power, Table 2). Table 2 and Fig. 1 show the
results for TFA and classic ARI calculations. ARI, gain and
phase were similar among groups. Despite that, AF patients
showed lower coherence at VLF and LF bands (p < 0.001).

Hemodynamic response to HUTT

The initial response results to HUTT are detailed in
Table 2. With the exception of HR and CrCP, all other
parameters presented significant longitudinal differences
on a repeated-measures ANOVA (p < 0.01). After 30 s of
HUTT, AF group, as expected, showed marked decrease in

Parameter Control VVS AF p value*

Mean CBFV 140+£7.0 14570 13110 0.859
power, cm?/s’

Mean ABP 1L.1+47 121+84 41+30% 0.003
power, mmHg’

Coherence, a.u.

VLF (0.02- 0.44 +0.08 047 +0.11 0.18 £0.09 <0.001
0.07 Hz)
LF (0.07- 0.63 £0.15 056 +0.18 032+024 <0.001
0.15 Hz)
HF (0.15- 0.55+0.22 055+0.16 052+022 0.737
0.5 Hz)
Gain, %/mmHg
VLF 1.10 +0.27 131 +092 134+054 0.169
LF 1.81 £0.31 1.70 £044 151+038 0.377
HF 201 £030 1.69+041 1.72+043 0498
Phase, radians
VLF 1.18 £0.28 0.82+047 1.67+096 0.160
LF 087 £0.16 0.68 £0.34 080+036 0.378
HF 0.30 £0.36 0.03 £0.38 037+023 0611
ARI(P), (a.u) 71412 63+14 69+12 0346

All values are given as mean + SD

ABP arterial blood pressure, CBFV cerebral blood flow velocity, VLF
very low, LF low and HF high frequency bands of transfer function
from ABP to CBFV, ARI continuous estimates of Cerebral Autoregu-
lation Index

* ANOVA p value for differences between AF, VVS and control
groups

“/Student’s 7 test p value of for differences between AF and control or
VVS groups, respectively

mean ABP (around 30%, p < 0.0001) as well as in ABP
pulse pressure (around 40%, p < 0.0001). This group also
showed a similar decrease in mean CBFV (around 30%,
p < 0.0001). RAP and CVRI, indexes representing cer-
ebral vascular tonus, behave differently during HUTT in
AF vs controls. CVRi did not detect significant changes
(p = 0.110). However, RAP showed significant decrease
(around 20%, p < 0.0001), meaning cerebral vasodilation
induced by HUTT. CrCP did not change significantly dur-
ing HUTT (p = 0.126) although it showed some tendency
to decrease around 2.5-3 min of initial HUTT in AF sub-
jects. This may represent mixed effects of returning the tilt
table to 0° in some patients due to orthostatic pre-syncopal
symptoms before the stipulated 3 min by protocol (n = 3).
VVS and controls showed no significant differences dur-
ing initial HUTT, without changes in CVRi (p = 0.110), as
observed in Fig. 2f. The hemodynamic changes during the
last 5 min preceding syncope in VVS and corresponding
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Fig. 1 Comparison of
group-averaged parameters of
dynamic cerebral autoregula-
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time in controls are presented in Fig. 3, and the respective
statistical analysis in Table 4. Whereas controls maintained
relatively stable values of hemodynamic parameters dur-
ing late HUTT, VVS patients showed already significant
changes 5 min before and during syncope. Prior to syncope,
VVS subjects showed progressive cerebral vasoconstric-
tion (reduced CBFV 19 + 15 versus 1 + 6%, p < 0.0001;
increased RAP 12 + 18 versus 2 + 3%, p = 0.024 and
CVRi 12 + 18 versus 2 + 3%, p = 0.005). During syncope
and compared to controls, there was significant decrease
in mean ABP and Pulse Pressure (both ~40%, p = 0.001).
CBFV also decreased around 25% (p = 0.003). RAP and
CVRIi decreased around 30% (p = 0001 and p = 0.030,
respectively) meaning a cerebral vasodilation response to
ABP fall. CrCP remained unchanged (p = 0.862).

Dynamic CA response during HUTT
The changes in dynamic CA throughout the orthostatic

test were compared in all the three groups at initial HUTT
(Fig. 4a; Table 3) and between VVS and controls in the
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Time (s)

300 s preceding and the 60 s following syncope (Fig. 4b;
Table 4). In healthy subjects, ARI(#) did not change sig-
nificantly during HUTT. However, VVS and AF patients
showed a time-varying behavior of dynamic CA in
response to ABP fall at initial orthostatic challenge. At
initial HUTT, AF patients tended to achieve higher values
of ARI(7) around 120-180 s compared to baseline values
(Fig. 4a, p < 0.001), which was delayed from the time ABP
drop reached its nadir at ~60 s (Fig. 2a, gray line). Consid-
ering VVS group, ARI(?) trends during HUTT were simi-
lar to controls (p > 0.05, Fig. 4a) but at late HUTT ARI(z)
increased significantly (p < 0.01) in response to ABP fall
with syncope (marked at 0 s in Figs. 3a, 4b), reaching its
highest value within around ~20-30 s (Fig. 4b).

Discussion

Main findings

Continuous assessment of dynamic CA status during
HUTT has not been described previously. In this study,
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Fig. 2 Group-averaged normal-
ized changes in mean cerebral
blood flow (CBFV; a), mean
arterial blood pressure (ABP;
b), heart rate (HR; ¢), critical
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we have shown that CA, obtained by ARMA modeling to
obtain estimates of ARI(?), is a time-varying phenomena
during orthostatic stress and shows an increased perfor-
mance in response to ABP fall due to autonomic dysfunc-
tion or neutrally mediated syncope.

Most of the previous studies of dynamic CA based on
HUTT have estimated temporal changes in cardiovascular
resistance by the ratio mean ABP/CBFV (i.e., CVRi). How-
ever, CVRi does not provide a realistic representation of
instantaneous pressure-flow curves of the cerebral circula-
tion (7, 28). A considerable number of studies have shown
that as ABP is reduced, cerebral blood flow (or velocity)
tends to reach zero for ABP values that are significantly
greater than zero. This value of ABP has been called the
CrCP of the cerebral circulation (1, 7, 9, 28). Conversely,
the slope of instantaneous pressure—velocity relationships
has been termed RAP to take into account the dimensional
units of the ratio AABP/ACBFV (11). To our knowledge,
time-varying changes in RAP and CrCP during orthos-
tatic hypotension have not been reported before. Following
the drop in mean BP, RAP is significantly reduced, with
minimal changes in CrCP (Fig. 2e, f). We also confirmed
previous studies (Carey et al. 2001a; Dawson et al. 1999;

120 180 -60 0 60 120 180
HUT  Time (s)

Panerai et al. 2005; Castro et al. 2012, 2014) showing that
a 2-parameter model (RAP + CrCP), can provide clearer
discrimination of changes in cerebral hemodynamics than
the classical single CVRi parameter, in subjects with auto-
nomic failure (Castro et al. 2014).

Effects of autonomic dysfunction in the control of CA
at rest

CA was assessed by two distinct methods at rest. The first
one was by transfer function analysis, one of the most com-
monly used methods in the literature (Claassen et al. 2016).
In this method, CA is regarded as a high-pass filter between
ABP input to CFBV output, provided that a linear relation-
ship is assured by critical values of coherence function. CA
was also compared accordingly to ARI values derived from
CBFV step response.

Patients with AF or recurrent VVS did not have signifi-
cant differences compared to healthy subjects. However,
AF patients showed low coherence values at low frequency
bands, particularly at 0.07-0.15 Hz, where CA is believed
to be active. This is certainly a consequence of very low
ABP variability (Table 2), which reduces signal-to-noise
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Fig. 4 Group-averaged normalized changes in Cerebral Autoregu-
lation Index [ARI(7)] during the (70° Head-up Tilt Test (HUTT). In
a, the first 3 min of HUTT are compared between controls (black
continuous line), Vasovagal Syncope (VVS: black dashed line) and
autonomic failure (AF; gray line) patients and data is synchronized at

ratio with CBFV, undermining the validity of the TFA in
AF. With such low coherence values, gain and phase data
cannot be reliability calculated within these frequency
bands (Claassen et al. 2016).

Curiously, Zhang et al. (1998) reported similar low
coherence between ABP and CBFV when otherwise
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beginning of HUTT. In b, data from VVS patients was synchronized
at time of syncope. For comparison, the data of control was synchro-
nized at 27 min of HUTT which was the median time of syncope of
VVS group. For clarity, only the largest + SE bar is represented at
the point of occurrence (control group does not have whiskers on top)

healthy subjects were subjected to autonomic ganglion
blockade. However, when slow blood pressure oscillations
were introduced by negative lower-body pressure, gain and
phase remained altered, and concluded that autonomic dys-
function impaired CA intrinsically. In contrast, our results
show no differences in gain and phase. One explanation
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Table 3 Response of cerchral Parameter Hemodynamic response to 70° HUT ANOVA p*
and systemic hemodynamic
parameters during first 3 min of 30s 60s 120 s 180s
HUT, for controls, Vasovagal
syncope (VVS) and autonomic Mean ABP, %
failure (AF) patients Control -2+5 448 6+ 10* T+ 12% <0.0001
VVS 1+3 7£6* 12.4 3% 10 + 4%
AF -7+8 24 4 1757 27 £ 23*° 29 £ 27%°
PP, %
Control -4+ 12 =5+ 11 —10 + 9% 10 + 10* <0.0001
VVsS 3+8 =12+ 12% =124 10* =124 14%
AF -3+ 13* =31 18%° —39 4+ 22% —38 + 26+
HR, %
Control -2+6 3+9 9+ 12* 12+ 13* 0.470
VVsS 2+4 11 +7* 20 + 10* 244 11%*
AF 05 6+ 9* 16 + 13* 18 + 14%*
Mean CBFV, %
Control 1+6 -3+6 =0+ 5% =] 4 0% <0.0001
VVs 1+4 =710 =114 7* =12.:#9%
AF -5+8 =26+ 1% -33 & 14% =36+ 175"
CrCP, %
Control 31+ 140 146 + 295* 174 + 320* 168 + 230* 0.126
VVs 514122 149 + 150* 188 + 140* 181 + 158*
AF 5+ 194 99 + 121* 63 +203 9+ 176
RAP, %
Control =6:4:9% -3+ 14 1+ 16 3+18 <0.0001
VVs 011 =1+£13 9+ 18 10+ 19
AF =7+ 10* —26 + 14%7 —22 + 20%F —17 +23%7
CVRi, %
Control -2+6 114 13* 17 £ 18* 19 % 19* 0.110
VVs 0+4 17+ 14% 30+ 12* 30+ 19%
AF -3£5 2+21 2+26 3+30
ARI(), a.u
Control 36+14 48+ 1.3 47+ 14 58+1.3 0.040
VVs 5213 4.6+ 1.2 54+13 5.7%12
AF 42+ 1.1 42+ 1.0 6.2+ 1.2* 6.9 + 1.2+

All values are given in percentage (normalized), except for continuous estimates of Autoregulation Index

[ARI(1)]

HUT head-up tilt, HR heart rate, ABP arterial blood pressure, PP pulse pressure, CBFV cerebral blood flow

velocity, CVRi cerebrovascular

index, RAP resistance area product, CrCP critical closing pres-

sure

* Significance for differences from baseline (p < 0.05)

“Significance for differences compared to controls (p < 0.05)

:;p value of two-way repeated-measures ANOVA

may be related to the models of AF used. Those authors
induced at transitory AF status in an otherwise healthy pop-
ulation but our AF group, of chronically denervated famil-
ial autonomic polyneuropathy patients, has long standing
autonomic dysfunction which might have induced adaptive
changes of cerebral vasculature dynamics (Horowitz and
Kaufmann 2001; Hilz et al. 2002; Vokatch et al. 2007). Our
previous work with Valsalva maneuver (Castro et al. 2014)

with the same AF group, also suggested some chronic vas-
cular adaptation as these patients did not show an increased
CBFV post Valsalva that would suggest a “hyperemic
response” due to autonomic dysfunction as it was reported
by Zhang et al. (2004), again using ganglionic blockade.
Other possible explanation is the non-ABP influences on
CBFV, as arterial CO,. Marmarelis et al. (2012) obtained
models demonstrating the existence of nonlinearities in the
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Tabled Variation of cerebral Parameter Last 5 min of 70° HUT before syncope ANOVA p
and systemic hemodynamic
parameters during last 5 min of =300 s —180s —60s Sync.t=0 +30s +60 s
HUT before syncope for VVS
patients compared to controls Mean ABP, %
Control 1+£3 1+4 245 0+1 2+4 245 <0.0001
VVS 5+9 6+5 S5+4 1+4 —12 7% —38 4 18%"
PP, %
Control 1+6 1+8 3+9 -1£3 3+7 —-4+11  <0.0001
Vvs 19422¢7 —12411% 10+ 11* —1%£5 -8+ 5% 22428
HR, %
Control -1+3 -1+4 —-1+4 0+3 0+3 1+4 0.002
VVS —4+11 -2+8 —-1+5 0+4 -5+10 25+ 19%
Mean CBFV, %
Control 1+3 15 1+4  —-1x2 —1+3 25 <0.0001
\A'S) 19+ 1557 12 4£9%7 T£T* 2+5 -9+ 1% —23 4 11%F
CrCP, %
Control 0+35 3£27 6+28 0+47 —4+33 1+19 0.546
VVs 2425 5432 —-1+54 1+26 -22+65 -75+73
RAP, %
Control 2+3 -2+7 -1+6 3+8 3+8 2+8 0.024
VVsS 12418 —7+12 -3+10 -3+6 -9+ 13" 30+ 15*%°
CVRi, %
Control 2+4 1+6 1+6 02 3%5 4+4 0.005
VVs -10+15%7 -39 0+8 —1x4 -6+7"  —30£25¢
ARI(), a.u
Control 47+12 49+18 50x1.7 53%11 53+£1.0 49%1.7 0.015
VVS 52+ 1.1 52+1.0 54+21 51+l 7.0 4 L1¥ 73 4 1.2%

All values are given in percentage (normalized) except for continuous estimates of Autoregulation Index

[ARI(1)]

HUT head-up tilt, HR heart rate, ABP arterial blood pressure, PP pulse pressure, CBFV cerebral blood flow

index, RAP resistz

velocity, CVRi cerebrovascular

ce area product, CrCP critical closing pres-

sure, Sync. time of occurrence of syncope

* Significance for differences from baseline (p < 0.05)

“Significance for differences between controls and Vasovagal syncope (VVS) patients (p < 0.05)

:;p value of two-way repeated-measures ANOVA

CA process within the dynamic range of the analyzed data,
especially in the frequency range below 0.08 Hz. They have
further shown that the CO, effects on cerebral blood flow
are more nonlinear than the pressure effects and that they
are manifested mostly in the low frequency range from 0.02
t0 0.08 Hz. Unfortunately, we did not have CO, monitoring
in this study, to allow a comparison.

Nevertheless, continuous estimates of ARI(7) could
overcome non-stationeries of the ABP-CBFV relation-
ship and this parameter, in fact, was not significantly dif-
ferent between AF and healthy controls. In previous study,
we also noticed that before and after Valsalva maneuver,
ARI(r) was similar between AF and healthy subjects (Cas-
tro et al. 2014), which is in accordance with the results of
the present study. Noteworthy, the way RAP adapted to the
changes in mean ABP across the different stages of tilting

@ Springer

(Table 3), demonstrates an active CA and supports the
hypothesis that RAP changes mainly reflect myogenic con-
trol of cerebral blood flow (Carey et al. 2001a; Castro et al.
2014; Maggio et al. 2013; Panerai et al. 2005, 2012).

Effects of increased sympathetic (adrenergic) activity
in the control of CA at rest

VVS patients did not have significant differences of ARI(f)
or TFA parameters compared with healthy or AF subjects.
VVS is considered to have increased sympathetic outflow
(Goldstein et al. 2003), with disproportionate increase in
adrenaline production. This was also demonstrated in this
same VVS group, even at rest (Freitas et al. 2007). This
sympathetic imbalance aggravates during orthostatic stress
(Goldstein et al. 2003; Freitas et al. 2007), which is one of
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the mechanisms believed to contribute to the predisposi-
tion for syncope by increasing systolic ABP variability and
decreasing baroreflex gain (Freitas et al. 2007). We can
conclude that increased adrenergic activity does not seem
to affect CA, at least in these types of patients.

Dynamic CA response to orthostatic stress in healthy
subjects and autonomic modulation

In healthy subjects, dynamic CA, as assessed by continu-
ous estimates of ARI(7), showed a tendency to be stable
in response to HUTT. To our knowledge, this is the first
time that continuous estimates of dynamic CA changes
were described in HUTT. Overall, the more or less super-
imposed patterns of ARI(r) during HUTT, both in AF
and VVS subjects in comparison with controls, strongly
suggests that there is no major autonomic involvement
in dynamic CA response to HUTT, as proposed by other
groups (Mitsis et al. 2006; Cassaglia et al. 2009; Zhang
et al. 2002). The suggestion of an increase in ARI(7) dur-
ing ABP fall of VVS syncope or orthostatic hypotension of
AF might represent the attempt of cerebrovascular control
to restore CBFV in the face of a higher drop of ABP (Pan-
erai 2003; Panerai et al. 2005). In contrast to our results,
Mitsis et al. (2006), using a two-input, nonlinear model of
cerebral hemodynamics, suggested that dynamic CA was
reduced under orthostatic stress. However, this reduced
regulatory capability was mainly detected at VLF range,
while ARI(?) instead refers to LF range. Also, the differ-
ent results could be due to distinct used methods, as they
applied lower-body negative pressure and we used HUTT.
Nevertheless, the authors show significant contribution of
CO, to CA measurement and therefore we must be careful
in our conclusions. It might be the case that hyperventi-
lation and associated hypocapnia at the end of HUTT in
VVS group could be the responsible for increased ARIt
values (Dineen et al. 2010). Future work should try to find
if CO, is responsible for these differences.

Mechanisms of cerebrovascular control
during orthostatic stress

The mild increase in mean ABP and decrease in mean
CBFV in healthy and VVS subjects are well documented
before (Carey et al. 2001a, b; Dan et al. 2002; Diehl et al.
1999; Schondorf et al. 1997; Van Lieshout et al. 2003;
Claydon and Hainsworth 2003; Zhang and Levine 2007).
This causes an increase in CVRi which is mainly driven
by an increase in CrCP while RAP remains stable (Van
Lieshout et al. 2003; Panerai 2003). On the other hand,
the changes in hemodynamic resistance parameters due to
AF were not reported yet in literature. In AF group, dur-
ing HUTT, RAP varies as expected, reflecting the cerebral

vasodilation effort. AF group showed a larger reduction
in CBFV during HUTT compared to controls, consistent
with previous studies with ganglionic blockade (Zhang
et al. 2004; Brooks et al. 1989). This is accompanied by
a substantial drop in ABP which is related to adrenergic
dysfunction (Freeman 2006). This cerebral vasodilation
seems to be better explained, however, by the longer and
deeper RAP reduction, while CVRi suggests no active
change during this period. The same awkward response in
CVRIi in comparison to physiological decrease in RAP was
noticed previously during Valsalva maneuver in healthy
(Azevedo et al. 2011; Dawson et al. 1999) and patients with
autonomic dysfunction (Castro et al. 2014). We speculate
that RAP is more sensitive to ABP changes and, therefore,
could behave as a myogenic component of cerebrovascu-
lar regulation. Previous studies support this assumption (6,
34, 37, 38). We have previously reported (Azevedo et al.
2011) blunted ABP response in AF patients when chang-
ing from supine to the sitting position with only RAP
parameter reflecting cerebrovascular differences. This sug-
gests the presence of cerebral vasodilation in adaptation to
ABP challenge which was already documented previously
(Novak et al. 1998; Horowitz and Kaufmann 2001). Also,
RAP and not CrCP seems to follow ABP, possibly by a
myogenic response (Panerai et al. 2012), explaining differ-
ent CBFV responses during neurovascular coupling para-
digms (Salinet et al. 2013). Contrary to CrCP, RAP seem
not to be disturbed by metabolic components during com-
plex neurovascular activation (Panerai et al. 2012; Salinet
et al. 2013) or CO, changes (Maggio et al. 2013; Panerai
etal. 2012).

We confirmed the results from previous studies that
have demonstrated preservation of indices of dynamic CA
in healthy subjects throughout orthostasis (Carey et al.
2001b). We also confirm that CA is intact in VVS subjects
at initial HUTT but failed to show that there was a CA
decline before or after syncope occurrence (7). This might
imply that VVS subjects may not be a homogenous group
and there could be different pathophysiological condi-
tions leading to neurally mediated reflex syncope. In VVS
group, the decrease in CBFV and increase in RAP and
CVRi before syncope suggest that cerebral vasoconstric-
tion probably is caused by hyperventilation and hypocap-
nia, as already reported by Carey el al, which showed that
a decline in CO, in the last 3 min before syncope could be
the responsible factor for this finding (6).

Study limitations
An important methodological concern could be the use of
transcranial Doppler for measurements of cerebral blood

flow. Changes in CBFV reflect changes in cerebral blood
flow only if the diameter of the insonated artery remains
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constant. However, several studies suggested that the diam-
eter of the middle cerebral artery remains relatively stable
during rapid alterations in arterial pressure (Newell et al.
1994) and during simulated orthostasis (Serrador et al.
2000). Despite this, some authors argue that this may not
be the case under higher variations of CO, (Willie et al.
2012) which cannot be excluded in orthostatic challenge.
Nitrous oxide, which is a vasodilatation agent, does not
seem change CBFV or CA at MCA level (Harrison et al.
2002) but recent work comparing with other cerebral flow
methods indirectly suggests that MCA caliber may indeed
increase during nitroprusside infusion (Stewart et al. 2013).
Previous work also showed that hypoxia (Willie et al.
2012) as glycerol trinitrate (Hansen et al. 2007) causes
vasodilatation of MCA. Also, importantly, blood pressure
response can be affected by the bioavailability of nitrous
oxide (Michishita et al. 2016), especially in older female
which could be important in cerebral autoregulation results,
despite the fact that our individuals were young.
Continuous non-invasive measurements of ABP at
peripheral have some limitations. Firstly, orthostatic chal-
lenge causes changes in wave reflection from the periphery
and modify the relationship between central and periph-
eral blood pressure (Tabara et al. 2005), the former usu-
ally being underestimated. In second hand, it could also
be suspected as a source of spurious influence due to ran-
dom fluctuations in the blood flow circulation of the hand
and could be regarded as a source of spurious noise during
CrCP and RAP calculations. However, a previous investi-
gation has shown that estimates of ARI(r) obtained with
the moving-window ARMA technique were very similar to
those derived from direct catheter-tip BP measurements in
the ascending aorta (Panerai et al. 2008). Spontaneous BP
fluctuations have been often adopted to measure dynamic
CA but cannot be assumed to be physiologically equivalent
to those induced by the thigh cuff maneuver (Aaslid et al.
1989). Some caution over the results obtained is also inher-
ent to the methods to assess autoregulation, as ARI(r), RAP
or CrCP are only estimates of some abstraction of differ-
ent aspects of vascular control. This includes the interpreta-
tion of changes in RAP as caused by myogenic regulation.
Although there is some evidence for this association, based
on previous studies (Carey et al. 2001a; Panerai et al. 2005,
2012), its generalization is premature and further studies
are needed. Another limitation of the present investigation
may be the lack of CO, measurement. Although some stud-
ies have not found significant changes in CO, during this
procedure (Dawson et al. 1999; Zhang et al. 2004; Wallasch
and Kropp 2012) other authors reported CO, influences in
cerebrovascular resistance and autoregulation parameters
(Carey et al. 2001a; Zuj et al. 2012). Therefore, we cannot
rule out the possibility that small changes in arterial CO,
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might have influenced our results, although similar changes
in arterial CO, would be expected for all the groups. This
issue might be relevant in orthostatic intolerance since
hyperventilation induced by orthostatic hypotension and/
or intolerance can produce CO, changes and also affect CA
(Mitsis et al. 2004). Finally, our study enrolled a relatively
small number of patients. Familial amyloid polyneuropathy
is a rare disease, and nowadays patients are treated earlier,
namely with pacemaker implantation and liver transplanta-
tion, that were exclusion criteria for the study. Neverthe-
less, this population is very homogeneous in its disease
process and has absence of vascular risks factors, like dia-
betes, that would make it difficult to discern the effects of
autonomic dysfunction among other vascular modulators
and aggressors.

Conclusions

In summary, by applying a recently designed continuous
estimation of ARI(f), we could measure, for the first time,
the dynamic CA performance during HUTT in response
to orthostatic hypotension and to reflex syncope. Our data
suggest that dynamic cerebral autoregulatory response
to orthostatic challenge is not affected by autonomic dys-
function or hyperadrenergic conditions observed in neu-
rally mediated syncope. This study also emphasizes that
RAP + CrCP model can be more informative than CVRi,
namely during cerebral vasodilatory response to orthostatic
hypotension.
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Appendix

Critical closing pressure and resistance area product
calculations

After the first harmonic is derived from ABP (P1) and CBFV
(V1) for each cardiac cycle, the resistance area product (RAP)
can be calculated as:
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x1—=2D-x2n—1
n=x2n-1-"——MmM——,
Vi
And the critical closing pressure (CrCP) can then be — | dPn—x2n—1
obtained as: xln=xln—-1+ —f T 3 )

CrCP = MAP - V., - RAP, 2)
where MAP is the mean ABP for the cardiac cycle and
V ean the corresponding mean CBFV.

mean

Transfer function analysis

From beat-to-beat values of mean CBFV and mean ABP, we
can obtain the corresponding auto-spectra, S,, and S, with
the fast Fourier transform, as well as the cross—specira, S
with the Welch method (Claassen et al. 2016). We deduce the
oscillatory influence of ABP over CBFYV at a given frequency

[ by the transfer function H:

Sy
H(f) = Sv.(f)' 3)

From its real H and imaginary parts H; we can then
derive:

gain,  |HP)| = (He O] + [HOP), “

() )
Hy(f))"

T To assess how much of the output (CBFV) power is
explained by the corresponding input (ABP) power at each
frequency, we calculate the coherence between spectra (y%(f))
by the formula:

phase, ¢ =tan! ( 5)

P= ol : ©)
S0 () S|

ARMA implementation of Tiecks’ model

The model proposed by Tiecks et al. (1995) uses a second-
order differential equation to predict the velocity signal V(z)
corresponding to a relative pressure change given by dP(r)
by the formula:

V(1) = 1 +dP(1) — K X x,(1), 7
where K represents a gain parameter in the second-order dif-
ferential equation, an x,(7) is a state variable obtained from
the following state equation system representing a second-
order linear differential equation modeled by gain (K), time
constant (7) and dampening factor (D). So, for a gives sam-
pling frequency fand each sample discrete value n:

In the original proposal of Tiecks et al. (1995), only 10
combinations of the parameters K, D, and T were consid-
ered, according to the values given in their Table 3, which
also shows the corresponding value of ARI for each combi-
nation of these parameters.

The building of an ARMA model based on Tiecks’
model is extensively detailed in previous work (Dineen
et al. 2010). For the sake of simplicity, we resume main for-
mulas of the method here. Firstly we express the transfer
function as Z-transforms, and then applying an inverse Z
transform to derive:

v(n) =aXx pn)+ b[p(n —1)—vin— I)] +clp(n —2)v(n - 2)], (10)
where p(n) and v(n) are discrete samples of V(¢) and P(1),
respectively.

Once the ARMA parameters have been estimated, the
CBFV step response can be obtained from Eq. (10), and the
ARI parameter can then be extracted by least squares fitting
of the corresponding Tiecks et al. (1995) model responses
using the first N, samples of the ARMA step response.
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Abstract

Objective  Autonomic failure (AF) affects the peripheral
vascular system, but little is known about its influence on
cerebrovascular regulation. Patients with familial amyloi-
dotic polyneuropathy (FAP) were studied as a model for
AF.

Methods Ten mild (FAPm), 10 severe (FAPs) autonomic
dysfunction FAP patients, and 15 healthy controls were
monitored in supine and sitting positions for arterial blood
pressure (ABP) and heart rate (HR) with arterial volume
clamping, and for blood flow velocity (BFV) in posterior
(PCA) and contralateral middle cerebral arteries (MCA)
with transcranial Doppler. Analysis included resting BFV,
cerebrovascular resistance parameters (cerebrovascular
resistance index, CVRi; resistance area product, RAP; and

critical closing pressure, CrCP), and neurovascular
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coupling through visually evoked BFV responses in PCA
(gain, rate time, attenuation, and natural frequency).
Results In non-stimulation conditions, in each position,
there were no significant differences between the groups,
regarding HR, BP, resting BFV, and vascular resistance
parameters. Sitting ABP was higher than in supine in the
three groups, although only significantly in controls. Mean
BFV was lower in sitting in all the groups, lacking statis-
tical significance only in FAPs PCA. CVRi and CrCP
increased with sitting in all the groups, while RAP
increased in controls but decreased in FAPm and FAPs. In
visual stimulation conditions, FAPs comparing to controls
had a significant decrease of natural frequency, in supine
and sitting, and of rate time and gain in sitting position.
Interpretation These results demonstrate that cerebro-
vascular regulation is affected in FAP subjects with AF,
and that it worsens with orthostasis.

Keywords Autonomic nervous system -
Neurovascular coupling - Vascular resistance -
Transcranial Doppler ultrasonography

Introduction

As the brain is highly vulnerable to insufficient oxygen and
substrate supply, it depends on two effective and fast acting
regulative mechanisms to assure adequate cerebral perfu-
sion [17, 21]. The neurovascular coupling (NC) adapts
cerebral blood flow (CBF) in accordance with the cortical
activity, whereas the cerebral autoregulation (CA) main-
tains constant CBF despite fluctuations in perfusion pres-
sure. Whereas the definitive physiological structures still
remain to be resolved, both mechanisms act simultaneously
governing adequate CBF [3, 21].
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It is well known that patients with autonomic failure
(AF) have a dysregulation of the peripheral vasculature [7,
11]. In contrast, it was reported that the capability of the
cerebral autoregulation still remains preserved [5, 6, 29].
However, in clinical practice, subjects with AF frequently
experience neurological symptoms under orthostatic chal-
lenge, even without orthostatic hypotension, which might
reflect inappropriate perfusion of the brain.

The familial amyloidotic polyneuropathy (FAP) type I,
also known as Portuguese type of FAP, is a hereditary
autosomal dominant disease. It leads to amyloid deposition
in many organs and tissues, typically the peripheral nerves
[2]. A mutation was described in the transthyretin (TTR)
gene [26], and the abnormal variant, usually TTR Val30-
Met, is the major component of the deposited amyloid [26].
Unlike the oculoleptomeningeal form of FAP, in TTR
Val30Met, cerebral vessels and the brain are nearly spared
[16]. Symptom onset is usually in the third decade, with
autonomic and sensorimotor polyneuropathy. An early
failure of autonomic nervous system (ANS) is usually
observed, with incapacitating orthostatic hypotension being
its clinical hallmark [8]. These characteristics make FAP a
well-suited model to study the role of the AF in the regu-
lation of CBF. A further advantage is the usual absence of
classic vascular risk factors in FAP that could interfere
with the results.

Our aim was to investigate the cerebral hemodynamics
in subjects with mild and severe AF, with an emphasis on
NC, under different orthostatic conditions.

Materials and methods

This study was performed in Hospital Sdo Jodo, a univer-
sity hospital in Porto, Portugal. The local institutional
ethical committee approved the study that was performed
in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki. Each patient gave an
informed consent prior to the inclusion in the study.

According to autonomic evaluation described below, 10
female patients with a mean age of 34.9 4+ 8.2 (24-50)
years, were diagnosed as mild AF (FAPm), and 10 patients
(3 females and 7 males), with a mean age of 34.3 + 6.8
(27-48) years, as severe AF (FAPs). All these patients had
the same mutation, TTR Val30Met, and no classic vascular
risk factors.

The control group consisted of 15 healthy volunteers (7
females) from hospital or faculty staff, with a mean age of
274 + 8.7 years (age range 19-48), without classic vas-
cular risk factors or medication, except for birth control
pills. Although the age does not exactly fit the patients
group, it seems to be adequate, since it was shown that
NC parameters remain unaffected with aging [22].

@ Springer

Patients and controls underwent a cervical and transcra-
nial duplex scan (HDI 5000 device, Philips, USA). Nor-
mal findings of extra- and intracranial vessels and a good
temporal acoustic bone window were required as an
inclusion criterion.

The evaluations were carried out in a quiet room with a
temperature of approximately 22°C. Arterial blood pres-
sure (ABP) and heart rate (HR) were continuously moni-
tored in the left hand with a non-invasive finger cuff
Finapres device (model 2300; Ohmeda, Englewood, CO,
USA) holding the finger at heart level.

Autonomic evaluation

A composite grading system to score degree of auto-
nomic dysfunction was applied, as previously descri-
bed [7]. On the basis of ABP and HR responses to
the Valsalva maneuver, 60° head-up tilting and deep-
breathing, and of plasma norepinephrine levels, four
grades of AF were distinguished [7]. Because of the
limited number of patients, groups I and II were assumed
to have mild (FAPm) and groups III and IV to have
severe autonomic dysfunction (FAPs). Although the tests
that led to the present score did not disclose changes in
group L, it has been shown a mild autonomic impairment
with HR variability spectral analysis even in this subset
[7], justifying its inclusion with group II as mild FAP.
Autonomic results of both groups are summarized in
Table 1.

Cerebral blood flow evaluation

For insonation through the temporal transcranial ultrasonic
bone window, 2 MHz pulsed wave Doppler monitoring
probes of a Multidop T2 Doppler device (DWL, Sipplin-
gen, Germany) were mounted on an individually fitted
headband, to record flow velocity in the P2 segment of the
left posterior cerebral artery (PCA), and the M1 segment of
the right middle cerebral artery (MCA), as described
elsewhere in detail [4]. Beat-to-beat peak systolic, mean
and end diastolic blood flow velocities (BFV), ABP and
stimulus marker were digitally recorded in the Doppler
device.

The visual-evoked paradigm consisted of 10 cycles,
each with a resting phase of 20 s with closed eyes and a
stimulating phase of 40 s of silent reading text columns.
The text that the study subjects read was the same for all
participants and free of strong emotional content. Changes
between phases were signaled acoustically using a tone.
One test set had a total duration of 10 min, and was
repeated in each position—supine and sitting. The reading
test and its reliability were already validated against a
checkerboard stimulation paradigm [24].
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Table 1 Indices of autonomic evaluation, in mild (FAPm) and severe (FAPs) FAP patients, according to the score degree of autonomic damage

[71

Autonomic index FAPm FAPs

HR difference to deep breathing (bpm) 181 £5.5 74 £ 28
Valsalva HR ratio 1.6 +£02 1.1 +£0.1

BP overshoot in phase IV of valsalva (%) 70% P, 30% D 60% D, 40% A
Fall in systolic BP in HUT (mmHg) <5 29.7 +26.2
Basal plasma norepinephrine (pg/mL) 152 £ 75.6 68 + 60.6
Total score L1+ 1.1 6.6 £ 1.4

HR heart rate, BP blood pressure, HUT head-up tilt, P present, D delayed, A absent

All values are given in mean + SD except for BP overshoot in phase IV of Valsalva which is in mean %

Data analysis

All signals were visually inspected to identify artifacts or
noise, and narrow spikes were removed by linear interpo-
lation [20]. The heart-MCA distance [20] was used to obtain
estimates of ABP in the MCA (ABP-MCA). For MCA and
PCA, an index of cerebrovascular resistance (CVRi) was
estimated by the ratio of mean ABP to mean BFV for each
heartbeat. The instantaneous relationship between ABP and
BFV was also used to estimate the critical closing pressure
(CrCP) of the cerebral circulation, by extrapolation of the
linear regression BFV = a x ABP + b, as previously
described [1, 9, 19]. The inverse of the linear regression
slope was also obtained for each cardiac cycle, and it is
referred to as “resistance area product” (RAP = l/a) to
differentiate it from CVRIi [10, 19]. The CrCP can then be
obtained from the value of ABP where BFV = 0, that is,
CrCP = —b/a. All beat-to-beat estimates were interpolated
with a third-order polynomial and resampled at 0.2-s inter-
vals to generate a time series with a uniform time base.

For evaluating the NC, ten cycles of 20 s rest (closed
eyes) and 40 s stimulation (silent reading) were averaged
for each subject at each position, for both MCA and PCA.
Mean absolute resting values were recorded during the
phase of eye closure, 5 s before visual stimulation. The
visually evoked absolute flow velocity data was then nor-
malized to this interval, into relative data, to get indepen-
dence from the insonation angle, and because it was shown
that flow velocity changes are closely correlated to flow
changes [27].

For functional Doppler data analysis, peak systolic flow
velocities were used because they are less prone to artifacts
[25]. The evoked flow velocity responses over the 40 s
stimulation period were averaged and analyzed using a
software tool for identifying and specifying control systems
(Vascochecker, DWL, Sipplingen, Germany). The typical
hemodynamic flow velocity responses were expressed in
parameters of a second-order linear system with the fol-
lowing equation G(s) were specified:

G(s) = [K(1+Tvs)]/[s* /o + 28w s/w+ 1]

where K represents the gain, 7v the rate time, w the
undamped natural angular frequency (natural frequency),
and ¢ the attenuation parameter of the system [18]. These
parameters describe the main aspects of the hemodynamic
cerebral blood flow velocity adaptation. Rate time indicates
the initial steepness of the flow velocity increase. Natural
frequency is assumed to represent the oscillating properties
of the system, whereas the attenuation describes dampen-
ing features of the system such as the elastic properties of
the wall vessel [23]. The parameter gain describes the
relative flow velocity difference between stable flow con-
ditions of rest and stimulation.

Because of the severity of autonomic impairment in the
major affected patient group, and for avoiding symptoms
such as dizziness, blurred vision or near syncope to inter-
fere with the functional Doppler-test, we only compared
data between the supine and sitting positions, abstaining
from the standing position [14].

Statistics

Non-parametric tests were used because of the reduced
number of elements in each group. Kruskal-Wallis test was
used to compare hemodynamic and control system
parameters data between groups in each position. In case of
significance, Mann—Whitney test was used to discriminate
between groups. Wilcoxon rank test was performed to
compare changes between the supine and sitting condi-
tions. Statistical significance was inferred at a p < 0.05
level.

Results
All selected patients and controls were able to perform

the complete hemodynamic functional transcranial Dopp-
ler tests in both orthostatic conditions—supine and
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sitting—without the typical neurological complaints of
orthostatic hypotension. Nevertheless, due to data artifacts,
only 6 FAPm and 7 FAPs could have all the parameters
analyzed in both positions.

The indices of autonomic evaluation are shown in
Table 1, together with the group-averaged results of mild
and severe FAP patients, according to the score degree of
autonomic damage [7].

Table 2 shows the data for HR, mean ABP, resting BFV,
CVRi, CrCP, and RAP, for PCA and MCA, in supine and
sitting resting conditions. In each position, there were no
significant differences between the groups control, FAPm
and FAPs, regarding any of the mentioned variables, in
either the PCA or the MCA.

Comparing supine and sitting conditions in each group,
there was a significant increase in heart rate in controls and
FAPs. In sitting the BP was higher than in supine in all the
groups, although only significantly in controls. Mean BFV
was lower in sitting in all groups, in both PCA and MCA,
lacking statistical significance only in FAPs PCA. The
parameters of vascular resistance CVRi and CrCP increased
with sitting in all the groups, while RAP increased in con-
trols but decreased significantly in FAPm and FAPs, in both
PCA and MCA.

The results for functional TCD and for the vasoreac-
tivity parameters changes with stimulation in PCA are
presented in Table 3. Comparing groups with Kruskal—
Wallis, a significant difference occurred for the natural
frequency. The Mann—Whitney test revealed that the severe
dysautonomic patients had significantly smaller values for
the natural frequency as compared to controls and to mildly
affected patients. The difference remained similar after
orthostatic challenge. Regarding the rate time, the severe
affected patients had a lower value as compared to controls
in the sitting position, and concerning gain the severe
affected patients had a lower value as compared to controls
and to mildly affected patients, in the sitting position.
Table 3 also shows the changes in RAP and CrCP fol-
lowing mental activation with the reading test. No signif-
icant differences between FAP groups and controls were
observed in the supine position. During the sitting position
though, the differential changes in RAP and CrCP help to
explain and complement the results of the evoked BFV
differences observed due to changes in posture. For con-
trols, most of the change in BFV is dominated by a change
in CrCP. However, for FAPm there is competing change in
RAP which is not observed in FAPs.

Figure 1 shows, for the three groups, in supine and sit-
ting positions, the evoked blood flow velocity responses,
with the typical time course of an initial steep increase,
followed by an overshoot, before curves stabilize on a
plateau. In the figure it is evident the decrease in rate time
and gain in FAPs sitting position, indicating possibly
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inappropriate blood supply of metabolic active neurons in a
moderate orthostatic challenge.

Table 4 presents the arterial blood pressure, heart rate
and right MCA hemodynamic variations during reading
task, in supine and sitting positions. We found no signifi-
cant differences in the variation with visual stimulation of
these parameters between the three groups.

Discussion

This study shows, for the first time, an impaired NC in
individuals with AF, worsening under a moderate ortho-
static challenge without hypotension. The NC evaluated by
a control system approach was complemented by the
analysis of variation of vasoreactivity parameters.

Patients with severe AF had a significantly reduced BFV
response (gain parameter) to functional activation, and a
decreased rate time. Since the difference was not present in
the supine position, a primary neurovascular dysfunction
cannot explain the present findings. This could suggest that
major changes in NC only occur in severely affected
sympathetic nervous system, when submitted to orthostatic
challenge, although an increase in parasympathetic dys-
function could also explain an impaired cerebral vasodi-
latation [13].

Interestingly, mean ABP, resting BFV and vascular
resistance indices (CVRi, CrCP and RAP) in PCA and
MCA, in each position, were not different between groups,
which excludes either orthostatic hypotension or decreased
BFV as responsible factors for these alterations. However,
the reduced gain parameter indicates inadequate perfusion
of the brain under functional activation. Reduced cerebral
oxygenation during orthostatic challenge with hypotension
has been previously reported in patients with AF [14]. Our
data show that patients with AF can have an inadequate
functional cortical hyperemia, even without hypotension.

The NC parameter natural frequency was significantly
lower only in the severe affected patients, in both positions.
This might raise the hypothesis that it could be an inherent
feature of cerebral neurovascular uncoupling in severe
autonomic dysfunction, eventually resulting from dys-
function of sympathetic innervation of posterior circulation
precapillaries. Although in FAP vessel infiltration with
amyloid could also explain this effect, by affecting myo-
genic autoregulatory response, relevant brain changes have
been described mainly in other FAP type of mutations than
TTR Val30Met [12]. Therefore, direct measurement of
microcirculatory hemodynamic response of the visual
cortex (e.g. with arterial spin labeling MRI) would be very
intriguing. One could speculate whether conducting similar
study in patients with cerebral amyloid angiopathy and
without autonomic dysfunction, would yield similar results.
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Table 2 Hemodynamic data in both PCA and MCA, between supine and sitting positions, for controls, mild (FAPm) and severe (FAPs) FAP
patients

Controls pf FAPm Pt FAPs Pt pt
N=15 N=6 N=7T
HR (bmp)
Supine 70.23 £ 9.24 0.001 7533 +£ 6.24 n.s. 77.07 £ 11.41 0.028 n.s.
Sitting 76.51 £ 11.12 80.66 + 10.55 85.38 + 14.37 ns.
Mean ABP (mmHg)
Supine 74.63 £ 12.21 0.002 82.15 £ 10.75 .s. 83.28 £ 11.75 n.s. n.s.
Sitting 90.38 + 8.12 87.61 = 7.48 86.9 + 16.67 n.s.
PCA BFV
Systolic (em s7h
Supine 60.69 £ 13.06 0.036 60.23 £ 6.46 n.s. 57.14 £+ 10.29 n.s. n.s.
Sitting 58.46 + 12.44 58.06 £+ 5.06 60.6 + 7.35 n.s.
Mean (cm s™')
Supine 37.96 + 9.02 0.009 40.55 £ 3.93 0.028 37.05 + 8.48 ns. ns.
Sitting 35.09 + 8.14 37.57 £ 3.71 33.69 £ 5.59 n.s.
Diastolic (cm s7h
Supine 20.98 £+ 7.43 ns. 2491 + 2.41 n.s. 23.06 + 6.21 ns. ns.
Sitting 19.12 £ 5.1 23.57 £ 336 19.11 £+ 5.63 n.s.

PCA vascular resistance
CVRi (mmHg em~' s

Supine 2.34 £ 0.67 0.001 1.96 + 0.26 0.028 2.05 £ 0.6 n.s. n.s.
Sitting 2.69 £ 0.63 234 £0.27 2.62 4+ 0.64 n.s.
RAP (mmHg em™! s’z)
Supine 1.26 £ 0.29 n.s. 1.30 £+ 0.20 0.028 1.38 + 0.27 0.028 n.s.
Sitting 1.34 £ 0.32 1.10 £ 0.31 1.05 £ 0.31 n.s.
CrCP (mmHg)
Supine 28.03 £ 9.02 0.002 27.00 £+ 6.22 0.028 32.26 + 20.25 0.018 n.s.
Sitting 45.09 + 10.39 46.09 £+ 11.41 50.5 + 20.76 n.s.
MCA BFV
Systolic (cm s~
Supine 103.82 + 18.84 ns. 98.78 + 11.74 n.s. 96.1 + 16.51 ns. ns.
Sitting 99.85 £ 20.62 97.18 £ 10.97 100.28 &+ 17.96 n.s.
Mean (cm s™')
Supine 65.17 £+ 14.77 0.015 65.4 + 8.45 0.028 62.75 £+ 10.61 0.028 n.s.
Sitting 61.01 £ 12.95 6142 £ 5.7 58.35 £ 941 n.s.
Diastolic (cm s")
Supine 40.8 £+ 10.57 n.s. 424 + 8.11 n.s. 41.61 £+ 6.83 0.043 n.s.
Sitting 38.25 + 8.13 40.29 £+ 6.02 36.75 + 6.1 n.s.

MCA vascular resistance
CVRi (mmHg cm™' s72)

Supine 12 +£0.32 0.001 1.23 £ 0.16 0.028 1.38 £ 0.46 n.s. n.s.

Sitting 1.54 + 0.28 143 +0.13 1.58 4+ 0.65 n.s.
RAP (mmHg em™! s_z)

Supine 0.78 £ 0.21 n.s. 0.83 + 0.21 0.028 0.85 £ 0.1 0.028 n.s.

Sitting 0.85 + 0.21 0.69 + 0.29 0.68 + 0.18 n.s.
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Table 2 continued

Controls pJr FAPm pJ' p% p3
N=15 N=6
CrCP (mmHg)
Supine 25.08 £ 12.96 0.012 2597 £ 7.87 0.028 293 £ 16.78 0.018 ns.
Sitting 40.15 + 12.58 45.66 + 13.18 47.84 £+ 19.07 n.s.

HR heart rate, ABP arterial blood pressure, PCA posterior cerebral artery, MCA middle cerebral artery, BFV blood flow velocity, CVRi

cerebrovascular resistance index, RAP resistance area product, CrCP critical closing pressure
All values are given in mean = SD
T Wilcox paired test p value for differences between supine and sitting positions

¥ Kruskal-Wallis and Mann-Whitney test p values for differences between groups

Table 3 Functional TCD and cerebrovascular resistance parameters changes in PCA during reading task, in supine and sitting positions, for
controls, mild (FAPm) and severe (FAPs) FAP patients

Controls N = 15 pl FAPm N = 6 p FAPs N = 7 p Pt
Functional TCD
Gain (cm s’])
Supine 1585 £ 6.14 n.s. 21.96 + 4.18 ns. 17.82 + 8.28 n.s. n.s
Sitting 16.77 £ 6.18 19.75 £ 3.25 11.24 &+ 5.02 S-C: 0.045
S-M: 0.007
Nat. Freq. (Hz)
Supine 0.23 £ 0.04 I.S. 0.22 £ 0.06 n.s. 0.16 = 0.05 I.s. S-C: 0.010
Sitting 0.24 £+ 0.05 0.2 £0.03 0.17 + 0.08 S-C: 0.018
Attenuation
Supine 0.54 £0.21 n.s. 0.76 £ 0.28 ns. 0.61 £ 0.29 n.s. n.s
Sitting 0.53 £0.18 0.51 £ 0.16 0.5 +£0.18 n.s.
Rate time (s)
Supine 4.89 £ 3.05 n.s. 5.7 £ 4.57 n.s. 351+ 1.3 n.s. n.s.
Sitting 493 £ 26 3.64 £ 1.19 2.04 £ 1.67 S-C: 0.005
Vascular resistance
ACVRi (%)
Supine —20.17 £ 5.21 n.s. —22.37 4+ 1.95 ns. —22.92 + 6.13 n.s. n.s.
Sitting —21.9 + 489 —22.68 £ 3.51 —18.83 + 5.05 n.s.
ARAP (%)
Supine —8.88 £ 493 n.s. —11.24 £+ 2.88 n.s. —12.15 £ 5.08 n.s. n.s.
Sitting =571 £ 5.96 —13.13 £ 5.13 =717 £55 n.s.
ACrCP (%)
Supine —28.96 £ 12.22 n.s. —3345 + 14.24 0.028 —30.20 £+ 31.16 n.s. n.s.
Sitting —22.51 £+ 10.86 —13.02 + 7.81 —12.61 £ 74 n.s.

All values are given in mean + SD

Nat. Freq. natural frequency; ACVRI, variation of cerebrovascular resistance index, ARAP resistance area product, ACrCP critical closing
pressure, during visual-evoked paradigm stimulation
¥ Wilcoxon paired test p value for differences between supine and sitting positions

* Kruskal-Wallis and Mann-Whitney test p values for differences between groups

Nevertheless, the conclusions would be difficult to interpret ~ made after an intracerebral hemorrhage that could interfere
as, contrary to our FAP population, patients with amyloid  with the results of neurovascular coupling.

angiopathy are much older, with expected higher preva- The variations of the parameters of vascular resistance
lence of vascular risk factors, and usually the diagnosis is ~ CrCP and RAP between supine and sitting positions were
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Fig. 1 Group averaged peak systolic evoked flow velocity responses
during 40 s of reading task (gray bar at bottom), in supine (a) and
sitting (b) positions, for the different groups. Controls are represented
in continuous lines, FAP mild group with dashed lines and FAP

B 30
£
£
8
o
L ]
=
£
~
]
s
[
+£=
o
-10 1] 10 20 30 40
Time [s]

severe group with dotted lines. Thin lines represent measured
response and thick lines are modeled blood flow data of the second-
order linear system obtained with Vascochecker 1.0

Table 4 Arterial blood pressure, heart rate and right MCA hemodynamic variation during reading task, in supine and sitting positions, for

controls, mild (FAPm) and severe (FAPs) FAP patients

Controls N = 15 pf FAPm N = 6 P FAPs N =7 pt pt
AABP (%)
Supine —1.33 £ 2.14 n.s —0.29 +£ 2.20 n.s —0.42 £+ 0.95 n.s n.s
Sitting —0.02 & 1.45 0.36 £ 0.83 0.24 £+ 1.51 n.s
AHR (%)
Supine 1.71 £ 2.22 n.s 1.20 + 2.33 n.s 0.01 £+ 0.52 n.s n.s
Sitting 0.52 + 2.44 225 £ 1.55 0.61 + 0.92 ns
MCA
Gain (%)
Supine 0.94 £+ 2.30 n.s 3.69 +3.22 n.s 2.18 £ 13.19 ns n.s.
Sitting 1.54 + 1.82 6.21 £ 7.87 1.99 £+ 2.26 n.s.
ACVRI (%)
Supine 1.75 +£ 4.28 n.s —4.83 + 2.45 ns —4.85+ 299 ns ns
Sitting —2.56 £ 1.97 —5.95 £ 242 —4.78 £ 2.99 n.s.
ARAP (%)
Supine —3.06 £ 5.95 n.s —2.95 £ 5.20 n.s —5.65 £+ 4.03 n.s n.s.
Sitting 0.50 + 3.99 —3.25 + 4.88 2.63 £4.15 n.s.
ACrCP (%)
Supine 0.80 £+ 8.20 n.s —6.68 £+ 8.17 n.s 0.70 + 6.84 n.s n.s.
Sitting —4.12 + 5.24 —0.32 £ 3.32 215+ 1.79 ns

MCA, right middle cerebral artery; AABP, AHR, ACVRi, ARAP and ACrCP, percentual variation of mean arterial blood pressure, heart rate,
Cerebrovascular Resistance Index, Resistance Area Product, and Critical Closing Pressure, respectively, during visual-evoked paradigm

stimulation

T Wilcoxon paired test p value for differences between supine and sitting positions

¥ Kruskal-Wallis and Mann-Whitney test p values for differences between groups

also not previously described. While CVRi and CrCP
increased with sitting in all the groups, RAP increased in
controls but decreased in FAPm and FAPs, in both PCA
and MCA, which might suggest predominantly myogenic
cerebral vasodilation [19, 20] in adaptation to orthostatic
challenge in FAP patients.

Changes in RAP and CrCP in PCA following visual
activation are also described for the first time. These
changes confirm the additional discrimination provided by
these parameters in comparison with the more conventional
CVRIi [19]. No significant differences between FAP groups
and controls were observed in the supine position.
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Nevertheless, during the sitting position the differential
changes in RAP and CrCP help to explain and complement
the results of the evoked BFV differences observed due to
changes in posture. For controls, most of the change in
BFV is dominated by a change in CrCP, while for FAPm
there is competing change in RAP which is not observed in
FAPs. These differences between FAP and controls and
between the two FAP groups, suggest a complex interplay
between the consequences of AF and BFV regulatory
mechanisms in the sitting position, as compared to supine.
At this stage any attempts of interpretation are highly
speculative. In the presence of AF, removing the sympa-
thetic contribution might result in greater involvement of
local myogenic and metabolic regulatory mechanisms,
which have been correlated with changes in RAP and CrCP
respectively [20]. In summary, we hypothesize that with
reduced sympathetic control in the upright position, FAPm
retains a greater level of local control of BFV than FAPs.
Inducing changes in BP in the sitting position in patients
with FAP, for example with the use of thigh cuff maneu-
vers, might provide useful information to clarify this
proposition.

These results raise again the question about the role of
ANS in the control of cerebral vasoreactivity, which is said
to be relatively weak [30]. At an intracerebral level, where
NC occurs, there are no autonomic nerves surrounding
blood vessels [13]. Nevertheless, perhaps ANS has a role in
the relative distribution of cerebral blood flow to areas with
different degrees of activity at any given moment.

Although the Doppler measures velocity rather than
flow, caliber effects of the insonated basal cerebral vessels
between the different conditions are not likely, as was
shown by Serrador [27].

One limitation of the present investigation is the lack of
CO, measurement during BFV monitoring. Since it has
been shown to be an important parameter in cerebral
hemodynamics [15, 28], we cannot exclude a possible role
in the given results. Nevertheless, all the subjects were
evaluated in the same conditions, allowing a comparison of
the groups.

Another limitation of this study might be the small
number of studied patients. It is a rare disease, and
nowadays patients are treated earlier, namely with pace-
maker and liver transplantation, that were exclusion cri-
teria for the study. Nevertheless, this population is very
homogeneous in its disease process, although differing in
the degree of dysautonomy with time course, allowing our
data to bring insights into a possible role of AF on neu-
rovascular coupling. It would be interesting to investigate
this subject in other disease processes that also course
with AF.

In conclusion, AF seems to affect NC independently of
posture. Additionally, despite similar vasodilatory response

@ Springer

in both positions, change from supine to sitting positions in
dysautonomic patients interfered with evoked blood flow
responses, suggesting inappropriate functional cerebral
perfusion in orthostatic conditions in FAP patients with
AF.
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Abstract

Background and Aim: Cerebrovascular disease may prog-
ress asymptomatically in the early stages of Fabry disease
(FD). Our aim was to test whether functional transcranial
Doppler (fTCD) could provide useful data in the evaluation
of these presymptomatic FD patients. Methods: A cohort of
12 adult FD patients from families with the classical pheno-
type of the disease was evaluated with fTCD in the posterior
cerebral artery. Results: Compared to healthy controls, rest-
ing blood velocities were significantly lower in the FD cohort
(p = 0.032 for systolic, p = 0.021 for diastolic). FTCD suggest-
ed a disturbed neurovascular coupling in the visual cortex of
FD patients, with lower gain (p = 0.007) and rate time (p =
0.019). Men had a significantly higher attenuation (p = 0.013)
and lower natural frequency (p = 0.046) than the heterozy-
gous women, Conclusion: These data are the first to suggest
that patients with FD may develop cortical vascular dysfunc-
tion in the territory of the posterior circulation, early in the
natural history of the disease. If the present findings are con-

firmed in larger, prospective studies, fTCD will be useful for
assessing stroke risk in as yet asymptomatic FD patients, im-
proving preventive therapeutic management.

Copyright © 2012 S. Karger AG, Basel

Introduction

Fabry disease (FD) is a rare X-linked disorder caused by
deficiency of the lysosomal enzyme a-galactosidase. The
catabolic defect leads to systemic accumulation of neutral
glycosphingolipids, mostly globotriaosylceramide (Gb3).
Vascular endothelial and smooth muscle cells are major
sites of Gb3 deposition, correlating with the development
of a complex vasculopathy [1]. Stroke and transient isch-
emic attacks (TIA) are frequent complications, and in
some affected women cerebrovascular disease (CVD) may
be as severe as in hemizygous males [2, 3]. Stroke can oc-
cur in the absence of any other major signs of FD, preced-
ing its diagnosis in a significant number of patients [2]. FD
may present as ischemic cryptogenic stroke in young
adults [4], predominating the small-vessel type [2].
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There is evidence of increased intima-media thickness
(IMT) of the common carotid artery (CCA) in males as
well as in females with FD [5]. Elevated cerebral blood
flow velocities (BFV) were reported in males [6], but oth-
er investigators could not replicate those findings [7].
Typical features of brain involvement include large- and
small-vessel strokes, vascular dolichoectasia, white mat-
ter lesions (WML), pulvinar hyperintensity in magnetic
resonance imaging (MRI) T;-weighted images (‘pulvinar
sign’), as well as various cerebral blood flow and diffusion
brain changes [3, 8-10]. MRI has been proposed for pro-
tocol baseline and follow-up assessments of FD patients
[11].

Although enzyme replacement therapy (ERT) has a
therapeutic effect on some of the major complications of
FD, at most the clinical impact on CVD appears to be
small [12]. Identification of reliable neuroimaging and
hemodynamic non-invasive surrogate markers of pre-
clinical central nervous system disease, and of the effi-
cacy of ERT upon CVD, would be a major advance for the
clinical follow-up of FD patients.

Since the posterior circulation seems especially vul-
nerable in FD [3], we postulated that functional abnor-
malities in this territory might be evident even in asymp-
tomatic patients, and precede visible structural changes.
Therefore, the main purpose of this study was to test
whether functional transcranial Doppler (fTCD) of the
posterior circulation could provide useful data in the
evaluation of FD patients with no prior history of stroke
or TIA, and correlate the fTCD results with brain struc-
tural and angiographic MRI data.

Patients and Methods

All adult patients carrying an a-galactosidase gene (GLA) mu-
tation associated with the classical phenotype of FD, followed at
a single university hospital, were invited to undergo cervical and
transcranial vascular ultrasound studies and brain MRI and
magnetic resonance angiography (MRA), as well as a comprehen-
sive neurologic examination, if they had no history of symptom-
atic CVD. Depending on patient gender [13], diagnostic criteria
for FD were absent or significantly low a-galactosidase enzyme
activity in plasma or leukocyte assays and/or identification of a
pathogenic GLA mutation on molecular genetics testing. Past
clinical and laboratory data were retrieved from the patients’
medical records. The study protocol was approved by the Hospital
Ethics Committee and written informed consent was required for
enrolment.

Ultrasound and Magnetic Resonance Imaging Evaluation
Cervical and transcranial vascular ultrasound scans were per-
formed with a Philips HDI 5000 ultrasound imaging platform

332 Eur Neurol 2012;67:331-337
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(Philips Healthcare, Andover, Mass., USA). Morphologic and he-
modynamic parameters of the cervical arterial segments and he-
modynamic parameters of the basal cerebral arteries were evalu-
ated. IMT was measured along the far wall of distal CCA [14], and
the average of the values of maximal IMT of right and left sides
was calculated.

Brain MRI and MRA studies were performed in a Siemens
Magnetom Symphony™ 1.5 Tesla scanner (Siemens Healthcare,
Erlangen Germany). The imaging protocol included T -weighted
spin echo, proton density/T,-weighted turbo spin echo, T,-
weighted fluid attenuation inversion recovery (FLAIR), and T,-
weighted gradient echo sequences, as well as 3D time-of-flight
arterial MRA. The presence of any brain or arterial lesions, as well
as their type and location, was recorded for each patient. Hyper-
intensity of the pulvinar was specifically sought on T)-weighted
imaging. Diameters of the basilar artery (BA) were measured in
the time-of-flight sequence [10], using the OsiriX imaging pro-
cessing software, version 3.7.1 (Open Source™, Antoine Rosset®,
2003-2010) [15]. The BA diameter was defined as the average of
caudal, intermediate, and rostral arterial diameters, measured
manually on the sagittal plane. Brain tissue volumes, normalized
for subject head size, were estimated with brain-imaging analysis
software SIENAX [16, 17], available as part of the FMRIB Soft-
ware Library (FSL; University of Oxford, 2002). SIENAX allows
the calculation of the total volume of brain tissue, including inde-
pendent estimates of grey matter (GM) and white matter (WM)
volumes. Brain GM and WM volumes reported for healthy adults
using fully-automated MR image analysis were used for compar-
ison [18]. All the MRI and MRA data were analyzed by a single
investigator (D.S.) who was blinded as to the results of clinical and
ultrasound evaluations.

Functional Transcranial Doppler

FTCD was carried out with a Multi-Dop T, transcranial
Doppler system (DWL, Sipplingen, Germany), in a sitting posi-
tion, in conditions described elsewhere in detail [19]. A 2-MHz
pulsed-wave Doppler monitoring probe, mounted on an individ-
ually fitted headband, was positioned to record BEV in the poste-
rior cerebral artery (PCA) P2 segment. Continuous beat-to-beat
recordings of peak systolic and end-diastolic BFV were stored on
the Doppler device for offline analysis. All the fTCD studies were
performed by the same investigator (R.S.) who was blinded as to
the clinical and brain-imaging data.

The visual-evoked paradigm performed to assess the neuro-
vascular coupling consisted of 10 cycles, each with a resting phase
of 20 s with eyes closed and a stimulating phase of 40 s of silent
text reading. Changes between phases were acoustically signaled.
The reading test and its reliability were validated against a check-
erboard stimulation paradigm [20].

Doppler data were analyzed using a control system model, al-
lowing description of the main hemodynamic features of the
evoked BFV adaptation [20]. Data were transformed to relative
values, to become independent of the insonation angle. Peak sys-
tolic data were evaluated because they are less prone to Doppler
artifacts [21]. Data were expressed in terms of a second-order lin-
ear system with the equation G(s) = [K (1 + Tys)]/[s2/w2 + 2 € - s/w
+ 1], where ‘K’ stands for ‘gain’, ‘T, for ‘rate time’, ‘w’ for ‘un-
dampened natural angular frequency’ (‘natural frequency’), and
‘€ for ‘attenuation’ [20]. These parameters describe the main as-
pects of the hemodynamic cerebral BFV adaptation. Rate time
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indicates the initial steepness of the BFV increase. Natural fre-
quency is assumed to represent oscillatory properties of the sys-
tem, like tonus and speed, whereas attenuation describes damp-
ening features, such as the elastic properties of the wall vessel [22].
Gain describes the relative BFV difference between stable flow
conditions of rest and stimulation. Calculations were done with a
professional software tool for evaluating blood flow data (Vasco-
checker 1.0, Hamm, Germany). The resting BFV during the closed
eyes phase were calculated from a time span of 5 s before the stim-
ulation started.

These fTCD patient data were compared to those obtained un-
der the same testing conditions, in 20 healthy subjects (28.4 &= 9.2
years) without vascular risk factors, recruited among the hospital
and university staff.

Statistical Analysis

Continuous data are expressed as the mean * SD and cate-
gorical variables as frequency distributions. The Shapiro-Wilk
test was used to check the normality of distribution of continuous
variables. The independent Student’s t test or the Mann-Whitney
test were used as appropriate for comparisons between patients
and controls and patients” gender subgroups. Correlations were
determined with the Pearson, Spearman or the point-biserial cor-
relation coefficients. Statistical calculations were performed with
SPSS Statistics 17.0 software (SPSS Inc., Chicago, I, USA). A p
value <0.05 was considered statistically significant.

Results

Clinical and Imaging Characteristics

Twelve patients (5 males) of four different families ful-
filled the enrolment criteria and were evaluated. Their
demographic, genetic and clinical features are summa-
rized in table 1. The neurological examination was unre-
markable in all. Mean age was 35.8 £ 12.8 years, higher
in the female subcohort (41.7 + 10.6 vs. 27.4 % 11.5 years,
p = 0.042). Eight patients (5 males) had been on ERT for
amean of 2.8 * 1.3 years.

None of the patients showed atherosclerotic plaques or
hemodynamic changes on the cervical ultrasound study,
nor hemodynamic signs on TCD suggestive of stenosis of
the basal cerebral arteries. Mean left-right CCA-IMT was
0.66 * 0.18 mm in malesand 0.86 + 0.23 mm in females.
All 4 patients (3 females) aged >45 years showed multiple
small WML on proton density-weighted and T,-weighted
sequences, mainly located in periventricular and fronto-
temporoparietal WM regions. According to the Fazekas
classification system of MRI signal abnormalities [23],
the eldest man and the eldest woman scored Fazekas I11,
and the other 2 women scored Fazekas II and Fazekas .
The pulvinar sign was not observed in any patient. On
MRA, abnormally elongated or tortuous arteries were
identified in 3 men (60%; mean age 31 *+ 14.7 years) and

Functional Transcranial Doppler:
Presymptomatic Changes in Fabry

5women (71%; mean age 47.2 & 5.9 years), predominant-
ly the internal carotid, middle cerebral and basilar arter-
ies. This feature correlated positively with age (p = 0.032).
The mean BA diameter was 3.66 £ 0.72 mm, with no
significant gender difference, but significantly larger in
the older patients (p = 0.041). For males and females, we
have found respectively a WM volume of 0.33 + 0.03 and
0.36 * 0.04 liters, a GM volume of 1.07 * 0.12 and 1.07
% 0.12 liters, and a total brain volume of 1.398 % 0.095
and 1.462 * (.087 liters. For comparison, the mean GM
and WM volumes reported in the literature for normal
subjects were, respectively, 0.829 and 0.454 liters for males
and 0.747 and 0.395 liters for females (22).

Functional Transcranial Doppler

Table 2 summarizes the fTCD results. Compared to
healthy controls, FD patients had lower resting peak sys-
tolic and end-diastolic BFV in PCA (p = 0.032 and p =
0.021, respectively), lower gain (p = 0.007) and lower rate
time (p = 0.019). Among the FD cohort, men had lower
natural frequency (p = 0.046) and higher attenuation
(p = 0.013) than heterozygous women. Figure 1 shows the
time course dynamic evoked BFV response in PCA dur-
ing the reading task.

Discussion

The results of this study suggest, for the first time, that
FD patients with no prior history of stroke or TIA may
have disturbed blood flow regulation of the neurovascu-
lar coupling mechanism. The finding of decreased PCA
resting blood flow in our patients agrees with the results
of Hilz et al. [7], who observed reduced cerebral BFV and
impaired autoregulation in a study of 22 affected males at
mild stages of FD. In contrast, Moore et al. [6] reported
significantly higher baseline cerebral BFV in 26 males
with FD enrolled in a controlled trial of ERT. Since the
patients’ mean PCA peak systolic BFV reported in that
study did not differ significantly from our own findings,
the disparate conclusions are due to the different ranges
of the corresponding values in the control subjects. The
reasons for this discrepancy are not clear but may not be
explained by the age difference between the two cohorts
[24].

None of our patients had clinical or imaging evidence
of neurodegeneration of the visual cortex, which could
explain the decreased resting BFV in the PCA. Our fTCD
findings are therefore indicative of a disturbed neurovas-
cular coupling in the visual cortex of FD patients. The
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Table 2. TCD data: resting BFV and functional TCD parameters in posterior cerebral artery

Fabry group

Control group

males (n = 5)

females (n=7)

male (n = 8) female (n = 12)

PCA SFV, cm/s 47.37+10.63 49.65%10.21 52.89+8.76 63.82+14.36
Total 48.70£9.97 *(p = 0.032) 58.35+12.80

PCA DFV, cm/s 10.33£5.56 14.80*6.27 1620+ 4.14 19.89+7.00
Total 12.94%6.17 *(p = 0.021) 18.41+6.18

Gain, % 11.47+3.36 13.35+11.34 *(p = 0.042) 17.36 *7.57 19.18+7.45
Total 12.57 £8.67 *(p = 0.007) 18.45+7.35

Natural frequency, 1/s  0.18 +0.04 ¥(p = 0.046) 0.24 +0.05 *(p = 0.046) 0.23%0.05 0.22%+0.07
Total 0.22%£0.05 0.23+0.06

Attenuation 0.64+0.17 F(p = 0.013) 0.34£0.17 *(p = 0.034) T(p = 0.013) 0.48+0.15 0.56+0.18
Total 0.47%+0.22 0.53%0.17

Rate time, s 298+232 2.60£1.23 *(p = 0.021) 3.84+192 5.20%2.51
Total 2.76 £1.68 *(p =0.019) 4.65+2.34

TCD = Transcranial Doppler; PCA = posterior cerebral artery; SFV = systolic blood flow velocity; DFV = diastolic blood flow

velocity.

p* = Statistical difference between Fabry and control groups; p! = statistical difference between genders within groups; n.s. =

p > 0.05. Values expressed in means = SD.

decreased rate time and gain reflect a lower hemodynam-
ic response to visual activation tasks [25, 26]. As data
from animal experiments suggest that this response
might be related to a deficit in the nitric oxide system [27],
our results fit into the hypothesis of an impaired func-
tioning of the endothelial nitric oxide system in FD [28].
Attenuation and natural frequency were, respectively,
significantly higher and significantly lower in males as
compared to the females, suggesting that the FD males
may have dysfunction of resistance brain arteries since
the early stages of disease. Of note, these same fTCD pa-
rameters are known to be disturbed in patients with vas-
cular dementia, diabetes mellitus and migraine attacks
[29-31]. Although it is plausible that these fTCD results
are related to endothelial dysfunction, we cannot exclude
an autonomic nervous system involvement in the cere-
brovascular regulation, as shown in other diseases associ-
ated with autonomic failure [32].

The results of the additional imaging studies were im-
portant to characterize in more detail our patient cohort.
As in earlier studies of FD patients [5], the increased
CCA-IMT was not related to the presence of focal athero-
sclerotic plaques. It is possible that increased IMT reflects
not only early atherosclerosis, but also non-atherosclerot-
ic vessel wall hypertrophy as a result of smooth muscle
cell hyperplasia and fibrocellular hypertrophy [14], which
are typical features of the vascular pathology of FD [12].

Functional Transcranial Doppler:
Presymptomatic Changes in Fabry

The WML are typically found in association with FD
even in young adults, and its prevalence increases with
age [2, 33],as observed in our cohort. They are most prob-
ably caused by small-vessel ischemic damage in the ter-
ritories of the perforating arteries [33]. The lack of any
atherosclerotic plaques in our patients is in agreement
with this interpretation. Although it has been suggested
that pulvinar hyperintensity on MRI T;-weighted images
is a common and distinctive brain-imaging feature of FD
[8], this sign was not identified in any of our patients. A
plausible explanation is the small size and young age of
our male cohort, since the pulvinar sign has been de-
scribed predominantly in men and is rarely seen before
the age of 30 years [8, 34]. Elongated and/or tortuous ves-
sels in both the anterior and the posterior brain arterial
territories were a frequent MRA finding in our patients,
with predilection to internal carotid, middle cerebral and
basilar arteries, which agrees with the literature [35]. The
mean BA diameter in our patients was higher than the
reported by Fellgiebel et al. (3.66 * 0.72 vs. 3.3 * 0.59
mm), increased slightly with age and showed no signifi-
cant gender difference. Although the overall mean ages
of the two patient cohorts were similar, the different age
distribution of the male and female cohorts in our series
is a plausible explanation for the discordant results.
Although the volume of brain tissue measured in our
patients were within the normal range, the WM/GM vol-

Eur Neurol 2012;67:331-337 335



Anexos

30 4

]
o
I

o

Changes in flow velocity (%)
=)
1

~10 4 Stimulation

T T T T T 1
-10 0 10 20 30 40
a Time (s)

30 5

N
=}
1

f

Changes in flow velocity (%)
=)
1

10 4 | Stimulation
T T T T T 1

-10 0 10 20 30 40
Time (s)

Fig. 1. Group-averaged peak systolic evoked BFV responses dur-
ing 40 s of reading task (gray bar at bottom), in the entire patient
cohort (a), and in the female (b) and male (¢) subgroups. Controls
are represented by continuous lines and Fabry patients by dashed
lines. Thin lines represent measured responses and thick lines are
modeled blood flow data of the second-order linear system ob-
tained with Vascochecker 1.0.

ume ratios were significantly lower than previously re-
ported for healthy adults [18]. The lack of published esti-
mates of GM and WM volume in FD patients, and the
uncontrolled design of our study, makes more difficult
the interpretation of these findings. Since in healthy in-
dividuals there is no significant decline in WM volume
with age, in contrast to GM volume [18], our findings are
worth testing in a larger, appropriately controlled patient
cohort, as an additional MRI feature of early brain in-
volvement in FD.

In conclusion, FD patients of both genders, without
prior history of stroke or TIA, may have disturbed neu-
rovascular coupling in the visual cortex, as well as de-
creased resting PCA BFV, and decreased WM/GM vol-
ume ratio. These findings support the role of fTCD, along
with duplex ultrasound and MR techniques, in the evalu-

336 Eur Neurol 2012;67:331-337
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ation of FD patients, since early stages of disease. The
evidence of disturbed neurovascular coupling in the vi-
sual cortex and the abnormal WM/GM volume ratio are
new findings that need to be confirmed in future studies.
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Background: MS-associated autonomic dysfunction (AD) in multiple sclerosis (MS) is poorly understood and the
best method for its detection unestablished. We compared classical Ewing battery and newer methods as heart
rate variability (HRV) and spontaneous baroreflex sensibility (BRS) to detect AD in MS and related them to cen-
tral autonomic network (CAN) lesions.

Methods: We enrolled 20 relapsing-remitting MS patients, median age of 36 (interquartile range 32-46) years,
disease duration of 5.5 (2.2-6.8) years, Expanded Disability Status Scale (EDSS) score of 1.0 (1.0-1.5) and 20
age- and gender-matched healthy controls. We assessed Ewing battery and spontaneous HRV and BRS. CAN in-
volvement was evaluated by magnetic resonance imaging.

Results: HRV showed both parasympathetic and sympathetic significant impairment in MS (p < 0.05). From
Ewing battery only isometric test was significantly decreased in MS (p = 0.006). Disease duration and severity,
lesion burden and CAN involvement were not correlated with laboratorial parameters.

Conclusions: Our MS cohort had both sympathetic and parasympathetic dysfunction independently from disease
duration, neurological deficits and lesion burden or CAN involvement. HRV analysis maybe more useful than clas-

Keywords:

Autonomic nervous system
Central autonomic network
Heart rate variability
Magnetic resonance imaging
Multiple sclerosis

sical Ewing battery to screen AD.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Along the course of multiple sclerosis (MS) the autonomic nervous
system (ANS) seems to be increasingly affected [1]. Indeed, it is estimat-
ed that as much as 18 to 42% of patients present autonomic dysfunction
(AD) symptoms, yet, these quality of life disturbing symptoms are fre-
quently overlooked by the clinicians [2-6]. Some reasons may contrib-
ute: firstly, the occurrence of MS symptoms with greater clinical
impact, such as motor, sensory or visual changes, may somewhat hide
AD; secondly, the best method to detect AD in MS remains unestab-
lished, despite the recognized usefulness of some laboratory tests [2,3,
7-10] and of standardized questionnaires [1,11] to diagnose AD in MS
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Medicine of University of Porto, Portugal.
E-mail addresses: pgoncalomv@gmail.com (G. Videira), pedromacc@gmail.com
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mjsa@med.up.pt (M]. Sd), pmabreu@netcado.pt (P. Abreu).

http://dx.doi.org/10.1016/j.,jns.2016.05.049
0022-510X/© 2016 Elsevier B.V. All rights reserved.

patients; and finally, the pathophysiology of AD in MS is poorly under-
stood [11]. ANS control centres within central nervous system, called
the central autonomic network (CAN), have not yet been properly stud-
ied, although some specific spinal and brain locations have been pro-
posed [12].

The main objective of our study is to compare the performance of the
classical standardized Ewing battery of cardiovascular tests [13] with
newer methods based on heart rate variability (HRV) and spontaneous
baroreflex function (BRS) to detect AD in MS patients. Additionally, we
aim to test the hypothesis that the presence of AD in MS may be related
to CAN involvement which would contribute to better understating of
AD pathophysiology.

2. Materials and methods

2.1. Studied population

In this matched case-control study, 20 relapsing-remitting MS pa-
tients from Centro Hospitalar Sao Joao were randomly proposed to



Anexos

134 G. Videira et al. / Journal of the Neurological Sciences 367 (2016) 133-137

participate. Inclusion criteria for involvement were definitive diagnosis
of MS (according to the 2010 McDonald criteria) and age above 18 years
old. Those with active disease or treatment with corticosteroids within
8 weeks of enrolment were excluded. Control group consisted of 20
age- and sex-matched healthy subjects, recruited from the hospital
and university staff. Exclusion study criteria was the presence of any
disorder that could interfere with the autonomic function. The Ethics
Committee of Centro Hospitalar Séio jodo approved this work and all the
participants gave written informed consent.

2.2. Clinical assessment

A MS specialist evaluated the patients less than 1 month before en-
rolment. Age, gender, detailed neurological examination, time of dis-
ease, annualized relapse rate [ 14] and Expanded Disability Status Scale
(EDSS) [15] score were recorded. Every relapse and respective location
(optic nerve, brain hemispheres, brainstem or spinal cord) were regis-
tered, based on clinical and imaging findings [16].

2.3. Autonomic tests

Participants were asked to stop alcohol, coffee, smoking and any
medication that could alter autonomic function 24 h before testing.
Evaluations were carried out in a quiet room with a constant tempera-
ture around 22 °C. Blood pressure was continuously monitored in the
non-dominant hand with a Finometer device (FMS, Amsterdam, Neth-
erlands) with its pressure height correction unit placed at heart level.
Heart rate (HR) and R-R intervals (RRi) were assessed from a 3-lead
ECG. All data were digitally recorded at 400 Hz in commercial ana-
logue-digital converter for offline analysis with dedicated software
based on MATLAB (Natick, USA).

After autonomic tests have been explained [10] and maximum con-
traction strength in dominant hand (or non-paretic hand if dominant
was affected) was measured with a dynamometer, the subject was po-
sitioned supine and rested for 30 min. Next, Ewing battery was applied
as described previously [17]. Shortly, we calculated [ 10]: expiratory-to—
inspiratory amplitude ratio of HR (E:I ratio) during synchronized deep
breathing at 6 cycles/min; the Valsalva ratio (VR), i.e,, averaged HR
ratio between Il and IV phases of three Valsalva manoeuvres [9]; the
quotient of RRi around 30th beat by that at the 15th after standing;
the difference between the systolic blood pressure (SBP) at rest and
after standing during 5 min to assess orthostatic hypotension; and dia-
stolic blood pressure (DBP) response to handgrip isometric work at 30%
of his maximum strength for 5 min. Each test was scored as normal
(zero), borderline (one) and abnormal (two) and the sum resulted in
Ewing score [13].

2.4. Heart rate variability and spontaneous baroreflex sensitivity

The last 10 min of resting recording were used to analyse short-term
HRV and BRS in both time and frequency domains [10]. HRV was
assessed in time domain using standard deviation (SDNN), root mean
squared difference (rMSSD) and proportion of successive intervals
greater than 50 ms (pNN50%) of normal RRi (NN). On frequency do-
main, HRV was characterized by total power (TP) spectrum of RRi
[18], at low frequency (LF; 0.04-0.15 Hz) for sympathetic ANS and at
high frequency for parasympathetic (HF; 0.15-0.40 Hz), the LF/HF
ratio, and normalized LF (LFnu) and HF (HFnu) [19]. For BRS in time do-
main, we used sequence method based on the identification of all spon-
taneous sequences of >3 consecutive beats of increase or decrease of
SBP (=1 mmHg), the baroreflex response of lengthening or shortening
of RRi (>3 ms) [20,21]. The slope of regression line between SBP/RRi is
the BRS [21]. In frequency domain, BRS was achieved by spectral meth-
od using the cross-correlation gain between the power spectral densi-
ties of SBP on that of RRi at LF and HF bands [22]. Lower HRV [20] and
BRS [22] correlates with worse AD.

2.5. MRI

Brain MRI was obtained within less than a year before enrolment.
Spinal MRI analysed was the last performed. None of the subjects expe-
rienced relapse after imaging. Presence of T2-weighted lesions in the
white matter adjacent to the following CAN structures was assessed:
insula, anterior cingulate cortex, hypothalamus, amygdala,
periaqueductal grey matter (PAG), parabrachial nucleus, nucleus of
the solitary tract, ventrolateral reticular formation of the medulla and
medullary raphe. A CAN score was calculated adding 1 point for each
CAN structure affected (maximum of 9 points). The number of all T2-
weighted lesions was then counted in supratentorial areas, brainstem,
cerebellum, spinal cord and total number of lesions. The presence of le-
sions on T1-weighted images, enhancing or non-enhancing, was also
assessed. MRI protocols included studies performed on 1.5 T (Siemens
MAGNETOM SymphonyTim syngo) and 3 T (Siemens MAGNETOM
TrioTim syngo) scanners with, at least, coronal and axial T1-weighted
images (511-750 ms/8.6-8.7 ms [TR/TE]), spin-echo or fast spin-echo
axial proton density (3770-4000 ms/11-22 ms [TR/TE]) and T2-weight-
ed images (3770-4000 ms/88-106 ms [TR/TE]), and axial and sagittal
fluid-attenuated inversion-recovery (FLAIR) images (8000-9000 ms/
91-93 ms [TR/TE]), all with 5 mm section thickness. Contrast-enhanced
T1-weighted images were obtained with 0.1 mmol/kg gadolinium using
typical T1-weighted parameters as described above,

2.6. Statistical analyses

Shapiro-Wilk test was used to inspect normality of continuous
variables. Student t-test or Mann-Whitney were used to compare
the distribution across two groups. Pearson or Spearman rho coeffi-
cients were used to determine the correlation between two vari-
ables. Statistical significance was inferred at p < 0.05 level. All
statistics were performed using IBM Statistical Package for Social
Sciences (SPSS) Statistics v21™,

3. Results

MS patients (12 women) had median age of 36 [interquartile range
(IQR) 32-46] years, disease duration of 5.5 (2.2-6.8) years, EDSS of 1.0
(1.0-1.5) and annualized relapse rate was 0.33 (0-0.48) relapses/year.
Detailed clinical data is presented in Table 1.

3.1. Autonomic assessment: comparing MS and control groups

Hemodynamic data and autonomic tests results of MS and healthy
controls are compared in Table 2. Baseline blood pressure and HR
were similar (p <0.05). Ewing battery showed no significant differences
except for isometric handgrip subtest, which was weaker in MS (p =
0.006). This test was abnormal in 14 MS patients (70%) as well as in 5
controls (25%). E:1 ratio tended to be lower in the MS (p = 0.063).
BRS was similar between groups (p < 0.05). As for HRV, MS patients
had lower SDNN (p = 0.007), rMSSD (p = 0.028), pNN50% (p =
0.011), power at LF (p = 0.024) and HF (p = 0.021) bands, but similar
LF/HF ratio (p = 0.689).

3.2. MS group: relationship between clinical features and laboratory tests

There was no correlation between autonomic laboratorial results
and age, gender, EDSS and annualized relapse rate (p > 0.05). A previous
brainstem syndrome relapse was associated with a higher Ewing score
(p = 0.010).

One patient didn't have MRI results available for analysis. The pres-
ence of any spinal, brainstem or CAN lesion was not associated with au-
tonomic laboratorial results except for spinal involvement and a higher
SDNN (p = 0.042) and a tendency for higher rMSSD (p = 0.053) and
PNN50% (p = 0.066). There was no significant association between
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Table 1
Individual clinical data of MS patients.

Table 3
MRI data of MS patients focusing in central autonomic network.

ID Gender Age Disease EDSS Medication ARR Brainstem  Spinal

duration relapse relapse
1 F 33 4 1.0 Interferon-ppla 025 Yes No
2 F 27 1 1.0  Interferon-pla 0.00 No No
3 F 23 2 0.0 Interferon-pla 0.00 No No
4 F 45 25 20 Interferon-pla 033 Yes Yes
5 M 32 5 1.0  Interferon-31a 0.00 No No
6 M 48 2 25 Glatiramer 0.00 No No
acetate
7 M 35 5 1.0 Natalizumab 020 Yes Yes
8 F 46 6 15  Natalizumab 050 Yes No
9 M 32 10 0.0  Natalizumab  0.00 No No
10 M 48 19 25  Glatiramer 0.00 Yes Yes
1m M 27 6 1.0  Natalizumab 050 Yes Yes
12 F 48 3 15  Glatiramer 043 No Yes
acetate
13 F 47 7 15  Interferon-3la 042 Yes No
14 F 44 6 1.0 Interferon-pla 033 Yes Yes
15 M 35 7 1.0  Fingolimod 042 Yes Yes
16 F 40 6 1.0  Dimethyl 0.66 No No
fumarate
17 F 32 6 15 Interferon-21a 0.66 Yes Yes
18 M 35 0 1.0  Interferon-31a 0.00 No No
19 F 40 0 1.0 Glatiramer 0.00 No No
acetate
20 F 32 5 15  Natalizumab 040 Yes No

F: female; M: male; EDSS: Expanded Disability Status Scale; ARR: annualised relapse
rate.

the either number of total or regional CAN lesions and autonomic eval-
uation (Ewing total and each subtest, BRS and HRV results). The excep-
tion was insular involvement, which was significantly associated with a
higher LE/HF [1.1 (0.6-2.1) vs 0.9 (0.4-1.3), p = 0.035]. See Table 3 for
detailed imaging analysis.

Frequency of affected areas [absolute (%)]

Brainstem 10 (56%)
Spinal 14 (78%)
CAN Insula 5 (28%)
Anterior cingulate 13 (72%)
Hypothalamus 2(11%)
Amygdala 1(6%)
Periaqueductal grey 4 (22%)
Parabrachial nucleus 1(6%)
Nucleus of the solitary tract 1(6%)
VLRM 1(6%)
Medullary raphe 2(11%)
Score [median (IQR)] 2(1-3)
T2 lesions count [median (IQR)]
Tortal 22 (12-39)
Supratentorial 16 (8-33)
Brainstem 1(0-4)
Cerebellum 0(0-1)
Spinal 2(1-5)
Any gadolinium enhanced lesion [absolute (%)] 4(22)
Any T1 black holes [absolute (%)] 15(83)

VLRM: ventrolateral reticular formation of the medulla lesion; raphe: medullary raphe le-
sion; Total: total number of lesions; T2: T2-weighted:; T1 black holes: T1-weighted gado-
linium enhanced lesions. Results are in absolute (percentage) or median and interquartile
range IQR (P25-P75), as appropriate.

4. Discussion

We are unware of similar MS studies with combination of clinical,
classical and newer autonomic tests, as well as imaging findings. Our
study found evidence of sympathetic and parasympathetic AD in MS pa-
tients as compared to healthy subjects.

Table 2

Comparison of autonomic test and symptoms scores between MS and control group.
Parameters MS group Control group p Value
Baseline hemodynamic data
SBP 120 (112-139) 125 (117-139) 0.416
DBP 56 (46-67) 56 (51-62) 0.990
HR 70.5 (64-73) 64.5 (59-75.25) 0.525
Ewing battery tests
E:I ratio (bpm) [score] 18 (14-26) [1 (0-1)] 26 (18-34) [0 (0-0)] 0.063 [0.108]
Valsalva ratio [score] ] 8 (1.6-2.1) [0 (0-0)] 1.8 (1.7-2.4) [0 (0-0)] 0.765 [0.989]
30:15 ratio [score] 3 (1.2-1.6) [0 (0-0)] 1.5(1.2-1.7) [0 (0-0)] 0.313 [0.799]
Standing (mm Hg) [score] 7 (0—12) [0 (0-1)] —1(—6-10) [0 (0-0)] 0347 [0.429]
[sometric test (mm Hg) [score] 7 (4-11) [2 (1-2)] 16 (10—22) [0 (0-2)] 0.002 [0.006]
Total score 3(2-3) 1(0-2) <0.001
Spontaneous baroreflex sensitivity (BRS)
BRS up (ms/mmHg) 11.8 (8.7-15.2) 17.4(10.5-27.0) 0.192
BRS down (ms/mmHg) 14.6 (9.6-25.7) 18.6 (14.6-28.4) 0.238
BRS (ms/mmHg) 13.2 (9.7-18.6) 18.8(13.3-23.7) 0.365
LF gain (ms/mmHg) 7.6 (5.0-11-1) 11.6 (5.4-18.8) 0.640
HF gain (ms/mmHg) 6.2 (4.2-9.5) 7.1 (6.0-10.0) 0.277
Heart rate variability (HRV)
SDNN (ms) 326 (27.8-43.2) 50.2 (40.0-72.2) 0.007
rMSSD (ms) 300 (20.8-37.8) 52.2 (30.5-62.5) 0.028
pNN50% (ms) 0 (0.6-13.1) 20.6 (7.4-37.2) 0.011
LF: 0.04-0.15 Hz (ms?) 205 8 (179.1-328.6) 605.9 (254.9-1768.9) 0.024
HF: 0.14-0.40 Hz (ms?) 256.3 (130.1-521.7) 1027.4 (295.2-1497.0) 0.021
Total power 931 6 (644.4—1268.1) 2222 3 (895.4-4441.1) 0.052
LFnu 5 (0.3-0.6) 5 (0.4-0.6) 0.758
HFnu 5 (0.3-0.6) 5 (0.4-0.6) 0.765
LF/HF ratio 2(0.5-2.2) 1.0 (0.6-1.8) 0.689

Bpm: beats per minute; mmHg: millimeters of mercury; ms: milliseconds; SBP: systolic blood pressure; DBP: diastolic blood pressure; E:I: expiratory to inspiratory, LF: low frequency; HF:
high frequency; nu: normalized; BRS: spontaneous baroreflex sensitivity.
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Short-term HRV analysis was the most robust AD test, since it was
fairly consistent across multiple parameters. MS patients showed re-
duced autonomic activity in both time and frequency domains. While
time domain concerns parasympathetic ANS, frequency domain tries
to discriminate sympathetic (LF band) from parasympathetic (HF
band) dysfunction. A preserved LF/HF ratio suggests that both systems
are equally affected, which agrees with other studies [23-25]. Short-
term HRYV attractiveness relies in the fact that it takes just 5 to 10 min
of resting ECG recording, contrary to the relatively cumbersome and
Ewing battery. Unlike HRV, BRS did not differ between MS and healthy
subjects. HRV predominantly measures tonic vagal activity, while BRS
assesses reflex vagal activity [26] and so, our MS patients may have a
lower tonic parasympathetic activity while maintaining a well-pre-
served baroreflex function. BRS dysfunction has been implied in fatal ar-
rhythmia in the elderly and after myocardial infarctions [22]; in fact,
cardiovascular disorders are clinical features rarely seen in MS [27].

Ewing battery did not reveal significant dysfunction in MS patients.
Only the handgrip test revealed blunt blood pressure response to iso-
metric contraction in a significant amount of MS subjects (75%), which
indicates sympathetic dysfunction, but also in 25% of controls. Other
studies obtained similar results with this manoeuvre [1,2,12]. Handgrip
test is highly dependent on voluntary effort and its results could be re-
lated to fatigue and worst physical condition of MS patients, instead of
sympathetic dysfunction [28].

Compared to other studies our MS sample was smaller, had a global-
ly low EDSS [3,4,12] and low disease duration [1,12], which might ex-
plain the absence of overt sympathetic failure with orthostatic
hypotension, as previously reported [2,29]. Yet, in line with the litera-
ture, we found no correlation of autonomic tests results with disease se-
verity (EDSS) [1,4,27] or duration [24,27].

We have not found any association between CAN affection and auto-
nomic test results, except for insula. Interestingly, insular lesions associ-
ated with higher LF/HF ratio. This shifting to a predominance of
sympathetic tonus was already described following right insular cortex
ischemic infarction [30]. To our knowledge, this has not been described
in MS before.

A possible limitation of our method is the fact that we retrospective-
ly analysed white matter lesions near these structures and not locus it-
self. More sensible MRI sequences could be more clarifying on this
regard.

Also, we didn't assess sudomotor function, as other authors do when
studying AD in MS [1,2,4,11]. Evaluation of sudomotor dysfunction in
MS faces major challenges. Most quantitative studies rely on postgangli-
onic sympathetic cholinergic evaluation, which is not presumed to be
affected by MS. Sympathetic skin response (SSR) has been well charac-
terized before in MS, being abnormal in 29-45% of MS patients [2,11]
and associating with brainstem involvement [31]. However, since it re-
lies on supraspinal reflex pathways, caution must be taken when con-
sidering its autonomic testing specificity. Thermoregulatory sweat
test, which incorporates central autonomic control assessment, is limit-
ed to highly specialized centres and not clinically available. Neverthe-
less, it was recently found that sweat glands have decreased function
in moderate to severe MS patients, presumably due to central chronic
deregulation [32]. This warrants further investigation in future studies
and quantitative sudomotor function should also be addressed instead
of cardiovascular autonomic testing.

5. Conclusions

In our MS patients, autonomic dysfunction was not associated with
disease duration, its severity and lesion burden. In our cohort, simple
autonomic tests like short-term heart rate variability analysis can reveal
autonomic impairment more appropriately than classical cardiovascu-
lar assessment. Despite the mentioned limitations, our study empha-
sizes that clinicians should be aware of autonomic dysfunction early in
the course of the disease.
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