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Abstract

Laser Doppler Flowmetry (LDF) is a non-invasive technique used to assess microvascular flow oscillations. Skin
microcirculation has been shown to contain oscillation components with characteristic frequency ranges. These are
related to heart, respiration, and myogenic, sympathetic and metabolic activities. So, the evaluation of each component
in time may hold important information regarding blood flow physiology. LDF measurements were done at the ankle of
9 female healthy subjects during ankle perfusion restriction using a cuff. Wavelet Transform and Detrended Fluctuation
Analysis (DFA) were applied to LDF signals to derive component’s amplitude ratios and a exponents. Parameters were
compared in rest, during perfusion restriction, and in recovery after the cuff release. During perfusion restriction a
significant increase of heart, respiratory and myogenic components' parameters was observed, suggesting
vasoconstriction. Metabolic parameters exhibited a decrease that could be related to NO release changes from the
endothelium. Finally, after cuff release a recovery of both amplitude ratios and a exponents was noted, particularly in the
respiratory, myogenic and metabolic components. Combined analysis of wavelet component amplitudes with DFA-
derived exponents can provide anew and more complete picture of microvascular blood-flow regulation.

Keywords: Laser Doppler Flowmetry; Wavelet analysis; Detrended Fluctuation Analysis; Microcirculation; Skin
flow

Resumo

A Fluxometria por Laser Doppler (LDF) é uma técnica ndo invasiva usada para medir o fluxo microvascular da pele
humana. No fluxo é possivel isolar componentes oscilatorias em gamas de frequéncias caracteristicas que se encontram
relacionadas com as actividades cardiaca, respiratoria, miogénica, simpatica ¢ metabodlica. A LDF permite assim
estudar a fisiologia do fluxo sanguineo. Neste trabalho foram realizadas medi¢des de LDF nos tornozelos de 9 mulheres
saudaveis numa situacdo de restricao a perfusdo, usando uma bragadeira nos tornozelos. Os dados foram analisados com
Transformada de Wavelet e Detrended Fluctuation Analysis (DFA) de modo a estudar os racios das amplitudes das
componentes de Wavelet e os respectivos expoentes . Estes parametros foram comparados nas situag¢des de repouso, de
restricdo a perfusdo e de recuperacao apds remocgao da bragadeira. Observou-se que durante a restri¢do a perfusao houve
um aumento significativo dos racios de amplitude e dos expoentes a para as componentes cardiaca, respiratoria e
miogénica, o que pode reflectir vasoconstricdo. Os pardmetros da componente metabdlica apresentaram uma
diminuicdo que se pode relacionar com variagdes na libertagdo de NO por parte do endotélio. Apds a libertacdo da
bracadeira, os parametros das componentes respiratdria, miogénica e metabodlica retornaram aos valores iniciais. A
analise combinada de Wavelet com DFA oferece uma nova visao sobre a regulacao do fluxo microvascular.
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Introduction

Laser Doppler Flowmetry (LDF) is a technique based
on the Doppler effect:- laser light impinging any
moving scattering object undergoes a very small
frequency shift that can be measured. Thus, the output
of LDF can be used to obtain information regarding the
flux of red blood cells in vessels. Hence, the technique
is able to assess blood flow physiology and also it can
be used as a complementary diagnostic tool ",

In particular, LDF has been used to record human skin
microvascular blood flow. Measured signals were
shown to be comprised of several components at
characteristic frequency ranges. These are related to
the heart (0.6-2Hz), respiration (0.15-0.6Hz),
myogenic activity in the vessel wall (0.052-0.15Hz),
sympathetic activity (0.021-0.052Hz) and endothelial
metabolic activity (0.0095-0.021Hz) . Additionally,
the individual frequency components were observed to
have a time-varying behavior. In fact, blood flow
signals are typically non-stationary and complex in
nature, showing fractal properties.

Wavelet analysis is a tool that is particularly suited for
the study of time and frequency varying signals. In
particular, wavelet analysis can be used with non-
stationary signals, providing localized temporal and
frequency information "

Fractal properties can be assessed using Detrended
Fluctuation Analysis (DFA). This method provides a
measurement of statistical self-affinity (expressed by
the a exponent), and can be applied to non-stationary
signals ™.

Both wavelets *** and DFA """ methods have been
applied to the study of microvascular skin blood flow.
These studies were focused on the effects of
acetylcholine " and heating ™" induced vasodilation in
blood flow. Specific conditions such as anesthesia
strenuous physical activity ", hypertension * and
hypertension treatment ', and risk for development of
pressure ulcers "” were also evaluated.

Nevertheless, no literature combining both wavelet
and DFA methods was found for skin microvascular
study. The aim of this work was then to apply such a
combined approach for the study of blood flow
dynamics during baseline, perfusion restriction, and
recovery.
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Introducao

A Fluxometria por Laser Doppler (LDF) ¢ uma técnica
baseada no efeito Doppler: a luz laser ao incidir num
objecto em movimento sofre uma pequena variagao de
frequéncia que pode contudo ser medida. Assim, o sinal
obtido com a LDF pode ser usado para obter
informacdo relativamente ao fluxo de células
vermelhas ao nivel dos vasos. Como tal, esta técnica é
capaz de averiguar a fisiologia do fluxo sanguineo,
podendo ainda ser utilizada como uma ferramenta
complementar de diagndstico "',

Em particular, a LDF tem sido usada para registar o
fluxo sanguineo ao nivel da microvasculatura da pele
humana. Os sinais medidos sdo constituidos por varias
componentes, sendo que estas se encontram em gamas
de frequéncias especificas. Estas estdo relacionadas
com a actividade cardiaca (0.6 — 2Hz), respiratoria
(0.15-0.6Hz), actividade miogénica ao nivel da parede
dos wvasos (0.052-0.15Hz), actividade simpatica
(0.021-0.052Hz) e actividade endotelial metabolica
(0.0095-0.021Hz) ®" Para além do mais, cada uma das
componentes em frequéncia foram analisadas
individualmente e foi observado que o seu
comportamento varia no tempo. De facto, os sinais de
fluxo sanguineo sdo tipicamente ndo estaciondrios e
complexos por natureza, apresentando propriedades
fractais.

A analise de Wavelet apresenta-se como uma
ferramenta que ¢ particularmente apropriada para o
estudo de sinais que variam no tempo e em frequéncia.
Em particular, este tipo de analise pode ser usada em
sinais ndo estacionarios, providenciando informagao
localizada a nivel temporal e em frequéncia ™

As propriedades fractais podem ser exploradas
utilizando da Detrended Fluctuation Analysis (DFA).
Este método oferece uma medi¢do de auto-afinidade
estatistica (expressa por um exponente o) € pode ser
aplicado a sinais nio estacionarios

Tanto a analise de wavelets “** como a DFA """ sdo
métodos que ja foram aplicados no estudo da fluxo
sanguineo da microvasculatura. Estes estudos
focaram-se nos efeitos da acetilcolina” e do calor " na
inducdo de vasodilatagao. Condig¢des especificas como
anestesia 7, actividade fisica intensa ", hipertensio "
bem como o seu tratamento “ ou o risco associado ao
desenvolvimento de tlceras de pressio " foram
também avaliados.

Contudo, ndo foi encontrada literatura que combinasse
a analise de wavelet com os métodos de DFA num
estudo da microvasculatura da pele. O objectivo deste
trabalho foi entdo aplicar uma metodologia combinada
para o estudo da dindmica do fluxo sanguineo durante
repouso, uma restrigdo a perfusdo e recuperagdo da
perfusao.



Materials and Methods

This study enrolled 9 healthy female subjects with
meanstandard deviation age of 20.34.0 years. All
subjects gave informed written consent and protocols
conducted in accordance with the Declaration of
Helsinki and respective amendments. LDF
measurements were performed at the ankle site for
each subject during 30 minutes: - 10 min baseline
(resting); 10 min during perfusion restriction of the
ankle with a cuff, and 10 min recovery. Signals were
sampled at 32 Hz and, after a segmentation in 3 time
segments (corresponding to the 3 experimental
conditions), data was analyzed using a home-built
MATLAB script based on MATLAB's Wavelet
toolbox (Mathworks) using the Morlet wavelet and
DFA algorithm (http://
www.mathworks.com/matlabcentral/fileexchange/19
795-detrended-fluctuation-analysis). Prior to analysis,
data non-stationarity was tested using the
Kwiatkowski—Phillips—Schmidt—Shin (KPSS) test.
Frequency components from wavelet decomposition
were analyzed regarding amplitude ratios (mean
amplitude of each component over the total signal
amplitude). Each component time-series was also
subsequently analyzed using DFA and o exponents
derived. Group comparison between data segments
(baseline, perfusion restriction, and recovery) was
done regarding amplitude ratios and o exponents for
each frequency component by using paired t-test or
Wilcoxon test, according to variable normality as
assessed by the Shaprio-Wilk test.

Results and Discussion

Data from all subjects were shown to be non-stationary
according to the KPSS test, confirming that using both
wavelet and DFA methods for microvascular blood
flow study was adequate.

The LDF signal for a representative subject is depicted
in figure 1. A large decrease in signal amplitude was
observed after cuff inflation, corresponding to an
expected perfusion restriction. In figure 1 the LDF
signal power spectrum is also depicted, where the
different phenomenological frequency ranges were
observed as expected. Also, larger power amplitudes
corresponded to lower frequencies, in particular, to
endothelial metabolic and sympathetic activities. On
the other hand, very small power amplitudes were

Human microcirculation analysis
Andlise da microcirculagdo humana

Materiais e Métodos

Este estudo envolveu 9 mulheres saudéveis com uma
idade média desvio padrdo de 20.3 4.0 anos. Todos os
sujeitos deram o seu consentimento informado por
escrito, sendo todos os protocolos desenvolvidos de
acordo com a Declaracdo de Helsinki e respectivas
emendas. As medi¢coes de LDF foram executadas no
local do tornozelo em cada um dos individuos durante
um periodo de 30 minutos - 10 minutos de repouso; 10
minutos com restrigdo de perfusdo ao nivel do
tornozelo com o auxilio de uma bragadeira, ¢ 10
minutos de recuperacgao. Os sinais foram amostrados a
32 Hz e, apds segmentacgdo nos 3 segmentos temporais
(correspondentes as 3 condigdes experimentais), os
dados foram analisados usando um script em
MATLAB baseado em MATLAB Wavelet toolbox
(Mathworks) com a wavelet Morlet e o algoritmo de
DFA (http:/
/www.mathworks.com/matlabcentral/fileexchang
€/19795-detrended-fluctuation-analysis).
Previamente a analise, a ndo estacionaridade dos dados
foi testada com o teste de
Kwiatkowski—Phillips—Schmidt—Shin (KPSS). As
componentes em frequéncia resultantes da
decomposi¢do de wavelet foram analisadas
relativamente a racios de amplitude (amplitude média
de cada uma das componentes sobre a amplitude total
do sinal). A série temporal de cada componente foi
posteriormente analisada utilizando a DFA e os
exponentes o foram calculados. As comparagdes em
grupo entre segmentos (repouso, restri¢ao de perfusao
e recuperagdo) foram realizadas relativamente aos
racios de amplitude e expoentes o para cada uma das
componentes de frequéncia utilizando um teste t
emparelhado ou teste de Wilcoxon, conforme a
normalidade das varidveis avaliada pelo teste Shapiro-
Wilk.

Resultados e Discussao

De acordo com o teste KPSS os dados de todos os
individuos revelaram ser ndo estacionarios,
confirmando utilizagdo adequada dos métodos de
wavelet ¢ DFA no estudo do fluxo sanguineo
microvascular.

O sinal de LDF para caso representativo é apresentado
na figura 1. Observou-se uma grande diminui¢do na
amplitude do sinal apds o enchimento da bragadeira, o
que corresponde a restricdo da perfusdo esperada. Na
figura 1 também se encontra representado o espectro de
poténcia do sinal, onde as diferentes gamas de
frequéncia fisiologicas foram observadas tal como
seria expectavel. E ainda visivel que maiores
amplitudes de poténcia correspondem a gamas de
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observed for higher frequencies, namely those related
to the heart pumping and respiration. Myogenic
activity of the vessel walls appears both at medium
frequencies and medium power amplitudes.

frequéncia mais baixas, em particular, as actividades
endotelial metabdlica e simpatica. Por outro lado, para
as frequéncias mais altas foi observado que as
amplitudes de poténcia eram muito pequenas,
nomeadamente as que estdo relacionadas com o
actividade cardiaca e com a respiragdo. A actividade
miogénica das paredes dos vasos aparece a frequéncias
médias e tem também ela uma amplitude de poténcia

média.
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Figure 1 - Top: Laser Doppler Flowmetry (LDF) signal amplitude in time showing the 3
experimental conditions or segments: baseline, perfusion restriction and recovery. Bottom:
LDF power spectrum depicting characteristic phenomenological frequency ranges: heart
(0.6-2Hz), respiration (0.15-0.6Hz), myogenic activity in the vessel wall (0.052-0.15Hz),
sympathetic activity (0.021-0.052Hz) and endothelial metabolic activity (0.0095-0.021Hz).
Data is from a representative subject. (a.u.=arbitrary units; frequency axis is in log10 scale)

Figura 1- Em cima: Amplitude do sinal de Fluxometria de laser Doppler (LDF) ao longo
do tempo onde ¢ possivel distinguir as 3 condigdes experimentais ou segmentos: repouso,
restri¢do de perfusdo e recuperagdo. Em baixo: Espectro de poténcia LDF salientando as
gamas de frequéncias caracteristicas: cardiaca (0.6-2Hz), respiratéria (0.15-0.6Hz),
actividade miogénica das paredes dos vasos (0.052-0.15Hz), actividade simpatica (0.021-
0.052Hz) e actividade endotelial metabdlica (0.0095-0.021Hz). Os dados sdo relativos um
sujeito representativo. (a.u.=unidades arbitrarias; eixo de frequéncia ¢ numa escala de

log10)
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Figure 2 shows the different wavelet component's
time-series. It was observed that each frequency
component varies in time, underlying a complex
behavior.
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A figura 2 representa as diferentes séries temporais das
componentes de wavelet. Foi possivel observar que
cada componente de frequéncia varia no tempo,
apresentando um comportamento complexo.

Rgcovery
Heart

CSplI'atIOIl

Myogemc

y — j"f'r‘ !ff*ﬂfﬁiﬂg‘lﬂﬁlﬁ”‘w

Sympathetic
N

M
N“W.‘l"‘ r. '

i | Metabol:c
i A ; \ f

Figure 2 - Amplitude over time of each wavelet frequency component: heart (0.6-
2Hz), respiration (0.15-0.6Hz), myogenic activity in the vessel wall (0.052-
0.15Hz), sympathetic activity (0.021-0.052Hz) and endothelial metabolic activity
(0.0095-0.021Hz) obtained for each experimental condition: baseline, perfusion
restriction and recovery. Data is from a representative subject. (a.u.=arbitrary units).
Figura 2 - Amplitude ao longo do tempo para cada uma das componentes de
frequéncia: cardiaca (0.6-2Hz), respiratodria (0.15-0.6Hz), actividade miogénica das
paredes dos vasos (0.052-0.15Hz), actividade simpatica (0.021-0.052Hz) e
actividade endotelial metabolica (0.0095-0.021Hz) obtida para cada uma das
condi¢des experimentais: repouso, restricdo da perfusdo e recuperagdo. Os dados
sdo relativos a um sujeito representativo. (a.u.=unidades arbitrarias)

Results from amplitude ratios and o exponents for each
wavelet component are summarized in table 1 and
visually illustrated in figure 3. The different frequency
components not only had different wavelet amplitude
ratios but also different o exponents. Nevertheless, all
components showed o >0.5, translating positive self-
correlated signals. This means that if there is an

Os racios de amplitude e expoentes o para cada uma
das componentes de wavelet encontram-se
sumarizados na tabela 1 e representados graficamente
na Figura 3. Verificou-se que as diferentes
componentes em frequéncia ndo s6 tém diferentes
racios de amplitude de wavelet como também
diferentes expoentes o.. Contudo, todas as
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increase in the physiological response of one of the
components, then it is more likely that subsequent
increases in response would be observed "
Additionally, metabolic and sympathetic activity
components showed the highest amplitude ratios,
meaning that LDF signals were mainly from metabolic
and sympathetic origin. Furthermore, these frequency
components also showed the highest DFA o
exponents, translating non-stationary correlated
signals of the fractional Brownian motion type .
Metabolic mean values of a~1.8 >1.5 reflect long-
range correlations, which can be deterministic and not
necessarily stochastic in nature. Sympathetic o ~1.4,
on the other hand, could reflect a physiological process
with characteristics closer to Brownian noise (o= 1.5).
Finally, heart, respiration and myogenic activity
components showed a~1.0 at the baseline (resting)
condition, meaning that these phenomena have a 1/f or
pink noise behavior. These are phenomena for which
power or amplitude changes inversely with the
frequency. This is what was observed for these
components.

componentes apresentam o>0.5, traduzindo auto-
correlagdes positivas. Como tal isto significa que caso
exista um aumento da resposta fisiologica de uma das
componentes entdo ¢ bastante provavel que um futuro
aumento na resposta volte a ser observado . As
componentes de actividade metabdlica e simpatica
apresentam os maiores valores para os racios de
amplitude, o que leva a concluir que os sinais de LDF
sdo maioritariamente de origem simpatica e
metabdlica. Estas componentes de frequéncia também
apresentam os maiores valores para os expoentes o da
DFA, o que se significa que estes s3o sinais
correlacionados nao estacionarios do tipo movimento
Browniano fractal "

Os valores médios de a~1.8>1.5 para a actividade
metabdlica reflectem correlagdes de longo alcance, que
pode ser deterministicas ¢ ndo necessariamente de
natureza estocastica. Por outro lado, o expoente a~1.4
da actividade simpatica pode traduzir um processo
fisioldgico com caracteristicas proximas do ruido
Browniano (o=1.5). Por fim, as componentes das
actividades cardiaca, respiratéria e miogénica
obtiveram um a~1.0 na condi¢do de repouso, o que
significa que estes fenomenos tém um comportamento
do tipo 1/f. Estes sdo fendmenos para os quais a
poténcia ou amplitude varia inversamente com a
frequéncia, sendo que tal foi observado para estas
componentes.

Table 1 - Averagestandard deviation group values of ratios of Wavelet amplitudes and o exponents derived form
Detrended Fluctuation Analysis (DFA) for each wavelet component. Significant differences between segment
pairs: ‘baseline/restriction p<0.05; "baseline/recovery p<0.05; ‘restriction/ recovery; p<0.05; ‘baseline/restriction
p<0.001; ‘restriction/recovery; ‘baseline/ restriction p<0.005.

Tabela 1 - Média desvio padrdo dos valores de grupo dos racios das amplitudes de Wavelet ¢ dos expoentes o
resultantes da Detrended Fluctuation Analysis (DFA) para cada componente de wavelet. Diferencas significativas
entre pares de segmentos: ‘repouso/restri¢ao p<0.05; ‘repouso/recuperagio p<0.05; ‘restri¢io/ recuperagio p<0.05;
‘repouso/restri¢ao p<0.001; ‘restriio/recuperacio; repouso/ restri¢ao p<0.005.

Wavelet amplitude ratios (%)

DFA o exponent

Racios de amplitudes das waveélets (%) Expoente a. DFA
Comp onent Baseline Restriction Recovery Baseline Restriction Recovery
Componente Baseline Restri¢do Recuperagdo Baseline Restri¢ do Recuperagdo
Heart - 0.07+0.03® 0.18+0.10° 0.09+0.05° 0.96+0.10 1.01+£0.07° 0.92+0.09¢
Coragdo
Respiration 0.49+0.14° 1.48+0.64° 0.64+0.29° 1.03+0.08" 1.30+0.06% 1.08+0.08
Respiragdo
Myogenic 4.35+1.66' 6.06+1.92° 4.74+1.06 0.99+0.12 1.1040.06" 1.0840.19
Miogénica
Sympathetic 20.58+3.12 21214274 19.75+5.28 1.4120.09 1.404£0.07 1.440.09
Simpatico
Metabth 73.9243.99* 70.45+4.57% 74.1845.68 1.81£0.04 1.77+0.06 1.754£0.08
Metabolica
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Figure 3 - Plot showing Detrended Fluctuation Analysis (DFA) o exponents vs Wavelet
amplitude ratios (abscissa axis in logl0 scale). The different frequency components are
indicated by colors (heart=blue; respiration=green; myogenic=gray; sympathetic=purple;
and metabolic=red), and the different segments are indicated by symbols (baseline=filled
circles; perfusion restriction=open squares; recovery=filled diamonds). Also, dashed lines
foralpha=1 (1/fnoise) and alpha=1.5 (Brownian noise) are shown for referencing.

Figura 3 - Grafico onde sdo apresentados os expoentes o da Detrended Fluctuation Analysis
(DFA) vs os racios de amplitude de Wavelet (o eixo das abcissas esta na escala logl10). As
diferentes componentes da frequéncia estdo indicadas por cores (coragdo=azul;
respiracdo=verde; miogénica=cinzento; simpatica=roxo; metabdlica=vermelho), e os
diferentes segmentos sdo indicados pelos simbolos (repouso=circulos preenchidos; restri¢ao
da perfusdo=quadrados abertos; recuperagdo=diamantes preenchidos). Sdo ainda visiveis
linhas para alpha=1 (ruido 1/f) e alpha=1.5 (ruido Browniano) usadas como referéncia.

Regarding the analysis of the different experimental
conditions it was observed that during perfusion
restriction there was a significant increase of the
amplitude ratios and o exponents of heart, respiratory
and myogenic components. This behavior can be
related to vasoconstriction observed after perfusion
restriction. In parallel, a decrease in metabolic activity

No que diz respeito a analise das diferentes condi¢des
experimentais foi possivel verificar que durante a
restricdo da perfusdo ocorreu uma diminuicao
significativa dos racios de amplitude bem como dos
expoentes o das componentes cardiaca, respiratoria e
miogénica. Este comportamento pode ser relacionado
com a vasoconstri¢ao observada apos arestri¢ao da
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was observed, and this can be related to changes in NO
release from the endothelium. In the recovery segment,
after cuff release, a return to baseline values was
observed, although a significant difference (p<0.05)
was still observed in the heart activity. Finally, contrary
to what was expected no significant changes were
observed for the sympathetic component. This could
probably result from the reduced sample dimension
here studied.

Conclusions

The combined approach of wavelet analysis and DFA
have shown potential to become a complementary tool
for analyzing vasomotion in LDF signals. In particular,
it could contribute to a better characterization of the
different systems and phenomena regulating
microvascular blood flow, and distinguish between
different physiological or medical conditions.
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