
Abstract-Local heating causes an increase in skin blood flow 
by activating sensory axon reflex and metabolic nitric oxide 
controls.  It has been observed that the remote skin area 
without temperature changes also shows a slightly increase in 
blood flow. The responsible mechanism of this indirect 
vasodilation remains unclear. We hypothesized that the remote 
skin area will have enhanced synchronization of blood flow 
oscillations (BFO), thus inducing a vasodilatory response. We 
studied BFO in two sites separated 10cm of the sacral skin in 
12 healthy people. Ensemble empirical mode decomposition 
method was used to decompose blood flow signals into a set of 
intrinsic mode functions (IMFs), and an IMF was selected to 
quantify each of myogenic, neurogenic, and metabolic modes of 
BFO. Then the instantaneous phase of the mode was calculated 
using the Hilbert transform. From the time series of phase 
difference between a pair of characteristic modes, we detected 
the epochs of phase synchronization and estimated the level of 
statistical significance using surrogate time series. The results 
showed that phase synchronization between neurogenic BFO 
was significantly higher in the period of the maximal 
vasodilation. We also observed a weak synchronization 
between myogenic BFO of the two skin sites. Our results 
suggested that synchronization of BFO may be associated with 
the changes in skin blood flow at the non-heated site.  

I.  INTRODUCTION 
he study of skin microcirculation has been shown to be 
useful to assess risk for pressure ulcers [1-4]. Recently, 

skin blood flow response to local heat has been used to 
assess microvascular regulation using wavelet analysis [2, 5, 
6]. These studies showed that metabolic nitric oxide is 
responsible for the maximal vasodilatory response and can 
be assessed by BFO in the frequency band at 0.0095-0.02 
Hz. It is observed that the remote skin site without 
temperature changes also shows a slightly increase in skin 
blood flow (Fig. 1). Local heating applied at the sacral skin 
can induces a biphasic increase in blood flow (Fig. 1a) and a 
remote site (not under thermal stress) also shows a slightly 
increase in blood flow (Fig. 1b). The physiological 
mechanism responsible for this non-thermal induced 
vasodilation remains unclear. Based on our previous studies 
in BFO, we hypothesized that enhanced synchronization of 
BFO may be the responsible mechanism. 

 
Fig. 1.  Influence of local heat on skin blood flow at a nearby site. (a) 
A heating probe was used to heat the sacral skin to 42˚C in 2 minutes 
and to maintain that temperature for 50 min, inducing a biphasic 
vasodilation.  (b) At a site 10 cm horizontally lateral to the sacrum, 
skin blood flow showed a slightly increase. 
 
BFO reflects five physiological control mechanisms of 

skin microcirculation, including cardiac, respiratory, 
myogenic, neurogenic, and metabolic activity [7, 8], with 
the corresponding frequency around 1 Hz, 0.2 Hz, 0.1 Hz, 
0.04 Hz, and 0.01 Hz, respectively [7, 9]. It has been found 
that the heart and respiratory oscillations are synchronized 
[7, 10]. BFO generated by cardiac and respiratory systems 
are self-synchronized throughout the entire cardiovascular 
network [8]. For myogenic oscillations are only weakly self-
synchronized [8]. 

Synchronization is a phenomenon that occurs when two 
or more nonlinear oscillators are coupled [10]. Phase 
synchronization means a certain relationship between the 
phases of interacting systems, while the amplitudes can 
remain uncorrelated [8]. The notion of synchronization has 
been used to analyze the interaction between physiological 
systems or subsystems, such as cardio-respiratory coupling 
[10] and cerebral blood flow regulation [11]. Different 
measures of synchronization have been proposed, including 
cross correlation or coherence function, mutual information, 
nonlinear interdependences, and phase synchronization [12, 
13]. It was reported that these measures gave a similar 
tendency in synchronization levels [12, 13].  

In this paper, we validate and develop an approach for 
detecting self-synchronization of myogenic, neurogenic, and 
metabolic BFO. It consists of three steps: extraction of the 
characteristic modes of BFO using the ensemble empirical 
mode decomposition (EEMD) method [14],  calculation of 
the instantaneous phase of the modes using the Hilbert 
transform [15], and detection of phase synchronization 
epochs. Since the third step involves the choice of 
parameters [16], we tested the algorithm using the coupled 
Rössler systems.  
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II.  MATERIALS AND METHODS 

A. Experimental Data Sets 
12 healthy subjects (age 25.3±5.4 yrs (mean ± standard 

deviation), 4 males and 8 females, body mass index 
23.2±2.4 kg/m2) were recruited into this study. Subjects 
were in a prone position for this experiment. A heating 
probe (Probe 415-242, Perimed AB, Sweden) was used to 
heat the sacral skin to 42˚C in 2 minutes and to maintain 
that temperature for 50 min. Skin blood flow and skin 
temperature at the sacrum and a site 10 cm lateral to the 
sacrum were recorded by another laser Doppler flowmetry 
probe with a 32 Hz sampling rate. 

B. Extraction of Characteristic Modes of BFO 
The myogenic, neurogenic, and metabolic components 

are embedded in BFO, and therefore cannot be measured 
selectively. To extract these components, we applied the 
EEMD method [14] to blood flow signals. This technique is 
based on the assumption that any complicated data set 
consists of a finite and often small number of ‘intrinsic 
mode functions’ (IMFs) that admit well-behaved Hilbert 
transforms [17]. Each of these IMFs represents a frequency-
amplitude modulation in a narrow band that can be related 
to a specific underlying process [17]. By visually inspecting 
the power spectra of the IMFs, one can easily select an IMF 
as the myogenic, neurogenic, or metabolic mode of BFO. 
Fig. 2 shows the obtained IMFs from the blood flow signal 
shown in Fig. 1(a) and their power spectra. In this example, 
the eighth IMF, ninth IMF, and tenth IMF are respectively 
chosen as myogenic, neurogenic, and metabolic modes. 

 
Fig. 2. Intrinsic mode functions (IMFs) obtained by the EEMD 
method and their power spectra. The original data is the blood flow 
signal shown in Fig. 1(a) during heating and recovery period (11-60 
min). Here only the eighth IMF, the ninth IMF, and the tenth IMF are 
shown. By visually inspecting the power spectra of the IMFs, IMF8, 
IMF9, and IMF10 are respectively selected as myogenic, neurogenic, 
and metabolic modes. 

C.  Instantaneous Phase 
From a characteristic mode of BFO, ݔሺݐሻ , the Hilbert 

transform can be used to construct an analytic signal, 
ሻݐ௫ሺݖ ൌ ሻݐሺݔ ൅ ሻݐ෤ሺݔ݅ ൌ ሻ݁௜ఝሺ௧ሻݐሺܣ , where ݔ෤ሺݐሻ  is the 
Hilbert transform of ݔሺݐሻ, defined as [15] 

 

ሻݐ෤ሺݔ                     ൌ ଵ
గ
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where p.v. denotes the Cauchy principal value. The 
instantaneous phase is given by 
 
ሻݐሺ׎                              ൌ ݊ܽݐܿݎܽ ௫෤ሺ௧ሻ

௫ሺ௧ሻ
 .                               (2) 

 
It should be noted that this method is reasonable only when 
the signal ݔሺݐሻ has a narrow frequency band. 

D.  Algorithm for Detection of Phase Synchronization 
Epochs 

For two characteristic modes of BFO, we consider the 
instantaneous phase difference 

 
׎∆                                  ൌ ଵ׎ െ ଶ,                                   (3)׎                      
 
where ׎ଵand  ׎ଶ are the unwrapped instantaneous phases of 
the two modes. The presence of 1:1 phase synchronization 
is defined by the condition |∆׎| ൏  ,In this case .[18] ݐݏ݊݋ܿ
the phase difference ∆׎  fluctuates around a horizontal 
plateau.  

To detect the epochs of phase synchronization, we adopt 
the algorithm proposed by Karavaev et al. [16]. As 
illustrated in Fig. 3(a), for each time moment, ݐ, the slope of 
the linear regression line, α, in the window ሾݐ െ ߬/2, ݐ ൅
߬/2ሿ is calculated. We thus obtain a time series consisting of 
such slopes (Fig. 3(b)). It should be noted that α  is not 
defined for the initial and final regions of the time series of 
phase difference with the duration of ߬/2. Intuitively in a 
region of phase synchronization the phase difference 
fluctuates around a horizontal plateau, resulting in small 
values of |ߙ| . Therefore, an epoch is considered as a 
synchronization epoch if |ߙ| is smaller than a threshold ߜ 
for all time moments in the epoch and the duration of the 
epoch exceeds ܶ seconds.  

 

 
Fig. 3.  Illustration of detection of the epochs of phase 
synchronization. (a) Phase difference between the neurogenic BFO of 
the heating channel (IMF9 in Fig. 2 during 51-60 min) and that of the 
non-heating channel. At each time moment, ݐ, the slope of the linear 
regression line, ߙ, in the window ሾݐ െ ߬/2, ݐ ൅ ߬/2ሿ is calculated. It 
should be noted that ߙ is not defined for the initial and final regions 
of the time series of phase difference with the duration of ߬/2. (b) 
The time series of ߙ. An epoch is detected as a synchronization epoch 
if |ߙ| is smaller than a threshold ߜ for all time moments in the epoch 
and the duration of the epoch exceeds ܶ seconds.  
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The detected epochs of phase synchronization are 
dependent on the parameters, ߬, ߜ, and ܶ. Karavaev et al. 
[16] proposed that the choice of the parameters should be 
guided by the concept that the automatically detected 
epochs should be similar to those identified by visual 
inspection. The authors suggested the use the following 
parameters: τ  is close to the characteristic period of 
oscillations, ܶ is about one to two characteristic periods, and 
ߜ  is about 0.005-0.01. However, we found that the 
parameter ߜ is dependent on the number of data points in 
one characteristic period of oscillations.  

 

E.  Simulation Study on Coupled Model Systems 
To test the reliability of the above algorithm and 

investigate the dependence of the parameters, τ, ߜ, and ܶ on 
the characteristic period of oscillations, let us consider two 
coupled Rössler systems [19] 

  
ሶଵ,ଶݔ               ൌ െ߱ଵ,ଶݕଵ,ଶ െ ଵ,ଶݖ ൅ ଶ,ଵݔ൫ܥ െ  ଵ,ଶ൯ݔ
ሶଵ,ଶݕ               ൌ ߱ଵ,ଶݔଵ,ଶ ൅                                                           ଵ,ଶ                                   (4)ݕ0.15
ሶଵ,ଶݖ               ൌ 0.2 ൅ ଵ,ଶݔଵ,ଶሺݖ െ 10ሻ,                                
 
where the parameters ߱ଵ,ଶ =1± ∆߱  control the frequency 
mismatch and the parameter ܥ  controls the strength of 
coupling [15]. We used ߱ଵ,ଶ=1±0.1 and ܥ from 0 to 0.5 with 
a step of 0.01. The Rössler system has a narrow frequency 
band [13] and the instantaneous phase can be defined 
through the Hilbert transform [15]. To avoid time 
consuming in surrogate tests, the time series of phase 
difference was re-sampled to 8 Hz. Assuming that the 
characteristic frequencies of myogenic, neurogenic, and 
metabolic BFO are 0.1 Hz, 0.04 Hz, and 0.01 Hz, 
respectively [7, 9], the corresponded time series of phase 
difference have approximate 80 points, 200 points, and 800 
points per cycle, respectively. Fig. 4 shows the phase 
difference of two coupled Rössler systems and the 
percentage of phase synchronization, ݏ , for different 
coupling strengths ܥ. The results indicate that the algorithm 
described in section D can reliably detect epochs of phase 
synchronization and that the parameter ߜ  should decrease 
with the number of data points in one characteristic period 
of oscillations. 

F.  Application to Blood Flow Data 
Skin blood flow at the heated site showed a biphasic 

response (Fig. 1a). The first peak is mediated by axon reflex 
mechanism and the second peak is mediated by nitric oxide 
mechanism [20]. Therefore, phase synchronization between 
two characteristic modes of BFO may be different in 
different periods. We employed the following steps. 

(i) Detect all epochs of phase synchronization using the 
algorithm described in section D. For myogenic BFO, we 
used ߬=6 s, 0.015=ߜ, and ܶ=8 s; for neurogenic BFO, we 
used ߬=15 s, 0.008=ߜ, and ܶ=20 s; for metabolic BFO, we 
used ߬=45 s, 0.002=ߜ, and ܶ=60 s. 

 

 
Fig. 4.  Phase difference of two coupled Rössler systems (a, c, e) and 
the percentage of phase synchronization versus the strength of 
coupling (b, d, f).  

 
(ii) Calculate the percentage of phase synchronization, ݏ, 

in the following time intervals: 11-20 min, 21-30 min,…, 
51-60 min. 
 

G.  Estimation of Statistical Significance of Results   
Because spurious phase synchronization can be detected 

even in the case of completely uncorrelated phases, we 
assessed the statistical significance of the obtained results 
using surrogate time series. First, for each of a pair of 
characteristic modes of BFO, we generated a surrogate time 
series by performing a Fourier transform on the mode, 
preserving the amplitudes of the Fourier transform but 
randomizing the phases, and then performing an inverse 
Fourier transform. Then the percentage of synchronization 
in the five time intervals was calculated. We repeated this 
procedure 1000 times and thus obtained a distribution, ܲሺݏሻ, 
of phase synchronization estimates for unsynchronized 
signals. As illustrated in Fig. 5, the level of statistical 
significance, ݌, for a percentage of phase synchronization, 
 ଴, calculated from experimental data was estimated as theݏ
ratio of the area under the distribution curve ܲሺݏሻ 
corresponding to ݏ ൒ ଴ݏ  to the entire area under the 
distribution curve. When 0.05>݌, the percentage of phase 
synchronization, ݏ଴ , was considered to be statistically 
significant. 

 
Fig. 5.  Estimation of the level of significance of results calculated 
from real data. It is defined as the ratio of the area under the 
distribution curve ܲሺݏሻ  corresponding to ݏ ൒ ଴ݏ  to the entire area 
under the distribution curve. The real data is the time series of phase 
difference shown in Fig. 3(a).  
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III.  RESULTS AND DISCUSSION 
Fig. 6 (a) shows the normalized skin blood flow 

(normalized to the baseline) at the non-heated site. The 
results of percentage of phase synchronization of myogenic 
and neurogenic BFO as well as surrogate time series are 
shown in Fig. 6 (b), (c). Particularly, during 11-20 min, 
values of the percentage of phase synchronization, ݏ , for 
either myogenic BFO or neurogenic BFO were comparable 
with that of surrogate data, indicating no phase 
synchronization existed in this period. On the contrary, 
during 51-60 min, values of ݏ  for neurogenic BFO were 
much higher than for surrogate data, and the level of 
statistical significance was lower than 0.05 in 10 subjects 
among the 12 subjects. In the other time intervals, i.e. 21-30 
min, 31-40 min, and 41-50 min, although values of ݏ were 
also higher for real data than for surrogate data, the 
differences were less significant. For metabolic BFO, We 
did not observe phase synchronization. The values of ݏ for 
real data were comparable with those for surrogate data. 

The observed flow increase at the non-heated site might 
also be due to other reasons, for example flow mediated 
dilation in an upstream larger vessel supplying both skin 
areas. To confirm our hypothesis, further studies may be 
needed. If local heating can induce an increase of blood 
flow in any skin area around the heated skin and there exists 
synchronization between BFO in the two skin areas, we may 
confirm that it is the synchronization that induces the 
vasodilatory response at the non-heated site. 

 
Fig. 6.  (a) Normalized skin blood flow (normalized to the baseline) at 
the non-heated site. Values are means±SE. (b), (c). Percentage of 
phase synchronization for real data (blank bars) and surrogate data 
(filled bars). Values are means±SE. For each pair of myogenic or 
neurogenic modes of BFO, 1000 pair surrogate time series were 
generated. 

IV.  CONCLUSION 
Our results indicated the existence of self-synchronization 

of myogenic and neurogenic BFO, which may be associated 
with an increase of skin blood flow at the non-heated site. 
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