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The potential disturbance in the prefrontal cortex hemodynamic signal measured by functional near

infrared spectroscopy (NIRS), due to forehead skin flowmotion, detected by laser Doppler flowmetry,

was investigated by a standard protocol of hemodynamic challenge by Valsalva maneuver, aimed at

assessing and disentangling local regulatory responses in skin vasomotion and in cerebral perfusion in

presence of a strong systemic drive, and to quantify the common information in the two signals. The

deep cortical NIRS signal did not appear to be affected by surface vasomotor activity, and autoregula-

tion dynamics were dominant with respect to autonomic control of circulation.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Functional Near Infrared Spectroscopy (fNIRS) is an emerging
tool for non-invasive monitoring of changes of oxy- and deoxy-
hemoglobin (Hb) concentrations in human tissues. Neurological
applications of fNIRS have been widely exploited in the last decade
[1–3]. The NIRS measurement is based on the diffusion of photons
belonging to the near infrared region of the light spectrum through
the skull and the different absorption spectra of oxy- and deoxy-Hb.
The processing of the detected signals enables to extract the
functional hemodynamic response, analog to the one measured in
functional magnetic resonance imaging (fMRI). An open issue in
the assessment of the relationship between the fNIRS signal and
the functional response of the prefrontal cortex is represented by
the need for an accurate and reliable methodology to disentangle
global hemodynamic changes and cerebrovascular autoregulation
from functional changes, being the latter related to cortical activa-
tions in response to proper stimuli or tasks and the former to
cardiovascular (CV) autonomic and local regulation. Models based
on time-resolved measures have been recently proposed to separate
the confounding effects conveyed by skin flow from cortical activity,
which can be traced back to early and late photons detected by
fNIRS measurements, respectively [4,5,32].
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However, a few assumptions underlying these models need more
evidence in their support, as their validation has been mainly carried
out by comparing the information extracted from fNIRS and fMRI
measurements. An alternative option may entail the assessment of
the optical response of different layers of the head: to fulfill this
purpose, prefrontal cortex hemodynamics can be monitored by
fNIRS, while flowmotion of the superficial layers of the forehead
and temples skin can be measured by laser Doppler flowmetry
(LDF) [6].

LDF provides continuous, non-invasive monitoring of micro-
circulatory blood flow dynamics, or vasomotion, or flowmotion, in
the skin [7,8], investigating volumes of approximately 1 mm3,
while penetrating to a depth of 1–2 mm.

Stefanovska and colleagues [9] extracted and discussed the
information on local haemodynamics conveyed by the LDF signal,
pointing out the relationship with the classical CV spectral bands.
Several studies [10–18] thoroughly investigated the information
related to local hemodynamics and vasomotor regulation in
conditions of severe stress of the whole CV system, characterized
by the influence of strong systemic stimuli, which drive the main
rhythms of hemodynamic variability through the autonomic
nervous system (ANS).

Stauss et al. [19] specifically focused on the identification of
sympathetic activity in the low frequency (LF�0.1 Hz) band of
the power spectrum of LDF signals and interpreted their results in
comparison with the classical power spectral analysis of systemic
signals (ECG, respiration and arterial blood pressure), thus show-
ing how skin vasomotion can be sympathetically induced and
respond at a frequency around 0.1 Hz in humans. Such findings
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enable to discuss the frequency content of the LDF signal with
respect to the CV variability spectrum; this may be preliminary to
a deeper investigation of the relationship between local and
systemic variabilities. In this regard, we recently proposed to
tackle this problem by means of simulation studies [20].

On the basis of the aforementioned literature, the use of LDF to
disentangle the contribution of peripheral autoregulation to hemo-
dynamic variability from autonomic driven variability appears legit-
imate, therefore suggesting that LDF may help detecting disturbances
carried by surface flowmotion to the functional component of fNIRS
measurements.

To our knowledge, the simultaneous use of fNIRS and LDF
devices was previously proposed in an invasive study on piglets
[21]. Klaessens and coworkers chronically placed LDF probes on
the dura to verify that the content of information in the fNIRS
signal, is not disturbed by the noise due to local autoregulation,
which contributes to the vasomotion signal detected by the LDF.

In this paper, the contemporaneous and non-invasive recording
of LDF and fNIRS signals are proposed with the following goals: (1)
to shed light on the physiological basis of the cross-talk phenomena
between different CV control mechanisms active under stimulation
of the ANS, of brain autoregulation, and of hemodynamic responses;
(2) to estimate the confounding effects in the fNIRS time resolved
signal due to superficial hemodynamics, which may improve the
accuracy of fNIRS in describing cortical hemodynamic activation.
2. Materials and methods

Two experimental protocols were designed for the purpose of
this paper. First, a preliminary protocol was necessary to determine
if either device could be a source of noise and disturbance because of
possible cross-talk phenomena between the two instruments. This
testing phase of the experimental setup allowed to determine the
optimal distance between the two LDF probes and the fNIRS optode.
Then, an experimental protocol of autonomic stimulation for the
disentanglement of hemodynamic effects due to cortex functional
responses and surface skin flowmotion was completed.

Experimental recordings included a time resolved, frontopolar
(Fp2), fNIRS, with an inter-fiber distance of 2 cm and two laser
Doppler flowmetry (LDF) measurements. For further detail about
the fNIRS instruments employed in this work see Re et al. [22].

2.1. Phantom trials

Phantom trials aimed at minimizing the optical interference
between the two sources of signal, notably the disturbance pro-
duced by the LDF emitter on the fNIRS detectors. These trials
allowed to determine that the optimal experimental set-up was
achieved with the fNIRS optode placed in frontopolar (Fp2) position,
with the two LDF probes placed on the left and right temples at a
distance longer than 6 cm from the fNIRS optode, which was also
equipped with two filters around the two wavelengths used in the
fNIRS instrumentation (690 and 829 nm) in order to filter out the
LDF light; nonetheless, uncorrupted measures required the 6 cm
minimum distance.

2.2. Preliminary experiment

Eight healthy volunteers (HV, age 2572), sitting comfortably
in a quiet, conditioned (temperature 2372 1C), dimly lit room
were required to perform a Valsalva Manoeuvre (VM) for a
duration of 15 s. All subjects, who voluntarily enrolled in the
study after signing the informed consent authorization, were non-
smokers and had no history of cardiovascular or respiratory
disorder. Alcohol, caffeine and any drugs were not taken for a
half day before the experiments. The VM was preceded by a
10 min long pre-VM epoch of baseline recordings in conditions of
spontaneous hemodynamic variability, and by a 10 min long
recovery period after Valsalva, to assess the spontaneous vaso-
motor variability and recovery from the strong stimulation
provided by VM, respectively.

The Valsalva maneuver is a widely used procedure for assessing
the integrity of the ANS, in which a subject tries to exhale forcibly
with a closed glottis so that no air exits through the mouth or nose
as, for example, in strenuous coughing, straining during a bowel
movement, or lifting a heavy weight. Specific changes occur in blood
pressure and the rate and volume of blood returning to the heart, as
the maneuver impedes venous return. Therefore, its main conse-
quences on autonomic regulation consist in variations of perfusion
and intrathoracic pressure, and in an increase of heart rate. The raise
of intrathoracic pressure that occurs during the Valsalva maneuver
elicits rapid changes in preload and afterload [23]. Heart rate and
total peripheral resistance, which are increased during the execution
of the maneuver, maintain their higher values in the immediate
aftermath of it.

Since local haemodynamics are characterized by oscillations in
the Very Low Frequency (VLF, fo0.04 Hz) band of the CV
spectrum [9–18], experimental measurements with LDF have to
be performed over sufficiently long intervals. A laser Doppler
flowmeter (780 nm 1 mW) (Perimed AB, Sweden), connected to a
laptop equipped with a data acquisition system (Perimed Sys-
tems, Inc., Sweden) was used to record the temple skin flowmo-
tion measured in relative units (Arbitrary Perfusion Units). Two
coaxial probes (Perimed AB, Sweden) were placed on the right
and left temples with double-sided tape. Prior to the beginning of
the protocol, the subjects adapted to the environment where the
experiment was carried out, sitting on an armchair for at least
10 min after placing the LDF and fNIRS probes on their head.
Baseline recordings of spontaneous vasomotion, in conditions of
spontaneous hemodynamic variability, were acquired for 10 min at
rest. At the end of this baseline period all subjects were asked to
execute a forced expiratory maneuver (VM) for 15 s. Then recovery
baseline recordings followed for 10 min.

The rationale of the preliminary experiment was to validate
that two LDF measurements, apart from the site where the fNIRS
probe is placed, are sufficiently correlated to be assumed as
acceptable surrogates of a LDF measurement in the same location
of the fNIRS measure, which was not possible due to optic cross-
talk between the two devices, and to the disturbance on fNIRS
measurements by LDF. The homogeneity of LDF measurements in
different sites of human face was to be tested because human
face is an heterogeneous microvascular region: angiographic
characteristics of deep horizontal sub-dermal plexus, endothelial
and vascular smooth muscle cell heterogeneity, and plasticity of
the microvasculature, autonomic asymmetry and facial neurop-
sychological asymmetry are possible causes of microvascular
asymmetry [24].

Thus, the preliminary experiment was necessary to assess, by
means of correlation analysis, if perfusion dynamics acquired on
the left and right temples may be averaged in order to reduce the
amount of data during simultaneous acquisition with fNIRS
signals in the main experiment. The good correlation obtained
in the preliminary experiment subsequently enabled to average
the two laser Doppler signals in the main experiment in order to
reduce redundant data (simultaneous acquisition of fNIRS
signals).

The coherence between the two distant LDF signals was
computed from spontaneous variability recordings, during VM
and during recovery from it. This was considered a pre-requisite
for the two LDF signals to provide with a sufficiently reliable
measure of skin flow to the forehead and temples, representative
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of the surface hemodynamic signal in correspondence of the
prefrontal cortex whose perfusion can be detected by a fNIRS
device.

2.3. Autonomic stimulation experiment

The fNIRS optode was placed on the forehead, slightly to the
right of the frontal suture, in Fp2 position, while the LDF probes
were placed on the left and right temples at a distance longer
than 6 cm from the fNIRS optode for the reasons illustrated in the
Section 2.1.

The experimental set-up and the protocol were the same of the
preliminary protocol (10 min of spontaneous variability recordings,
15 s of forced expiratory Valsalva maneuver, 10 min of recovery
to baseline).

Thirteen healthy volunteers (age 2872) were enrolled and
gave their informed consent to participate in the study.

2.4. Signal processing and analysis for the main experiment

Artifact free, approximately 5 min long stationary segments
were selected in pre-VM and post-VM epochs of the acquired data
for both LDF and fNIRS signals.
(i)
 fNIRS pre-processing: fNIRS signals were recorded at 1 Hz to
improve the signal to noise ratio. Analyzing the first part (early
gate) of the time resolved photon time of flight distribution, we
consider photons that travel few hundreds of picoseconds into
the tissue and, thus, have a low probability to reach the brain
cortex, while analyzing the tail of the distribution (late gate) we
consider photons with a higher probability to go deep into the
tissue and bring information about brain activity. Thus, exploit-
ing the depth information, naturally encoded into photons
arrival time, it is possible to discriminate between extra- and
intra-cerebral hemodynamic signals [32].
The same pre-processing procedures were applied to both
extra- and intracerebral (early and late gate, respectively)
signals, either referred to oxy- and deoxy-hemoglobins. In the
following, the signals will be referred to as oxyHb extra,
deoxyHb extra, oxyHb intra, and deoxyHb intra.
(ii)
 LDF pre-processing: LDF signals were acquired at 32 Hz, then
time series were extracted and downsampled to 4 Hz, by
means of an antialising low-pass filter, in order to limit the
bandwidth to the regulatory mechanisms of interest, from
very slow local vasomotor phenomena related to vascular
autoregulation up to faster respiratory and heartbeat fre-
quencies. In addition, time series derived from the right and
left LDF raw measurements were averaged.
LDF signal was first filtered by a moving average to remove
any residual low frequency trends, which might introduce
spurious peaks in the power spectrum.
(iii)
 Time domain analysis: Time domain analysis entailed the
computation of cross-correlation functions between the
averaged LDF signal and oxyHb extra, deoxyHb extra, oxyHb
intra, and deoxyHB intra in three different epochs: pre-
Valsalva (1200 samples), during Valsalva (50 samples) and
post-Valsalva (1200 samples).
(iv)
 Frequency domain analysis: Power spectra of time series
before and after VM were estimated via autoregressive (AR)
parametric model estimation, and also computed by non-
parametric approaches (Welch’s modified periodogram).
While AR spectral estimation provided with good results with
LDF time series, severe limitations were found with fNIRS, due to
high levels of baseline drifts. For this reason the analysis was
repeated by means of Welch’s periodogram and results presented
in the following are referred to this spectral computation
technique.

Original signals were split into shorter segments, partially
overlapping (overlap of 50%). A data window (Hamming window
of 80 samples, fs¼1 Hz) was applied to each stationary seg-
ment (pre-VM, post-VM) and a modified periodogram was com-
puted. The use of the Hamming window was aimed at improving the
spectral resolution by reducing the effect of lateral lobes. Finally
power spectral density (PSD) estimates of all segments were
averaged.

Power in the VLF band (frequencies (f)o0.04 Hz), in the
autonomic bands (LF, 0.04 Hzo fo0.15 Hz; high frequency, HF,
0.15o fo0.4 Hz), and in the band where the dominating phe-
nomenon is the pulse (0.8o fo2 Hz was computed [25].

2.5. Statistical analysis

All statistics were performed using R statistical software and
Matlab Statistical Toolbox.

For the time interval preceding VM, the statistical analysis was
carried out by applying parametric t-paired test to correlation
data of the paired LDF channels; a Wilcoxon rank sum nonpara-
metric test was used to assess significant differences between LDF
and fNIRS data.

Differences between two groups (e.g. pre-VM vs. VM; post-VM
vs. VM and pre-VM vs. post-VM) were analyzed using paired
2-tailed Student’s t test if Kolmogorov-Smirnov null hypothesis of
normal distribution could not be rejected. The level of significance
was set to p¼0.05. Normalized correlation coefficients between
LDF and fNIRS during VM and power contents in the VLF and
‘‘autonomic’’ band were instead compared using Wilcoxon sum
rank nonparametric test in order to get more robust statistics
being the population not normally distributed (Kolmogorov–
Smirnov, po0.05).

Regression analysis was applied to quantify the correlation
between the spectral power of LDF and fNIRS time series in the
VLF band and in the autonomic band (LFþHF). Also, cross-
correlation analysis was carried out to assess the correlation
between VLF, LF, and HF normalized powers in the spectra of
the left and right temples laser Doppler flowmotion signals.

Boxplots were derived to compare medians and averages of
different populations through paired Student t-test.

Wilcoxon sum-rank nonparametric test was applied to the
second phase-protocol data.
3. Results

3.1. Preliminary experiment

Correlation analysis between LDF channels (left temple, right
temple) before VM provided with the correlation coefficient range
of microcirculation perfusion at rest (0.6570.85). During recov-
ery following VM, the coefficient decreased to (0.4570.85)
(Fig. 1). Pre-VM r-coefficient values were higher than post-VM
in 7 subjects out of 8 (po0.01) (Table 1). During VM, higher
values of correlation between the two LDF channels were found
(0.9670.02, po0.001).

3.2. Main experiment

All 13 subjects enrolled in the main experiment (simultaneous
recording of LDF signals on the left and right temples, fNIRS
recording on the forehead, in Fp2 position) displayed similar
responses to VM, with particularly distinguishable and repeatable
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patterns in the averaged LDF signal and in the surface oxy-Hb
dynamics (respectively, red and black tracings in Fig. 2).

Both transients showed an undershoot during the deep
inspiration preparing the Valsalva onset and a marked overshoot
during the forced expiration. After VM ending (15 s after the
onset), surface oxy-Hb concentration fell more rapidly (�13 s)
than the LDF signal (�18 s).

Intra cerebral fNIRS signals, calculated from the late photons
measurements, did not show the fast rising spike, which appears
at the onset of VM in LDF and superficial oxy-Hb during the forced
expiration (Fig. 3).

High correlation (r40.9) was found during VM between LDF
and all fNIRS signals; however, after scaling it (Fig. 4) by fNIRS
signal rms (i.e., fNIRS rms correlated to LDF), significantly higher
Fig. 1. Cross-correlation coefficients between left and right-temple skin flow

signals in pre-VM, during Valsava, and post-VM periods in the 8 subjects

participating in the preliminary protocol. (Error bars indicate standard error).

Table 1
Coefficients of correlation between LDF signals recorded from left and right

temples. During VM correlation is significant in 7 out of 8 subjects (po0.01).

Subject # Pre-VM (p-value) VM (p-value) Post-VM (p-value)

1 0.75 po0.01 0.94 po0.001 0.73 po0.01

2 0.62 p¼0.08a 0.95 po0.001 0.41 p¼0.12a

3 0.77 po0.01 0.79 p¼0.07a 0.59 p¼0.09a

4 0.82 po0.01 0.89 po0.01 0.77 po0.05

5 0.70 po0.01 0.92 po0.001 0.43 p¼0.07a

6 0.65 p¼0.05 0.89 po0.01 0.63 po0.05

7 0.72 po0.01 0.96 po0.001 0.81 po0.01

8 0.70 po0.01 0.95 po0.001 0.63 p¼0.05

a Not significant correlations.
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Fig. 2. Grand average of LDF (dash-dotted) and fNIRS surface oxy-Hb (solid) signals showing common patterns in their time course during the protocol. Green lines mark
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Fig. 3. Grand average of fNIRS cortical oxy-Hb (red) and deoxy-Hb (blue)

measurements, referred to late photons measures of intracerebral haemody-

namics. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Fig. 4. Cross-correlation coefficients between average LDF and fNIRS recordings,

rescaled by rms of surface and cortex oxy-Hb and deoxy-Hb. Data are mean7SD.

Correlation between LDF and surface oxy-Hb value is significantly higher than between

LDF and deoxy-Hb value (p¼0.0029); correlation between LDF and extracerebral

oxy-Hb values are significantly higher than intracerebral oxy-Hb values (p¼0.023).
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values (0.0470.010, p¼0.02 surface oxy-Hb; 0.0170.006, p¼0.01
surface deoxy-Hb) were obtained for surface signals compared to
cortical ones (0.0270.008 cortex oxy-Hb; 0.00970.0015 cortex
deoxy-Hb). Similarly, higher r-coefficients were found for oxy-Hb
compared to deoxy-Hb. For details on correlation coefficients,
see Table 2.

During pre and post-VM, the spectral analysis of LDF and fNIRS
time-series revealed the presence of a large VLF component and
significant activity in the LF (vasomotor) and HF (respiratory)
band (Fig. 5). Due to the relatively low spontaneous variability of
the fNIRS signal, and to possible entrainment phenomena occur-
ring when respiratory frequencies of subjects slowed and
approached the 0.15 Hz (which may have occurred because of
the length of the protocol, and other experimental conditions,
such as dim light in the room, comfortable position, etc.) limit
Table 2
Correlation values between averaged LDF signal and surface oxy (deoxy)-hemoglobin

Subject # LDF—deoxyHb extra LDF—oxyHb ex

1 0.02 (p¼0.021) 0.07 (po0.00

2 0.005 (p¼0.041) 0.03 (p¼0.02

3 0.01 (p¼0.030) 0.05 (po0.00

4 0.0015 (p¼0.065)a 0.02 (p¼0.0

5 0.0017 (po0.01) 0.09 (po0.00

6 0.008 (p¼0.366)a 0.02 (p¼0.00

7 0.025 (p¼0.01) 0.01 (p¼0.714

8 0.021 (p¼0.02) 0.04 (p¼0.00

9 0.017 (p¼0.018) 0.03 (p¼0.398

10 0.019 (p¼0.04) 0.02 (po0.00

11 0.013 (p¼0.23)a 0.016 (p¼0.832

12 0.022 (p¼0.156)a 0.04 (p¼0.00

13 0.009 (p¼0.121)a 0.037 (p¼0.0

a p-Values40.05 (not significant values of correlation). In 10 out of 13 subjects, corr

(p-valueo0.05).
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Fig. 5. Power spectra of LDF (a–d) signals during pre-Valsalva (left) and post-Valsa

overlapping of LF and HF bands.
separating LF and HF bands, the LF and HF bands were lumped
together and taken into consideration as one band, representative
of autonomic control of hemodynamics. This was also justified by
the fact that either in pre-VM and post-VM epochs, both LDF and
fNIRS displayed VLF and LFþHF activity, but low correlations
(0.1oro0.2) were found in both bands between fNIRS and LDF
signals.

Power coherence calculation confirmed VLF band-related
power to be the main common power component of surface skin
flowmotion signal detected by LDF and extracerebral oxy-HB
obtained through fNIRS, both before and after VM (Fig. 6).

The power in the VLF and LFþHF bands did not vary sig-
nificantly following the Valsalva maneuver in either LDF or
extracerebral oxy-Hb signals (Figs. 7 and 8). The preponderant
power content in the VLF band was consistent with the typically
and cortical oxy (deoxy)-hemoglobin.

tra LDF—deoxyHb intra LDF—oxyHb intra

1) 0.01 (p¼0.038) 0.04 (po0.001)

3) 0.008 (p¼0.04) 0.01 (p¼0.025)

1) 0.007 (p¼0.05) 0.03 (p¼0.007)

6) 0.0086 (p¼0.819)a 0.02 (p¼0.884)a

1) 0.0065 (p¼0.124)a 0.015 (p¼0.006)

8) 0.009 (p¼0.05) 0.005 (p¼0.78)a

)a 0.003 (p¼0.8)a 0.01 (p¼0.960)a

5) 0.025 (p¼0.65)a 0.013 (p¼0.025)

)a 0.009 (p¼0.034) 0.02 (p¼0.212)a

1) 0.0075 (p¼0.48) 0.03 (p¼0.017)

)a 0.004 (p¼ 0.9)a 0.036 (po0.001)

6) 0.0023 (p¼0.96)a 0.019 (p¼0.142)a

3) 0.016 (p¼0.04) 0.005 (p¼0.556)a

elation coefficients between laser Doppler and extracerebral oxy-Hb are significant
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Fig. 6. Power spectrum of oxy-Hb extracerebral NIRS signal during pre-Valsalva

for one subject. Spectral analysis shows that the power component in HF band is

not significant in fNIRS signals.

Table 3
Values of VLF and LFþHF components assessed on LDF and fNIRS signals

(mean7std).

Pre-VM Post-VM

VLF LFþHF VLF LFþHF

LDF 0.88970.050 0.10170.036 0.86870.075 0.13170.066

Deoxy-Hb extra 0.71170.160 0.28970.192 0. 60970.157 0.39170.136

Oxy-Hb extra 0.64870.155 0.35170.159 0.63570.140 0.36570.142

Deoxy-Hb intra 0.75070.127 0.24970.118 0.73970.101 0.26470.096

Deoxy-Hb intra 0.77070.120 0.23270.119 0.75670.117 0.24670.115
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slow rhythms of peripheral microvascular hemodynamics [9–18],
which characterize the vasomotion phenomena detected by the
LDF signal. Values of VLF and LFþHF power components assessed
on LDF and fNIRS signals (mean7std) are reported in detail in
Table 3.
4. Discussion

The phantom trials and the preliminary experiment enabled to
analyze the cross-talk between the two instruments before the
main experimental protocol. In particular, the phantom trials
determined that the optimal set-up would entail placing the
two LDF probes on the opposite sides of the forehead, with the
fNIRS optode placed in correspondence to the medial portion of
the frontal lobe, because of the different power emitted by the
laser Doppler flowmeter and the near-infrared spectroscope.

Subsequently, the preliminary test on the information carried
by the two LDF signals collected on the two temples showed that
vasomotion related dynamics detected by the two probes were
highly correlated and comparable. Given that it would be virtually
impossible to thoroughly map the entire forehead by an empiric
approach aimed at finding potential discrepancies in local vaso-
motor responses [24], these results basically revealed the affinity
in the information conveyed by the two LDF recordings, thus
suggesting that typical vasomotor and autoregulation dynamics
in the two measurement sites could be considered homogeneous.
This preliminary experiment also showed the effects of the strong
hemodynamic perturbation induced by VM: (a) a sharp synchro-
nization of central and peripheral oscillations during the forced
expiration, indicated by the high value of correlation between the
two LDF channels; and (b) a marked desynchronization following
VM, during recovery.

The main experiment investigated the potential correlation
between fNIRS extracerebral signals and surface skin flowomotion
detected by LDF.

The comparable patterns shown by both LDF and extracerebral
fNIRS in the time domain appeared consistent with previous
results reported by Tsuji et al. [26], and Brady et al. [27], who
respectively found a peak of coherence between fNIRS signal and
arterial blood pressure in neonates and between fNIRS and LDF in
piglets, at frequencies lower than 0.04 Hz.

Our results also showed consistency with Themelis et al. [28],
who observed good correlation between the information captured
by the LDF and the time continuous fNIRS signal during the
evaluation of the scalp influence in the measurement of arterial
oscillations originating in the brains of piglets. In addition, the
normalized cross-correlation coefficients (Fig. 5) further emphasized
the relationship between surface hemodynamics related to local
flowmotion and the extracerebral component of the fNIRS data.

The reported findings imply that the information conveyed by
LDF skin vasomotion measurements support the validation of the
statistical hypothesis underlying the definition of the ‘‘extracer-
ebral signal’’ detected by the time-resolved fNIRS instrument, and
assumed to be representative of the extra cortical areas of the



F. Aletti et al. / Computers in Biology and Medicine 42 (2012) 282–289288
frontal skull. This evidence strengthens that the model-based
separation of time-resolved NIRS early (superficial) and late
(deep) photons is able to cancel, or at least attenuate, the surface
confounding effects.

Although one of the limitations of the current protocol might
be the ability of the LDF to investigate a volume of the forehead
comparable, in depth, to the surface portion that is included in the
extracerebral fNIRS signal, it was also clearly emphasized that
the comparable patterns and the cross-correlation between the
LDF grand average and the extracerebral fNIRS supported the
hypothesis that early photons dynamics are strongly influenced
by surface skin vasomotion. This may partly depend on hemody-
namic changes unrelated to cortical variations in blood flow. The
ensuing interpretation, thus, is that this dependency could be
ascribed to systemic changes, which are particularly significant
under the drive of strong hemodynamic provocations such as a
Valsalva maneuver.

Obrig et al. [29] showed that systemic changes may appear in
the extracerebral compartment and affect fNIRS measurements.
On the other hand, Stefanovska et al. [9] showed that skin blood
vasomotion is subject to systemic drives and stimuli. Our results
were consistent with these previous reports, although local flow
dynamics basically reflect the effect of vasomotion on peripheral
resistance and flow in a much limited peripheral district of the
arterial tree. Still, even if microcirculation is not innervated, the
drive of the beating heart, of respiration, and of global control of
circulation is transmitted to the peripheries of the arterial tree by
the pulsating arterial wave, whose dynamic features are largely
buffered by peripheral compliances.
5. Summary

This study demonstrated the feasibility of simultaneous fNIRS
and LDF measurements and confirmed the effectiveness of time
resolved fNIRS in separating deep from surface signals during
provocative maneuvers like a Valsalva maneuver. Our experi-
mental and analytical approach proposed a simple way to
validate the interpretation of time-resolved fNIRS signal as
representative of functional and hemodynamic cortical activation.

One of the issues which remains to be addressed is whether
autonomic control [30] affects deep cortical hemodynamics more
than simple systemic provocative tests, such as Valsalva. Further
experiments, including other autonomic tests, might shed light on
the difference in variability between surface and cortex fNIRS signals.

Considering the potential significance of fNIRS in portraying
the functional activation of the prefrontal cortex, it might also be
useful to further investigate the relationship between surface
flowmotion and deep recordings in presence of simple functional
tasks [31], such as finger tapping; in this case, the separation of
the relevant confounding effects, which can be elicited by the
likely side effects due to a contemporaneous autonomic activation
whose role is still be to clarified, might prove instrumental in
correctly characterizing the functional content of deep fNIRS as a
reliable measurement of cortical activation.
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