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Abstract—In this study, we investigate resting-state hemody-
namic oscillations in both cerebral and extracerebral compart-
ments by using time-domain functional near-infrared spectroscopy
(TD fNIRS) data acquired with high sampling rate (20 Hz) on
the frontal cortex of 16 healthy adults. The improved sampling
rate with respect to previous devices allowed for data analysis
in the frequency space. We considered these oscillations both in
normal breathing condition and during a forced slow breathing
protocol, designed to induce a perturbation of the resting state. Our
results show the feasibility of in-vivo detection of hemodynamic
oscillations in both compartments with a single source-detector
distance. Additionally, during the forced slow breathing task we
observed enhanced respiratory-driven modulation and increased
synchronization between cardiac and respiratory-related oscilla-
tions. Simultaneously, we observed differences within lower fre-
quency regions, which suggest changes occurring in local vascular
tone regulation mechanisms.

Index Terms—Brain, diffuse optics, hemodynamic oscillations,
resting-state, time-domain functional near-infrared spectroscopy.
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1. INTRODUCTION

URING rest, brain hemodynamics exhibit characteristic

patterns that can provide insights into basal brain functions
and neural connectivity. These oscillations reflect the brain
intrinsic activity and the complex interplay between neuronal
and systemic physiological processes [1]. Thus, they are crucial
for characterizing the intrinsic properties of basal brain hemo-
dynamics, helping researchers to identify potential biomarkers
for neurological disorders and enhancing our comprehension
of brain-body interactions. Several studies demonstrated that
systemic physiology has a significant influence on the hemody-
namics measured on the human head. The cardiac cycle is known
to introduce pulsatile changes in both cerebral and extracerebral
blood flow [2], [3], [4], while respiration modulates oxygena-
tion through changes in arterial carbon dioxide (CO3) levels
and mechanical fluctuations of intrathoracic pressure [5], [6].
These interactions offer an opportunity to explore the functional
coupling between peripheral and central circulation. Addition-
ally, systemic-induced changes in the brain hemodynamics can
confound signals due to neurovascular coupling effects, which
are the main interest in functional applications, by mimicking a
hemodynamic response due to an increase or decrease of brain
activity (“false positive” error) or masking a neuronal induced
response (“false negative” error) [2], [4]. Thus, understanding
this complex interplay is crucial for interpreting results com-
ing from functional studies and limiting both types of errors.
Moreover, even minor alterations in the cardiovascular system
function, such as the ones commonly occurring during aging,
have been linked to altered cognition in healthy subjects [7],
indicating how crucial a well-functioning cardiovascular system
is for brain health. A complete exploration of the relationship
between brain health and function and cardiovascular system
control requires considering multiple phenomena, acting both
on the systemic and local vasculature control. To this extent,
previous works suggested studying hemodynamics-related sig-
nals in the frequency domain [8], [9], [10], [11], as different
phenomena have been shown to act in specific frequency ranges.
Using wavelet transform, Stefanovska et al. studied blood flow
oscillations in the cardiovascular system measured with several
non-invasive techniques in five characteristic frequency inter-
vals within the 0.0095-2.0 Hz range, associating them with
five different physiological phenomena [12], [13]. The 0.0095-
0.021 Hz range, or nitric oxide (NO) related endothelial band,
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captures slow oscillations due to metabolic endothelium-
mediated vasomotion. NO, produced by endothelial cells, re-
laxes vascular smooth muscle, increasing blood flow and reg-
ulating blood pressure through rhythmic contraction and re-
laxation of the vessel walls. The 0.021-0.052 Hz range, or
neurogenic band, corresponds to the autonomic nervous sys-
tem control over blood vessels, primarily through sympathetic
nerve activity. This regulation modulates vascular resistance in
response to physiological demands. Within the 0.052-0.145 Hz
range, the myogenic band represents the intrinsic ability of
vascular smooth muscle to contract or relax in response to
local pressure changes, a mechanism essential for maintaining
stable microcirculation despite fluctuations in perfusion pressure
acting locally. Then, the 0.145-0.6 Hz range, or respiratory
band, accounts for oscillations synchronized with breathing,
while the cardiac band, 0.6-2.0 Hz, reflects heart rate-driven
oscillations, centered around 1 Hz. A sixth oscillatory compo-
nent was later identified in the interval 0.005-0.0095 Hz [9],
[14], as the endothelial band, reflecting vasodilation process
not mediated by NO [9]. While the cardiac and respiratory
oscillations originate centrally and are propagated through the
system, lower-frequency oscillations, involved in the regulation
of the vascular resistance, are considered to be generated locally,
and may vary across different measurement sites [12], [13], [15].
However, previous studies have shown that, during rest, these
phenomena tend to occur within characteristic and relatively
stable frequency ranges when measured at peripheral sites, both
in healthy individuals and in patients with various pathologies
[14], [16], [17]. These studies also reported that the spectral
power within these frequency bands differs systematically be-
tween healthy and pathological subjects, and may vary with
the severity of impairment [17]. For instance, reduced power in
endothelial- and neurogenic-related frequency bands has been
observed in patients with congestive heart failure compared
to healthy controls [14], [17]. While, to our knowledge, no
studies have demonstrated that this frequency consistency also
applies to brain tissue, these findings suggest that the power
within each frequency band may still serve as a meaningful
quantitative marker to characterize the state of the corresponding
physiological system at the measurement location [14], [17],
[18], [19].

Functional near-infrared spectroscopy (fNIRS) potentially
enables to non-invasively detect subtle hemodynamic changes in
the brain at a lower cost compared to standard clinical techniques
like functional magnetic resonance imaging (fMRI) [20]. The
fNIRS technique allows real-time monitoring of brain activity
and can be employed at the bedside. Its versatility facilitates
exploring brain function and alterations across various patholog-
ical conditions, even when other imaging methods are unsuitable
[21], [22]. The devices commonly used for fNIRS operate
in continuous wave (CW) or frequency-domain (FD) mode,
providing sufficient sampling rates (fs > 10 Hz) to investigate
most physiological oscillatory phenomena, but with limitations
in depth resolution for signal discrimination. Among all fNIRS
modalities, the time-domain (TD) approach offers unique advan-
tages, enabling us to overcome FD and CW fNIRS limitations by
extracting quantitative information on tissue optical properties
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and enhancing depth sensitivity [21], [22]. The main limitation
of this technique is the lower signal-to-noise ratio (SNR), which
generally limits the achievable sampling frequency to around 1—
2 Hz. Recently, new TD fNIRS devices capable of acquiring fast
measurements (fs up to 200 Hz) have been developed, bridging
the technological gap and opening up the use of the TD approach
in this field [23], [24], [25]. One of the major strengths of TD
fNIRS lies in its ability to discriminate between cerebral and
extracerebral hemodynamics without requiring short-separation
channels, which are necessary in CW systems to account for
superficial signal contaminations. This enables precise single-
point measurements and allows us to bypass the issue of variabil-
ity in systemic influences across different measurement sites,
thereby improving spatial specificity. Furthermore, with TD
fNIRS the independent estimation of both oxygenated (O2Hb)
and deoxygenated hemoglobin (HHb) concentrations can be
achieved, which often show distinct behaviour across different
frequency bands and compartments in different tissue layers.

The systemic-driven modulation of brain hemodynamics is
an area of increasing interest in neuroscience, particularly re-
garding the response to deviations from normal breathing pat-
terns [5], [26]. Respiratory tasks have been extensively used
to demonstrate that breathing is not just a vital physiological
process, but it also plays a crucial role in higher brain functions
such as perception, motor actions, and cognition, as the timing
of breathing can modulate cognitive task accuracy and activate
specific brain regions [6], [27]. Previous works have shown that
changes in respiration can have a significant influence on fNIRS
signals [5], [6], but how exactly this effect occurs needs to be fur-
ther investigated. Additionally, understanding how cerebral and
extracerebral hemodynamics are affected by respiratory-driven
and other physiological oscillations is crucial to getting infor-
mation on the relationship between cardiovascular health and
cognitive decline in both aging and pathological populations.

In this study, we aimed to systematically investigate the
frequency content of resting-state hemodynamic oscillations in
the human frontal lobe and to clarify how these oscillations are
affected by controlled breathing modulation. Specifically, our
objectives were: (i) to demonstrate the feasibility of using fast
TD fNIRS measurements in-vivo to capture cerebral and extrac-
erebral hemodynamic oscillations across distinct physiological
frequency bands using frequency-domain analysis tools; (ii) to
characterize these oscillations under resting conditions; (iii) to
assess how forced slow breathing modulation alters their spectral
properties.

To address these aims, we performed TD fNIRS acquisitions
at 20 Hz acquisition rate and we used the Fourier transform and
the wavelet transform to measure resting-state hemodynamic
oscillations in the frontal lobe of a cohort of 16 healthy adults.
We considered two acquisition protocols: a resting-state and a
forced respiration task in which the participant breathing rate is
strongly reduced. By exploiting the high temporal resolution and
depth sensitivity of a state-of-the-art fast TD fNIRS device, our
study provides novel insights into the interplay between respi-
ration and cerebral hemodynamics, with potential implications
for understanding body-brain interactions and supporting the
interpretation of fNIRS signals in both research and clinical
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settings. To the best of our knowledge, no previous study has
attempted to measure and characterize the effects of such a res-
piratory modulation task using TD fNIRS, a technique capable of
simultaneously and non-invasively discriminating cerebral and
extracerebral hemodynamics at the same measurement location
through a single acquisition.

II. METHODS
A. Subjects

The measurements were conducted on 16 participants (8 fe-
males and 8 males, aged 28 + 4 years) with no history of
vascular pathologies or neurological disorders. The study re-
ceived approval from the Ethics Committee of the Politecnico
di Milano (protocol code n. 37/2020, 2/12/2020) and was con-
ducted according to the guidelines outlined in the Declaration
of Helsinki as revised in 2024 [28]. All participants provided
written informed consent prior to their involvement in the study.

B. Protocol

A high-power two wavelengths (i.e., 830 nm and 690 nm) TD
fNIRS device developed at the Department of Physics, Politec-
nico di Milano was used [25]. The measurement settings were
defined based on numerical simulations [29], [30] previously
performed by the same authors. The device and experimental
protocols fully comply with international laser safety standards
[31], ensuring that the emitted optical power is well within safe
exposure limits for human tissue.

A custom-made fNIRS probe was placed on the subject right
frontal lobe, containing a single acquisition channel with a
source-detector distance of 4 cm. All the acquisitions were
15 minutes long, with a sampling rate of 20 Hz and a photon
count rate of about 2.10° photons/s.

During the acquisitions, the participants were positioned com-
fortably on 30 degrees backrest tilted bed and were asked to relax
and remain still with their eyes closed. The measurements were
performed in a dimmed room, and the subjects were specifically
told not to fall asleep. Besides being applicable in almost any
clinical setting, this setup maximizes subject comfort and allows
measurements to be sustained for the whole protocol. It also
minimizes the risk of motion artifacts and helps to maintain
physiological stability, such as blood pressure and heart rate [32].

Two acquisitions were performed consecutively for each par-
ticipant, without any probe repositioning. In Protocol #1, normal
breathing (NB), the participant was asked to relax on the bed,
breathing freely. In Protocol #2, forced slow breathing (FSB),
the participant was asked to modulate the respiration following
the sound from a metronome. The metronome rate was set
to 10 beats/minute, and the subject was instructed to switch
between inspiration and expiration after each beat, resulting in
a respiration frequency of 5 breaths/minute.

During both acquisitions, six sensors were used:

e TD fNIRS: one acquisition channel (source-detector dis-

tance of 4 cm), measuring the right frontal lobe region.
It was used to extract cerebral and extracerebral hemody-
namic signals from the same measurement location.
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e A respiration sensor (RESP), composed of a sensitive girth
sensor worn using an elastic band. It was used to detect
chest or abdominal expansion/contraction and record the
respiration waveform.

® A blood volume pulse (BVP) sensor (photoplethysmogra-
phy), used to measure variations of skin perfusion in the left
middle finger. The raw waveform was used in the analysis
to preserve spectral content. From the raw signal, the heart
rate (HR) was also derived and included in the analysis.

e Three-leads electrocardiogram (ECG) to monitor cardiac
activity. Standard Lead II configuration was adopted, with
the negative electrode placed on the right shoulder, the
positive electrode on the left side of the chest (xiphoid
process), and the ground electrode on the left shoulder [33].

¢ A skin conductance sensor (SC) on the fingertip was used
to monitor the stress level of the subject, to check for the
absence of any significant variation.

e A temperature sensor (TEMP) was added to the probe to
verify the absence of significant temperature fluctuations
in the probed location.

These signals were acquired using the FlexComp system
with the Biograph Infiniti software (Thought Technology Ltd.,
Canada) and were synchronized with the TD fNIRS device via
a transistor-transistor logic (TTL) signal.

C. Data Analysis

1) Estimate of Optical and Hemodynamic Parameters: A
custom-made software for non-linear fitting based on the
Levenberg—Marquardt minimization algorithm was used for
extracting the baseline optical parameters fi0(A) and (%)
at wavelength X, calculated over the first 3 minutes of measure-
ment, using a homogeneous model for the photon migration.
Then, at each experiment time 7, the time-dependent mean
partial pathlength (TMPP) method, proposed by Zucchelli et al.
[34] was used to estimate the absorption coefficient variations
Apta,j(A;T) from the baseline value in two distinct compart-
ments: an extracerebral (superficial, UP, 7 = 1) of 10 mm thick-
ness [35], and an cerebral (deeper, DW, j = 2), by inverting the
following system:

R(t,1;T) 2 .

In ( R (17 > = ; Aptay (6, 2T) Ly (8,2) (1)
where ¢ is the photon time-of-flight (i.e., the time delay be-
tween photon entrance in the sample and its detection); 7 is
the laboratory (i.e., experimental) time; R(¢, A;T) and Ry(¢, )
are the time-resolved reflectance (TRR) curve measured at the
laboratory time 7 and the average TRR curve in the baseline
period, respectively; L, (¢, A) represents the TMPP traveled in
the /M layer by photons detected at time ¢. We explicitly note that
R, Ry and L; depend also on the reduced scattering coefficient
{tho- This dependence has not been reported in (1) to simplify
its writing. The absolute value of the absorption coefficients in
the two layers, j = 1 or 2, at time 7 were then retrieved as:

faj (MT) = prao (A) + Apia,j (6,4, T) ()
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TABLE I
DETAILS OF EACH CONSIDERED FREQUENCY BAND

Lower Higher
1D Origin frequency limit | frequency limit

(Hz) (Hz)

VI Endothelial 0.005 0.0095
\% NO-related endothelial 0.0095 0.021
v Neurogenic 0.021 0.052
I Myogenic 0.052 0.145
1I Respiratory 0.1* 0.4*
1 Cardiac 0.6* 1.6*

Finally, the Beer’s law was used to derive the time series of
the concentration of oxygenated (O2Hb,(7)) and deoxygenated
(HHb(T)) hemoglobin for layer j from the absorption coef-
ficients 414 (). This approach has been rigorously tested and
shown to provide robust compartment-specific signal separation
[29], [34].

2) Power Spectral Density: The time series of hemoglobin
concentrations were normalized by dividing the raw values
by a third-order polynomial fit. This normalization step was
performed to allow direct comparison of oscillation amplitudes
between OoHb and HHb, which have significantly different
baseline concentration values. Since physiological oscillations
generally manifest as relative percentage variations around the
mean, this step ensures that the power spectral density (PSD)
mainly reflects oscillation strength rather than absolute signal
amplitude. After normalization, we subtracted a third-order
polynomial trend to remove slow baseline variations [36], [37].
The detrending was performed over the entire 15-minutes acqui-
sition, and it is therefore expected to primarily affect frequency
components with periods substantially longer than the range of
interest in this study (i.e., periods > 300 s, corresponding to
frequencies < 0.003 Hz) [38], while the physiological oscilla-
tions analyzed here (frequency > 0.005 Hz, period < 200 s)
remain preserved by this procedure. Then, we calculated the
PSD with a Matlab script based on Welch’s algorithm, using
Hamming windows (length: 200 s, overlap factor: 0.5). The
same analysis was also applied to the RESP, BVP, HR, and ECG
signals.

To help us interpret the PSD calculated for the hemodynamic
parameters (i.e., concentration of OoHb and HHb), six frequency
regions of interest were identified within the available frequency
spectrum, based on the previous literature [9], [13] (see Sec-
tion I): the considered frequency bands are reported in Table 1.
The marked values in bands I and II were adapted based on
the frequency content of the signals recorded by the dedicated
sensors (ECG, BVP and RESP).

To account for differences in noise levels between signals
from the UP and DW compartments, we subtracted the average
PSD value in the 6-10 Hz range from the entire PSD. This choice
is based on two hypotheses: that no significant physiological
components are present in this frequency range, and that the
noise level is flat. The former hypothesis is confirmed by the
measured PSDs, which show an almost flat profile in the 6-10 Hz
frequency range. The latter one is supported by measurements
performed on a solid tissue phantom (nominal z, = 0.1 cm™!
and g/, =10 cm~! at 800 nm), where the acquired signals
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exhibited a flat PSD across the entire 0—10 Hz frequency range
(data not shown).

Next, the relative power in each frequency band was computed
as the ratio of the integral of the PSD within the band to the inte-
gral over the entire available frequency spectrum (0-10 Hz). The
resulting values were then compared across measurement con-
ditions. First, overall differences across conditions were tested
using a non-parametric Friedman test. Then, post-hoc pairwise
differences between conditions were assessed using Wilcoxon
Signed-Rank tests. To account for multiple comparisons, the
resulting p-values were corrected using the false discovery rate
(FDR) method proposed by Benjamini and Hochberg [39].

3) Wavelet Transform Coherence: The wavelet-domain anal-
ysis was performed using the wavelet-coherence MATLAB tool-
box proposed by Grinsted et al. [40], [41]. The wavelet transform
coherence (WTC) is a useful toolbox to assess the localized
correlation between two time series as a function of both time
and frequency. We used WTC to quantify linear correlations
among various combinations of the available signals.

The WTC calculation starts with the application of the con-
tinuous wavelet transform (CWT) to each involved time series
to decompose it into the time-frequency space. The CWT of a
time series z(t) is defined as:

= o0 (5

where W, (s,t) represents the wavelet coefficient at scale s
and time 7, and ¥* is the complex conjugate of the mother
wavelet (Morlet wavelet). To quantify the common spectral
characteristics between the two signals « and ¥, the cross wavelet
transform (XWT) is then computed as the product of their
wavelet transforms:

Wy (8,t) = Wy (s,t) W," (s,1)

This provides a measure of the joint energy distribution in the
time-frequency domain. Finally, the strength of the correlation
between the signals is evaluated using the WTC:

|S (871 W:cy (5’ t)) ’ ’
5 (s 1Wa (s.017) -5 (5 W, (5.)P)

Where S(-) denotes a smoothing operator applied in both
time and scale to reduce noise [41]. WTC values range from 0
to 1, with O indicating no correlation and 1 indicating a perfect
correlation across specific time-frequency regions.

We evaluated the WTC functions for all combinations of
O5Hb and HHb among the UP and DW compartments and be-
tween each hemoglobin concentration and the signals acquired
by the BVP and RESP sensors. Additionally, the WTC was also
computed between OoHb or HHb and the HR signal derived
from the raw BVP signal. To compare the coherence obtained
for different signal combinations and among measurement con-
ditions, the WT'C/(s, t) values within the cone of interest (COI)
were averaged time-wise. Then, the WT'C(s) functions were
averaged again within each of the frequency intervals defined
above (Table I). The distribution of average WT'C' values ob-
tained were then compared again as described in the previous
paragraph.

WTC (s,t) =
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Fig. 1. Example of time series for raw (a) and derived (b) signals monitoring
systemic physiology during the normal breathing condition (Protocol #1).

III. RESULTS
A. Monitoring of Systemic Physiology

Systemic physiological signals were monitored during the
acquisitions using five auxiliary sensors. The SC sensor, used
to assess potential arousal-related responses, did not reveal any
variation in stress levels during either experiment in any of the
subjects (ASC < 0.05 pS). Similarly, the TEMP signal showed
no significant temperature fluctuations beneath the probe, which
could otherwise induce local vasodilation and affect the recorded
signals. The ECG proved less reliable than the BVP signal for
HR monitoring due to unstable skin-electrode coupling in some
participants; therefore, HR was derived from the BVP signal,
which also allowed the assessment of superficial skin hemo-
dynamics. Additionally, the respiratory rate (RR) was derived
from the RESP signal. Fig. 1 shows an example of the raw
time series acquired from SC, TEMP, RESP, BVP (1.a), and the
derived RR and HR from both ECG and BVP in conditions of
good skin-electrode coupling (1.b). As shown, for those subjects
where good skin-electrode contact was achieved, HR values
extracted from ECG and BVP were consistent. Finally, Fig. 2
shows the average PSD of the RESP and BVP signals across
subjects during the NB task, on a logarithmic scale. This was
used to adapt the cardiac (I) and respiratory (II) bands (Table I)
to cover the variability across participants.

B. Protocol #1: Normal Breathing

Fig. 3 represents the average PSD measured for the NB
condition over the 16 subjects, on a logarithmic scale. The PSD
of all hemodynamic concentrations shows a decreasing trend
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Fig. 2. Average PSD measured for normal breathing condition (protocol #1)
for RESP and BVP signals.
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with increasing frequency. In band I (yellow shaded area), a
broad peak is observed in the OoHb_UP signal, reflecting the
variability in heart rates across the 16 subjects (BVP signal in
Fig. 2). No notable spectral features are present for frequencies
above 5 Hz.
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Fig. 4 represents the distribution of the relative power val-
ues measured for each frequency band, compared among both
hemoglobin species in the two compartments. A Friedman test
revealed significant global differences across species in bands I,
V and VI. Significant differences for the pairwise comparisons
surviving the FDR correction (p,4; < 0.05) are marked in figure.
Consistently with whatis observed in Fig. 3, the main differences
are visible in band I, related to the cardiac activity, which is
mostly affecting the OoHb signal from the UP layer. Outside
of that, minor differences are found in bands V and VI. No
global differences were found in the respiratory, myogenic and
neurogenic bands.

Fig. 5 reports the distribution of average WTC values mea-
sured for each frequency band when comparing the hemoglobin
species with the BVP signal, representing the skin hemodynamic
signal measured at the periphery. The highest coherence is
measured for most of the frequency regions for the OoHb_UP
signal. This result confirms that the OoHb_UP signal mostly rep-
resents the hemodynamics of the skin microvasculature. Lower
coherence values are in general measured for the HHb signals.
A significant difference between HHb_UP and HHb_DW is
only observed in the myogenic band (II), with lower coherence
values for HHb_DW. The only band in which no significant
differences are found is band V, associated with NO-mediated
vasodilation.

C. Protocol #2: Forced Slow Breathing

Fig. 6 represents the average PSD measured for the FSB
condition over the 16 subjects, on a logarithmic scale. The
myogenic band (III) was excluded from the analysis for the FSB
case due to the superimposition with the imposed respiration
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Fig. 6.  Average PSD measured for forced slow breathing condition (protocol
#2).

Fig. 7. Relative power measured for the forced slow breathing condition
(protocol #2).

frequency. The respiratory band (II) was again adapted based
on the signal recorded from the dedicated sensor (RESP) while
maintaining the same width as for the previous condition. The
respiratory band was thus defined between 0.05 and 0.35 Hz.
In Fig. 6, a clear peak is visible in the respiratory band (II), at
the breathing frequency, for all four signals. The second and
third harmonics are also clearly emerging. The power at the
frequency of respiration does not show a significant difference
between OoHb_UP and OsHb_DW.

Fig. 7 represents the distribution of values of relative power
measured for each frequency band, compared among both
hemoglobin species in the two compartments. A Friedman test
revealed significant global differences across species in the
cardiac (I), respiratory (II), neurogenic (IV), and NO-mediated
vasodilation (V) bands. Significant differences for the pairwise
comparisons surviving the FDR correction (poq; < 0.05) are
marked in figure. As in previous case, the main differences are
visible in band I, related to the cardiac activity, which is mostly
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Fig. 9. Comparison among signals measured during the NB (left) and FSB

(right) protocols.

affecting OoHb_UP. Significant differences also emerge in the
respiratory (II), neurogenic (IV), and NO-endothelial (V) bands.

Fig. 8 reports the distribution of average WTC values mea-
sured for each frequency band during the FSB when comparing
the hemoglobin species with the BVP signal, representing the
skin hemodynamic signal measured at the periphery. Differently
than in NB, there are no differences in the average WTC distri-
butions within bands IV-VI. Similar results as those in Fig. 5 are
found in bands I and II for OoHb_UP.

D. Comparison Between Protocols

Fig. 9 shows an example of the HR signal (in green) as derived
from the BVP signal and the respiration trace measured by
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Fig. 10. Comparison among values of relative power measured during the two
protocols (NB = normal breathing, FSB = forced slow breathing).

the chest belt (in purple), during both the NB (panel 9.a) and
FSB (panel 9.b) acquisitions. The HR was extracted from the
BVP signal instead of the ECG signal, as in some subjects the
latter was excessively noisy due to poor skin-electrode coupling,
resulting in unreliable HR estimation. This issue did not occur
with the BVP signal, which provided more stable measurements
across participants. The FSB task elicits an increase in the
amplitude of HR oscillations, with HR rising during inspiration
and decreasing during expiration. The observed effect is in line
with what described in previous literature for similar tasks [42],
[43]. Panels 9.c - 9.f represent examples of OoHb and HHb
concentration signals for both compartments. For the FSB case,
amodulation of the OoHb_UP signal following the RESP signal
emerges. No modulation is clearly visible in any other signal.

Fig. 10 shows the distributions of relative power values mea-
sured for each frequency band and hemodynamic parameters,
compared among conditions. Significant differences surviving
the FDR correction (p,q; < 0.05) are marked in the figure. In
band 1II, a significant increase in relative power is observed for
all the species for the FSB case, while in bands IV and V, lower
values were measured, especially for OoHB. No significant
differences were found in bands I and VI.

Fig. 11 reports the distribution of average WTC values mea-
sured for each frequency band when comparing the hemoglobin
species with the BVP signal, representing the skin hemodynamic
measured at the periphery. Similar trends as in Fig. 10 can be
observed, with increased coherence measured for all the species
in band II during the FSB acquisition. An overall decrease in
coherence is also observed in bands IV, V and VI. An increase
in coherence was also observed for all species in band 1.
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Fig.11. Comparison among values of WTC measured during the two protocols
(NB = normal breathing, FSB = forced slow breathing).
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Fig. 12.  Comparison among values of WTC with RESP (a) and HR (b)
measured during the two protocols (NB = normal breathing, FSB = forced
slow breathing).

The same analysis was also performed calculating the average
WTC between the hemodynamic parameters and the RESP and
HR signals. However, due to the nature of these latter signals,
coherence was only evaluated within the respiratory band (II).
The RESP signal was acquired using a chest belt sensor and is
inherently limited to capturing respiration-related oscillations.
As such, any coherence with optical signals outside the res-
piratory frequency range likely reflect unrelated physiological
processes. Similarly, the HR signal, although derived from an
optical sensor, is a computed signal whose oscillations outside
the respiratory band are not necessarily directly interpretable
in relation to the optical hemodynamic data. For this reason,
we limited our analysis to band II. The results are reported in
Fig. 12 and show a general increase in coherence between both
the RESP and HR signals and all hemoglobin species during the
FSB acquisition.
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IV. DISCUSSION

In this study, we employed a system for fast TD fNIRS
acquisitions (20 Hz) to measure resting-state hemodynamic
oscillations in the frontal lobe of a cohort of 16 healthy adults.
Participants underwent two acquisition protocols: NB (Protocol
#1) and FSB guided by a metronome (Protocol #2). The con-
centration of OoHb and HHD in both cerebral and extracerebral
compartments were retrieved exploiting a previously established
and validated analysis method based on the TMPP approach.
Data were then analyzed in the frequency space using the
Fourier and wavelet transforms. Six frequency bands, associated
with six hemodynamic phenomena of different physiological
origin, were identified and investigated independently. For both
protocols, the relative power measured within each frequency
band was compared among the four hemoglobin concentration
signals (OoHb_UP, HHb_UP, OoHb_DW and HHb_DW).

A. Monitoring of Systemic Physiology

Aucxiliary sensors were used to monitor systemic physiology
during the acquisitions. Those signals confirmed the stability of
stress levels and local temperature during the experiments, sug-
gesting that the observed hemodynamic changes were unlikely
to be confounded by stress-related or thermally-induced vascular
changes. The use of BVP instead of ECG for HR monitoring
ensured more reliable results. Consequently, the BVP sensor
was used to derive HR and monitor cardiac activity in addition
to assess superficial skin hemodynamics at the periphery. The
average WTC with the OoHb and HHb concentration signals was
computed for each frequency band, and the coherence between
BVP and the OoHb_UP signal, especially in the cardiac and
respiratory bands, confirmed a strong influence of superficial
physiological oscillations on the extracerebral fNIRS signals.
The RESP signal, collected via a chest-mounted strain sensor,
served as a secondary reference to identify respiration-related
oscillations in the TD fNIRS signals. Analyses during the FSB
condition demonstrated consistent respiratory peaks in both
RESP and the hemoglobin signals, suggesting an increase in
respiratory-driven modulation of both cerebral and extracerebral
hemodynamics compared to the NB condition.

B. Protocol #1: Normal Breathing

The average measured PSD (Fig. 3) during NB revealed
a strong influence of oscillations associated with the cardiac
activity (band I) on OoHb_UP. This was further confirmed in
Fig. 4, where significant differences in the average relative power
among hemoglobin species were mainly concentrated in band I.
This agrees with previous observations which underlined how
the OoHb_UP signal is particularly sensitive to cardiac activity
[4]. Interestingly, HHb_UP exhibited significantly lower power
than all other species in this band, suggesting that the cardiac
component is less represented in the superficial HHb signal.
This could be due to the lower amplitude and slower dynamics of
HHb compared to OoHb, together with its deeper vascular origin
[44], [45]. Minor differences were found in bands VI and V. The
absence of significant differences in bands II-IV indicates that
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the influence of other systemic oscillations, such as those related
to myogenic and neurogenic activity, is more uniform between
intra- and extracerebral compartments and hemoglobin species.
In absence of any external stimuli and/or metabolic demand
changes induced by a task or physiological challenge, the regula-
tory systems associated with these frequency bands likely main-
tain a baseline homeostatic activity that affects both cerebral
and extracerebral vasculature in a comparable way. Therefore,
the similarity in power across compartments and hemoglobin
species in bands II-IV may reflect the baseline operation of
systemic vasoregulation at rest, rather than the compartment-
specific activation that might emerge upon stimulation. More-
over, the relatively homogeneous results obtained for OoHb and
HHb suggest that these phenomena affect both the arterial and
venous compartments of microcirculation similarly. In Fig. 5,
the maximum coherence between hemodynamic parameters
and the peripheral skin hemodynamic (represented by the BVP
signal) was observed for the OoHb_UP signal across almost
all frequency bands. This demonstrates that the reconstructed
O2Hb_UP signal primarily reflects the skin microvasculature
and is strongly influenced by cardiac and systemic oscillations.
On the other hand, lower coherence values were measured for
HHD signals. A significant difference is only observed between
HHb_UP and HHb_DW in the myogenic band (III), with lower
coherence values for HHb_DW. This suggests that systemic
physiology influences differently the two hemoglobin species
within the same compartment, confirming previous findings that
HHD is less influenced than OoHb [4], [46].

An exception to the previous observations was observed in
band V in Fig. 5, where no significant differences were found.
This may suggest that NO-related variations in vessels tone in-
fluence hemoglobin species more uniformly across the cerebral
and extracerebral compartments, although further studies are
needed to confirm this hypothesis.

C. Protocol #2: Forced Slow Breathing

The results obtained for FSB present a strong modulation of
hemodynamics driven by the respiratory cycle across compart-
ments and both hemoglobin species. The average PSD (Fig. 6)
clearly shows a peak at the respiration frequency across all
measured signals, with higher order harmonics also emerging.
Interestingly, the power at the respiratory frequency was per-
fectly matched between OoHb_UP and OoHb_DW, indicating
that the task similarly affects the OoHb concentration in both
the cerebral and extracerebral compartments. This finding may
reflect the systemic nature of respiratory modulation. During
slow and deep breathing, intrathoracic pressure variations are
amplified, affecting blood oxygenation in both superficial and
deeper vasculature. The equal impact on O2Hb in both compart-
ments might also show that OoHb, being more responsive and
abundant, is particularly sensitive to respiratory-driven modula-
tion. The analysis of relative power distributions (Fig. 7) shows
significant differences emerging in bands II (respiratory) and
IV (neurogenic) that were not present in the same analysis for
protocol #1. The differences observed in band IV suggest that
the enhanced intrathoracic volume fluctuations induced by slow
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respiratory rates may modulate the autonomic control, possibly
via baroreflex or vagal activation, and that these mechanisms
may act differently in the two compartments. The fact that such
differences were not seen for NB further supports the hypothesis
that some tasks can selectively engage superficial or deeper
control mechanisms on the vascular tone. The WTC analysis
(Fig. 8) reveals that, unlike NB, no significant differences were
observed in bands IV-VI, possibly indicating a shift in strategy
for the local vascular control, with increased uniformity among
hemoglobin species. This could indicate that the vascular re-
sponse to the respiratory-induced perturbation becomes more
synchronized or globally driven. Similar results as before were
observed in bands I and II, demonstrating consistency in the
influence of cardiac- and respiratory-driven oscillation on the
four hemoglobin species.

D. Comparison Between Protocols

We used the FSB protocol to introduce a perturbation of the
resting-state activity of the brain. Previous literature has shown
an increased amplitude of HR oscillations and a synchronization
of these variations with the breathing cycle during similar tasks
[42], [43]. This was further confirmed by our analysis (Fig. 9).
Comparing the hemoglobin signals shown in panels 9.c - 9.f with
what depicted in Fig. 6, we observe that even when the SNR is
not sufficient to see the respiration-induced modulation in the
time series, the frequency-domain analysis revealed a strong
modulation. This proves the effectiveness of frequency-domain
analysis in extracting physiologically meaningful information
from fNIRS data. According to these results, the relative power
analysis (Fig. 10) revealed a significant increase in power in
the respiratory band (II) across all species during protocol
#2. Conversely, bands IV (neurogenic) and V (NO-related en-
dothelial) presented reduced power, particularly for OoHb. This
increase may reflect two non-mutually exclusive physiological
phenomena: (i) a stronger coupling between respiration and
hemodynamics, and (ii) an increase in oxygen supply caused by a
greater respiratory volume. Previous fMRI studies have reported
that increased respiratory depth can enhance oxygen intake and
affect cerebral hemodynamics by altering intrathoracic pressure
and venous return [47], [48], which could enhance oscillations
in oxygenation without involving higher temporal coupling with
the breathing cycle. In contrast, bands IV (neurogenic) and
V (NO-related endothelial) showed a reduced power, particu-
larly for OoHb, suggesting a partial reduction of NO-mediated
endothelial function and neurogenic control over the vascular
tone. The WTC analysis (Fig. 11) shows a significant increase
in average WTC values within the respiratory band (II) for
all hemoglobin species during FSB. This result supports the
presence of enhanced cardiorespiratory coupling, as it reflects
a phase-locked relationship between respiration and hemody-
namic fluctuations. The concurrent increases in both relative
power and coherence thus suggest an interplay of both effects
(1) and (ii). In bands IV-VI, a decrease in average coherence
also supports a reduction in local vascular tone regulation ac-
tivity. The increased coherence in band I (cardiac) suggests an
enhanced synchronization between cardiac and hemodynamic
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signals. Additionally, analysis of WTC between hemodynamic
and RESP or HR signals further confirms these observations,
with increased coherence in the respiratory band. The results
suggest that, during the task, the coherence between the acquired
signal and the peripheral hemodynamic increases in frequency
bands mostly related to systemic phenomena such as respiration
and heartbeat, while decreases in frequency regions related to
phenomena controlling the local vascular tone.

V. CONCLUSION

In this study, we demonstrated the feasibility of performing
in vivo TD fNIRS measurements at fast acquisition rate on
the frontal cortex of a cohort of 16 healthy adults. Leveraging
the capability of TD-fNIRS to accurately discriminate cerebral
from extracerebral contributions at the same spatial location, we
applied a combination of Fourier and wavelet-based frequency-
domain analysis methods to study spontaneous and task-induced
hemodynamic oscillations in both compartments. The presented
results confirm that these oscillations can be reliably detected
and used to gather information on the underlying systemic and
local phenomena controlling brain hemodynamics. This work
introduces two main novelties to the field. First, it represents
the first in-vivo TD-fNIRS study to examine how FSB affects
resting-state hemodynamic oscillations separately in brain and
superficial tissues using a single-point acquisition. Second, by
comparing the FSB task with the NB condition, we were able to
extract meaningful physiological information on how cerebral
and extracerebral hemodynamics are differentially modulated
by systemic and local vascular control mechanisms. In par-
ticular, during a FSB protocol, designed to induce controlled
perturbation using a non-invasive respiration task, we observed
notable differences in the recorded signals with respect to the NB
condition: it results in a significant increase in respiratory-driven
modulation across both compartments, along with enhanced
synchronization between cardiac and respiratory-related oscil-
lations. This likely reflects a combination of both enhanced
respiratory-hemodynamic coupling and increased oxygen intake
due to larger breathing volume. Furthermore, our analysis also
revealed a decrease in power and coherence with the skin mi-
crovasculature signal in lower frequency bands (< 0.1 Hz) and
higher uniformity among hemoglobin species. This suggests a
suppression or reorganization of local vascular tone regulation
strategies due to the reduced breathing rate, likely related to
enhanced intrathoracic pressure changes.

With this study, we highlighted the potential of TD fNIRS
for studying systemic, local, and neurovascular hemodynamic
interactions. By using a TD fNIRS device capable of reaching
sampling rates up to 20 Hz, we contributed to the in-vivo
validation of this technique as a robust tool for investigating
resting-state cerebral hemodynamic oscillations and their inter-
actions with systemic physiological processes using a single-
point measurement. The capability of TD fNIRS to extrapolate,
for each acquired position, both the superficial and cerebral op-
tical properties, allows for a personalized acquisition, where the
variability introduced by associating a short channel of a region
to a long channel of a different cerebral region is completely
overcome.
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Future work should aim to deepen the understanding of how
different vascular mechanisms influence brain hemodynamics,
and to better disentangle these physiological contributions from
those related to neural activation. A first step in this direction
could be to design different experimental protocols that include
controlled physiological modulations - such as breath-holding,
paced breathing at various rates, and re-breathing - to selectively
target specific vascular control strategies and assess their impact
on the fNIRS signal. In parallel, cognitive paradigms could be
used to probe the effects of cortical activation on extracerebral
signals, helping to determine whether specific changes are driven
by neural activity or confounded by task-induced systemic re-
sponses.
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