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Abstract: In this work, we used a hybrid time domain near-infrared spectroscopy (TD-NIRS) and
diffuse correlation spectroscopy (DCS) device to retrieve hemoglobin and blood flow oscillations
of skeletal muscle microvasculature. We focused on very low (VLF) and low-frequency (LF)
oscillations (i.e., frequency lower than 0.145 Hz), that are related to myogenic, neurogenic and
endothelial activities. We measured power spectral density (PSD) of blood flow and hemoglobin
concentration in four muscles (thenar eminence, plantar fascia, sternocleidomastoid and forearm)
of 14 healthy volunteers to highlight possible differences in microvascular hemodynamic
oscillations. We observed larger PSDs for blood flow compared to hemoglobin concentration,
in particular in case of distal muscles (i.e., thenar eminence and plantar fascia). Finally, we
compared the PSDs measured on the thenar eminence of healthy subjects with the ones measured
on a septic patient in the intensive care unit: lower power in the endothelial-dependent frequency
band, and larger power in the myogenic ones were observed in the septic patient, in accordance
with previous works based on laser doppler flowmetry.
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1. Introduction

The vascular endothelium is a thin layer of cells that lines the inner surface of blood vessels
throughout the entire circulatory system, from the heart to the smallest capillaries. Endothelial
cells have fundamental roles for the organism as they regulate blood vessel tone, hemostasis,
and fluid filtration. Several diseases, either chronic such as diabetes, or acute such as bacterial
and/or viral infections can affect endothelial cell function [1,2]. Among them, septic shock is a
potentially fatal medical condition in response to an infection. It causes endothelial dysfunction,
that affects vasoregulation, barrier function and homeostasis, leading to tissue hypoxia, that
can cause the death of the individual [1]. Several endeavors have been undertaken to develop
practical, non-invasive monitoring techniques for evaluating microcirculatory performance in
septic shock, ranging from tissue hypoxia at the microvascular level to endothelial function
assessment. However, there remains the need for more robust, reliable and comprehensive
monitoring approaches [2].

Nowadays, the most used non-invasive techniques for evaluating endothelial dysfunction are
flow-mediated dilation (FMD) measured by ultrasound (US), magnetic resonance imaging (MRI),
and pulse wave analysis (PWA) or pulse contour analysis (PCA) [3,4]. However, these techniques
suffer from some limitations: it has been observed that FMD methods require trained experts,
and it is operator dependent [5–7]; on the other side, PWA and PCA are limited by their poor
reproducibility [8].

Recently, two emerging techniques have been tested in clinics, laser Doppler flowmetry
(LDF) and photoplethysmography (PPG), which evaluate endothelial activities by analyzing the
frequency components of blood flow and volume, respectively. From LDF and PPG studies, it
has been observed that blood flow oscillations are related to different physiological processes
depending on their frequency [9]: components in the range [0.6 - 2.0] Hz are related to
cardiac functions; components in the range [0.145 - 0.6] Hz are related to respiratory activity;
components in the range [0.052- 0.145] Hz are related to myogenic activity; components in the
range [0.021 - 0.052] Hz, are related to neurogenic (sympathetic) activity; and very low frequency
(VLF) components [0.0095 - 0.021] Hz are related to the endothelial activity dependent on
nitric oxide (NO). The cardiac and respiratory components are centrally mediated by heart and
lungs, respectively; whereas the low frequency (LF,< 0.145 Hz) and VLF activities (<0.021 Hz)
originate locally, as a response to the vessel’s tone regulation. In particular, myogenic activities
are microvascular contraction and relaxation in response to changes in blood pressure; whereas
neurogenic activities are variations of blood vessel diameters in response to local stimuli of the
nervous system. On the other hand, NO is a vasodilator, that can be released by endothelial cells,
causing spontaneous variations in the vascular tone. Dysfunctions of endothelium activity have
been observed to be related to the loss of the protective role of NO (the endothelium-derived
relaxing factors). Thus, VLF oscillations of blood flow, are associated with spontaneous NO-
related endothelial activities, needed for the regulation of blood flow, pressure and vascular tone
[10–15].

However, LDF and PPG techniques suffer from some drawbacks. LDF measures only relative
variations in the blood flux of the skin, and it is commonly considered poorly reproducible
[16]; whereas PPG assesses blood volume in peripheral arteries, which might not reflect tissue
hemodynamics [17,18]. Thus, a technique that overcomes these drawbacks is necessary to
monitor the progression of diseases affecting endothelial function [19].

Recently, continuous wave near-infrared spectroscopy (CW-NIRS) has been tested in the
clinical environment to retrieve the endothelial health in several critical care settings, mostly
those involving severe infections, and ranging from severe cardiovascular impairment, as in
septic shock, to acute respiratory distress syndrome (ARDS) [20,22–26]. In these studies, the
authors performed NIRS measurements on peripheral muscles during a vascular occlusion tests
(VOT), which consists of a short period of induced ischemia in the muscle [27]. The choice of
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monitoring peripheral muscles is motivated by the fact that they are non-privileged organs with
poor compensatory mechanisms, showing hemodynamic alterations in advance than vital organs
(additionally, these measuring sites are easily accessible for VOT) [28]. They demonstrated that
NIRS combined with VOT allows retrieving hemodynamic parameters related to endothelial
health and microvascular reactivity (e.g., reoxygenation rate and hyperemic response after the
occlusion period) which are associated with patients’ outcomes, from the severity of lung
involvement in ARDS to the evolution of organ failure and mortality, paving the way for the use
of NIRS techniques for monitoring endothelial function. However, CW-NIRS suffer from some
limitations, it suffers from motion artifacts e [29], it is affected by skin pigmentation [30], and
more in general by superficial tissues. In the VASCOVID project [31] (funded by the Horizon
Europe 2020 program), some of those limitations have been overcome by exploiting more
complex techniques: time domain NIRS (TD-NIRS) [32] and diffuse correlation spectroscopy
(DCS) [33].

In the framework of the VASCOVID project, we explored a different methods for assessing
microvasculature function, which exploits non-invasive and stationary diffuse optical (DO)
monitoring of peripheral muscles with no need for any other subsidiary and/or discomfort
intervention (i.e., VOT). Starting from the knowledge gained from LDF and PPG literature, we
tested the possibility to evaluate endothelial and more in general microvascular functions by
analyzing the frequency spectrum of hemodynamic and microcirculatory parameters measured by
a DO device [34]. We used a hybrid time domain NIRS (TD-NIRS) [32] and diffuse correlation
spectroscopy (DCS) [33] instrument to assess power spectral density of hemodynamic parameters
in skeletal muscle microvasculature during a rest condition. TD-NIRS module allows to assess
hemoglobin concentration (oxygenated hemoglobin, HbO2; deoxygenated hemoglobin, HHb;
total hemoglobin, tHb) and tissue oxygen saturation StO2, whereas DCS gives information on
blood flow through the blood flow index (BFI). Compared to VOT, the frequency analysis of
the hemodynamic signals acquired during rest allows to evaluate the mechanisms underlying
microvascular function (i.e., myogenic, neurogenic and endothelial-spontaneous oscillations)
giving a wider description of microvascular health.

Recently, few studies have been published exploiting NIRS to measure LF (<0.145 Hz) and VLF
(<0.021 Hz) oscillations to investigate cerebral autoregulation [35–37] and to study post-exercise
muscles oxygenation [38–41]. However, to our knowledge, no studies have been conducted
combining TD-NIRS and DCS to study skeletal muscles’ oxygen saturation and blood flow LF
and VLF oscillations during rest.

In this work, we aimed to demonstrate the detectability of oscillations, i.e., frequency peaks,
that are related to microvascular and endothelium functions (myogenic, neurogenic activities, and
endothelium-spontaneous activities) through frequency analysis of hybrid DO measurements.
We focused on LF and VLF oscillations, and we investigated four different body districts:
thenar eminence, plantar fascia, sternocleidomastoid and forearm muscles (wrist flexor group).
We selected these muscles to understand whether oscillations in DO measurements could be
influenced by the proximity of large vessels (such as the sternocleidomastoid artery), as well as
to determine if these oscillations are more pronounced in particular muscles, such as the distal
muscles of thenar eminence and plantar fascia. Moreover, the results obtained for healthy subjects
were compared with measurements performed on a septic patient in the intensive care unit (ICU).

2. Materials and methods

2.1. Protocol on healthy volunteers

The experiment was conducted under the declaration of Helsinki, all subjects cooperated
voluntarily and previously provided written informed consent to the procedures of the study,
which was approved by the Ethics Committee of Politecnico di Milano (authorization n. 037/2020).
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For each volunteer, hemodynamic parameters of thenar eminence, plantar fascia, sternocleido-
mastoid and forearm muscles were monitored sequentially (a schematic of the probe position is
reported in Fig. 1) with a randomized order. The measurements were performed during rest, and
they lasted 15 minutes for each probe position.

Fig. 1. Schematic of the probe position during measurements: panel a) forearm, panel b)
thenar eminence, panel c) sternocleidomastoid, d) plantar fascia.

During the measurements, subjects were lying on a bed, in a semirecumbent position (with
backrest tilted 45° upward). Before DO measurements, height and weight of the participants were
collected, their systolic and diastolic pressure were acquired and the depth of the primary muscle
to be probed (distance of the muscle upper surface from skin) was measured via ultrasound
(SonoScape Medical Corp., China).

2.2. Protocol for septic patient

Finally, we performed a resting state measurement on the thenar eminence of an ICU septic
patient at Hospital Parc Taulí (Sabadell, Barcelona). Ethical approval for this study was provided
by the Comitè d’Ètica i Investigació amb Medicaments of the Institut d’Investigació i Innovació
Parc Taulí (I3PT).

The hemodynamic parameters were measured during resting state for 500 s instead of the
900 s (time length used for healthy subjects) and only on the thenar eminence (easily accessible
muscles in ICU patients), due to the need to reduce impact with the clinical routine of the patient.

2.3. TD-NIRS and DCS devices

The device used in the protocol for healthy volunteers was a hybrid TD-NIRS and DCS
device previously developed in Politecnico di Milano [34]. The device allows simultaneous
measurements of hemoglobin concentration and blood flow with an acquisition rate of 0.8 Hz.
The TD-NIRS module consists of two pulsed diode lasers operating at 670 nm and 830 nm, with
a repetition rate of 50 MHz. The photons backscattered by the tissues are collected by a single
photon detector and the integrated electronic board allows to reconstruct the pulse reemitted by the
tissue with a resolution of 10 ps [42]. The DCS module uses a highly coherent continuous-wave
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laser source at 785 nm. To increase the signal to noise ratio of the DCS signal [43], a bundle of
four single mode fibers was used to collect backscattered light, which drives the photons to four
single-photon avalanche diodes. Finally, the intensity autocorrelation function is reconstructed
by a 4-channel hardware correlator (for further detail on the device see [34]). The interfiber
distances were set to 1.5 cm for the DCS module and 2 cm for the TD-NIRS module as a tradeoff
among the smallest muscle dimension, signal-to-noise-ratio, and validity of diffusion theory. The
optical probe was 3D printed with a flexible filament to better adapt to tissue surface curvature,
and hosts 3 mm prisms which deflect the light by 90° [44]. This setup allows measurements in
the so-called “reflectance geometry” with optical fibers parallel to the sample leading to a more
comfortable setting (see Fig. 1).

DO measurement on a septic patient was performed with the VASCOVID device [45], a hybrid
TD-NIRS and DCS device, with an acquisition frequency of 1 Hz. Compared to the set-up used
to perform the measurements on healthy volunteers, the VASCOVID probe has an inter-fiber
distance of 2.5 cm for both TD-NIRS and DCS modules.

2.4. Data preprocessing

TD-NIRS data were analyzed with the semi-infinite homogeneous model for photon diffusion
in the reflectance geometry [46] under the partial current boundary conditions (PCBC) [47]:
absorption (µa) and reduced scattering coefficients (µs’) at 670 nm and 830 nm were retrieved
with a Levenberg-Marquardt minimization algorithm [48], exploiting an in-house developed
software, based on C language. Then, by means of the Beer’s law, hemoglobin concentration was
computed from µa assuming that HbO2 and HHb were the two chromophores mainly contributing
to the tissue absorption at the measured wavelengths.

BFI was calculated from DCS data at 785 nm, using the diffusion equation of electric field
autocorrelation function for semi-infinite homogeneous medium [49,50]. A code written in
Matlab was used to find the BFI value that minimizes, utilizing the Nelder-Mead simplex
non-linear method, the difference between the derived electric field autocorrelation function
and the theoretical model [51]. In the DCS fitting procedure, absorption and reduced scattering
coefficients retrieved by TD-NIRS measurements at 830 nm were used as input parameters
approximating the optical properties at 785 nm.

The optical and hemodynamic parameters measured during 15 min of resting state were
averaged for each volunteer and probed muscle. Then, for each body position the means among
all the participants were calculated for optical and hemodynamic parameters. The body mass
index (BMI) was computed from the height and weight of each participant.

To compare time traces measured in different body positions, we removed baseline shifts and
considered relative variation of the hemodynamic parameters. Thus, the following steps were
followed: each HHb, HbO2, tHb, StO2 and BFI time course was normalized by the 3rd order
polynomial that best fit the data; then to remove the continuous component, the normalized data
were detrended as suggested in previous studies [35,52,53].

2.5. Frequency domain analysis

For each subject and probe position, the power spectral density (PSD) was computed by means of
the Welch algorithm, with Hamming windows of 300 seconds, with an overlap of 50%. Finally,
for each position, we computed the average PSD and standard error at each frequency among all
the volunteers for all the hemodynamic parameters.

To evaluate changes among the PSDs of different muscles, we selected three frequency intervals
[9]: I1= [0.0095; 0.021] Hz; I2= [0.021; 0.052] Hz; I3= [0.052; 0.145] Hz, the first corresponding
to the VLF (NO-dependent endothelial activity), the second to LF neurogenic activity, the third
to LF myogenic activity. For these intervals, we computed the absolute and relative (i.e., with
respect to the total area of the spectrum) spectrum area: absolute area gives information on
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the power of the spectral component (e.g., myogenic, neurogenic or endothelial) in the signal,
whereas the relative area gives insight on the relative weight the different spectral components
have in PSD.

Finally, the HHb, HbO2, tHb, StO2 and BFI spectra retrieved for the ICU patient were
qualitatively compared with the ones measured on the thenar eminence of healthy volunteers.

2.6. Statistical analysis

The results obtained for the time courses and PSD were analyzed to evaluate statistically significant
differences and correlations.

Concerning the time courses of tHb and StO2 we studied the correlations with BMI and the
probed muscle depth using the Pearson correlation coefficient (R). Correlations were considered
statistically significant for p-value< 0.05. The average optical and hemodynamic parameters
among different subjects was calculated, and the standard deviation was computed to quantify
intersubject variability.

In case of frequency analysis, we computed the average of PSDs among different subjects
and we showed their standard error, to compare the mean of different PSDs and highlight the
uncertainty around them due to the low number of subjects.

For the comparison of PSD in different body compartments, we performed the Wilcoxon
signed-rank test on the absolute and relative areas computed for the three frequency intervals of
interest (I1= [0.0095; 0.021] Hz; I2= [0.021; 0.052] Hz; I3= [0.052; 0.145]). The Bonferroni
correction was performed to account for the multiple comparisons.

3. Results and discussion

3.1. Mean physiological, demographic and hemodynamic parameters

Fourteen healthy volunteers (4 females and 10 males) were recruited in this study. In Table 1 we
report the average (and interquartile range, IQR) values of systolic/diastolic pressure, BMI, and
the age of the participants at the moment of the measurements.

Table 1. Average and interquartile range (IQR) of age, body mass index (BMI), systolic and
diastolic pressure of the healthy participants at the moment of the measurement.

All subjects (N= 14) Female (N= 4) Male (N= 10)

Average IQR Average IQR Average IQR

Diastolic
pressure
(mmHg)

71.5 10.5 68 12 72.9 14.7

Systolic
pressure
(mmHg)

115.8 13 107 14.25 119 10.0

BMI
(kg/m2)

21.9 2.5 20.55 1.97 22.44 1.96

Age (years) 27.2 4.5 28.25 4.25 26.8 4.5

Average values of muscles depth and of the DO related parameters are reported in Table 2, for
all the locations measured. Muscle depth shows very low thicknesses of the overlaying tissues,
always lower than 5 mm (in all the subjects and probed areas).

Correlations between the hemodynamic parameters and participants’ age and pressure were
studied, but no correlation was found (p-value> 0.05). Moreover, no correlation was observed
between hemodynamic parameters and muscle depth, neither between hemodynamic parameters
and BMI (data not shown).
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Table 2. Average and standard deviation (std) of anatomical, optical, and hemodynamic
parameters during resting state measurements in four body positions, divided according to the

participant sex.

Thenar eminence Forearm Sternocleidomastoid Plantar fascia

Mean std Mean std Mean std Mean std

All subjects

Muscle depth
(mm)

2.3 0.22 3.11 1.01 2.78 0.77 0.94 0.63

µa,670 (cm−1) 0.38 0.08 0.32 0.07 0.28 0.07 0.14 0.08

µa,830 (cm−1) 0.26 0.06 0.29 0.07 0.26 0.07 0.12 0.05

µ’s,670
(cm−1)

7.30 1.3 9.01 1.1 10.61 1.53 11.96 1.4

µ’s,830
(cm−1)

5.22 1.1 7.26 1.30 8.85 1.63 11.01 1.64

tHb (µM) 128.45 29.53 140.22 31.77 127.1 32.73 56.33 22.49

StO2 (%) 59.90 6.03 72.68 2.76 73.02 4.18 69.88 3.75

BFI
(10−9cm2/s)

18.3 9.03 7.34 3.5 28.0 20.0 0.83 0.35

Female

Muscle depth
(mm)

2.42 0.34 3.83 0.89 3.4 0.36 0.91 0.10

µa,670 (cm−1) 0.37 0.13 0.24 0.04 0.25 0.05 0.14 0.04

µa,830 (cm−1) 0.22 0.06 0.23 0.03 0.22 0.02 0.11 0.02

µ’s,670
(cm−1)

6.61 1.3 8.92 0.55 10.71 1.66 11.48 0.91

µ’s,830
(cm−1)

4.5 0.41 6.14 0.35 9.21 2.33 10.57 1.06

tHb (µM) 112.99 32.20 110.47 14.30 106.80 10.64 53.46 12.46

StO2 (%) 54.39 9.50 73.74 1.98 72.21 4.68 67.54 3.30

BFI
(10−9cm2/s)

10.7 3.8 6.11 3.77 29.8 28.5 0.68 0.11

Male

Muscle depth
(mm)

2.24 0.28 2.83 0.90 2.54 0.83 0.96 0.74

µa,670 (cm−1) 0.38 0.06 0.35 0.07 0.30 0.08 0.14 0.06

µa,830 (cm−1) 0.27 0.05 0.31 0.06 0.28 0.07 0.12 0.05

µ’s,670
(cm−1)

7.57 1.04 9.04 1.22 10.56 1.6 12.14 1.45

µ’s,830
(cm−1)

5.52 1.02 7.71 1.45 8.71 1.31 11.19 1.73

tHb (µM) 134.63 24.18 152.11 31.43 135.22 33.46 57.47 24.35

StO2 (%) 62.10 5.87 72.25 2.84 73.33 4.25 70.81 3.90

BFI
(10−9cm2/s)

21.3 9.33 7.83 3.4 27.2 15.8 0.89 0.38

3.2. Time and frequency analysis

In Fig. 2, we report percentage variations of tHb, StO2 and BFI for one exemplary volunteer when
the probe was placed on the thenar eminence (first row), forearm (second row), sternocleidomastoid
(third row) and on the plantar fascia (fourth row); similar results were obtained for the other
participants. HHb, HbO2 (data not shown), tHb, StO2 (left column), do not show significant
differences between the four positions, and the percentage variations are negligible. Concerning
BFI (right column), strong differences can be observed between the data measured on the arm and
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Table 3. Systolic/diastolic pressure, BMI, age,
and average optical and hemodynamic

parameters (± their standard deviations) over the
500s acquisition measured on the thenar
eminence of the ICU septic patient, at the

moment of the enrollment.

Diastolic pressure (mmHg) 55

Systolic pressure (mmHg) 119

BMI (kg/m2) 30.6

Age (years) 61

µa,685 (cm−1) 0.20± 0.002

µa,830 (cm−1) 0.17± 0.002

µ’s,685 (cm−1) 8.03± 0.11

µ’s,830 (cm−1) 6.94± 0.10

tHb (µM) 86.3± 1.39

StO2 (%) 60.25± 1.05

BFI (10−9cm2/s) 15.1± 4.55

sternocleidomastoid with respect to the thenar eminence and plantar fascia: large oscillations of
about 100% (50%) are observed when the probe was positioned on the thenar eminence (plantar
fascia) compared to the arm and sternocleidomastoid.

Starting from the time traces, following the steps reported in Sec. 2.4, the PSDs of all
hemodynamic parameters were reconstructed for each participant and muscle measured. The
average PSDs of hemodynamic parameters and BFI within all the participants are reported in
Fig. 3 and Fig. 4 respectively, where lines represent the average among all the subjects and
shadows are the corresponding standard errors. The PSDs for HHb (Fig. 3(a)), HbO2 (Fig. 3
panel (b)), tHb (Fig. 3 panel (c)) and StO2 (Fig. 3(e)) have very small amplitude (as expected
from the small percentage variations reported in Fig. 2), however some peaks at LF and VLF can
be distinguished. Larger PSDs were retrieved for BFI, about 2 orders of magnitude with respect
to the hemodynamic parameters (see Fig. 4). Clear differences can be observed in PSDs of BFI
(Fig. 4) where thenar eminence (blue line) or plantar fascia (red line) results are compared with
the ones of forearm (black line) or sternocleidomastoid (green line).

The absolute and relative areas of PSD at three intervals, I1= [0.0095; 0.021] Hz, I2= [0.021;
0.052] Hz, and I3= [0.052; 0.145] Hz were computed, and statistical analysis was performed
following the procedure reported in Sec. 2.5 and Sec. 2.6. Concerning BFI (Appendix A,
Table 4) we observed a statistically significant difference in absolute PSD areas (p< 0.0086)
between the two distal muscles (thenar eminence and plantar fascia) with respect to the less distal
muscles (forearm and sternocleidomastoid). No significant differences were observed in the
relative areas of the BFI PSDs. For the sake of completeness, statistical analysis was performed
also on hemoglobin concentrations and StO2 parameters. Results from the statistical analysis
performed on absolute and relative areas are reported in Appendix A (Table 5 for HHb, Table 6
for HbO2, Table 7 for tHb and Table 8 for StO2). Statistically significant differences vary among
different hemodynamic parameters, spectral intervals, and between relative and absolute areas.

3.3. ICU septic patient: a case study

In Table 3, we report the values of systolic/diastolic pressure, BMI, age, optical and hemodynamic
parameters measured on the thenar eminence of the ICU septic patient, at the moment of the
enrollment. The measurements were performed on his sixth day of admission at ICU, where the
patient was mechanically ventilated and was receiving low doses of vasopressors.
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Fig. 2. Time traces of percentage variations of tHb, StO2 (left column) and BFI (right
column) measured on thenar eminence (panels (a) and (b)), forearm (panels (c) and (d)),
sternocleidomastoid (panels (e) and (f)) and plantar fascia (panels (g) and (h)) of one
exemplary healthy volunteer.
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Fig. 3. Zoom of the power spectral density (PSD) highlighting the spectral components at
the three intervals of deoxygenated hemoglobin (HHb, panel (a)), oxygenated hemoglobin
(HbO2, panel (b)), total hemoglobin (tHb, panel (c)), tissue oxygen saturation (StO2, panel
(d)), averaged among all the participants, in different muscles. Lines are the average values,
while shadows are the corresponding standard errors.

In Fig. 5 and Fig. 6, we report the PSD obtained for hemodynamic parameters and BFI,
respectively, measured on the thenar eminence of the septic patient (yellow line), and of healthy
volunteers (blue line). For all the variables, the behavior of PSDs shows differences at VLF
(<0.021 Hz), suggesting that spontaneous endothelial activities might be different in the septic
patient compared to healthy subjects. In Fig. 7, the absolute (left column) and relative (right
column) areas of PSDs in the three spectrum intervals computed for the septic patient are reported
as red diamond and compared to the ones measured for healthy volunteers. In the I1 interval at
VLF (component related to NO-dependent endothelium activities), the absolute and relative area
of the septic patient is lower than the 25th percentile computed for healthy volunteers for all the
hemodynamic parameters. In the third interval I3 (related to myogenic activity) the relative area
measured for the septic patient is higher than the 75th percentile computed for healthy volunteers.
In Appendix B (Table 9), we reported the median values and IRQ of PSD areas of hemodynamic
parameters measured on healthy volunteers and on the septic patient, in the thenar eminence.
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Fig. 4. Power spectral density (PSD) of blood flow index (BFI) averaged among all the
participants, in different muscles. Lines are the average values, while shadows are the
corresponding standard errors.

Fig. 5. Power spectral density (PSD) of HHb (panel (a)), HbO2 (panel (b)), tHb (panel (c))
and StO2 (panel (d)) averaged among all the volunteers (blue line) compared with PSDs
measured for the septic patient (yellow line), on the thenar eminence.
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Fig. 6. Power spectral density (PSD) of blood flow index (BFI) averaged among all the
volunteers (blue line) compared with PSD of BFI measured on a septic patient (yellow line),
on the thenar eminence.

Fig. 7. Box plot of absolute and relative areas of PSDs measured on the thenar eminence
computed in the three intervals of interest in case of healthy subjects (asterisk), compared
to the ones measured in the septic patients (red diamond). The red lines inside the boxes
represent the median, the bottom and top edges of the box indicate the 25th and 75th

percentiles, for healthy volunteers. The whiskers extend to the most extreme data points not
considered outliers.
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4. Discussion

In this work, we explored the possibility to obtain insights into the microvascular and endothelial
health of human subjects, by studying LF and VLF oscillations at rest in skeletal muscles
hemodynamic parameters measured by TD-NIRS and DCS. NIRS has already been successfully
used to evaluate endothelial health of several populations of critical care patients [20–24,26,54,55].
However, in the previous literature NIRS measurements on peripheral muscles were combined
with VOT, evaluating the endothelial function from the re-oxygenation rate and hyperemic
peak or area measured at the end of the occlusion [21,23–25]. The main advantage of the
approach reported in this paper is the potential to retrieve information related to microvascular and
endothelial function by measuring hemodynamic parameters and BFI in resting state condition,
avoiding subsidiary intervention as VOT. Furthermore, VOT-derived variables cannot be isolated
from global upstream hemodynamic parameters, such as blood pressure.

Here, the hemodynamic resting state of four muscles was studied: thenar eminence and plantar
fascia as distal muscles, sternocleidomastoid to highlight whether DO measurements could be
influenced by the proximity of large vessels, and the forearm which is generally studied in VOT
works [22]. The study is limited to 14 healthy volunteers, which was sufficiently large to observe
significant differences among different body positions. However, further studies including larger
number of participants might be beneficial to define normal values of PSD, as suggested by
diverse values obtained for median and average PSDs among the subjects. Moreover, larger
population might be exploited to study possible differences between the sex and the age of the
participants. Indeed, it should be noted that the septic patient is significantly older than healthy
volunteers, thus a more extended and detailed study might be beneficial.

In the four distinct locations measured, all hemodynamic parameters showed VLF and LF
oscillations within the range of 0.0095 and 0.145 Hz. However, BFI oscillations were observed
to be significantly higher (more than 2 order of magnitude) compared to the other hemodynamic
parameters (Fig. 3 and Fig. 4). Oscillations of blood flow and volume at VLF have been already
observed in literature exploiting different techniques such as LDF and PPG [56], respectively.
However, LDF is sensitive to superficial tissues (few millimeters), thus only to oscillations in
cutaneous and adipose tissues, and PPG investigates arterial blood volume, and does not directly
evaluate microvasculature. Previous works studying blood flow oscillations in peripheral (i.e.,
fingers) skin by PPG and LDF, demonstrated that such oscillations are related to spontaneous
NO-mediated endothelial activities within 0.0095-0.021 Hz [11,57–59] and to neurogenic factors
in the range of 0.021-0.05 Hz [60,61]. For instance, Stefanovska et al. [59] observed significant
differences in blood flow PSDs (in the range of 0.095- 0.021 Hz) between endothelium-dependent
and endothelium-independent vasodilators, suggesting that endothelial activity is a rhythmic
process that contributes to oscillations in blood flow with a characteristic frequency of around
0.01 Hz. After a few years, Kvandal et al. [58] studied the effect of NO and [62] prostaglandins
(PGs) inhibition on blood flow oscillations. Indeed, NO and PGs are responsible for the regulation
of vascular tone and blood flow. They demonstrated that the spontaneous oscillations observed in
0.0095-0.021 Hz range are mediated by NO, and they are not affected by PGs. Thus, the peaks
we observed in PSD of BFI (Fig. 3 c) at VLF could be related to spontaneous NO-mediated
endothelial activities.

Concerning oscillations in the range 0.021-0.052 Hz are associated to neurogenic activity
[63]. In 2003 Söderström et al. [64] studied blood flow measured by LDF in skin deprived
of sympathetic nerve activity and intact skin. They observed a lower blood flow normalized
spectral power in the range 0.0095-0.052 Hz when the sympathetic nervous system was inhibited.
Since the endothelial-dependent oscillation frequency is in the range of 0.0095-0.021 Hz, they
concluded that the nervous activities in micro-vessels are observed in blood flow oscillation
around 0.021-0.052 Hz.
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Finally, oscillations observed in the range of 0.052- 0.145 Hz, they might be related to
myogenic activities [9]. From previous literature we know that myogenic activities are triggered
by variations in luminal pressure, and they regulate the internal diameter of arteries and arterioles,
causing vessels constriction when blood pressure increases and dilation when it decreases [65].
Landsverk et al. [66] demonstrated that these oscillations are not related to respiratory activities
neither to sympathetic nervous system, and, even though the process leading to vasoconstriction
in this frequency band was largely studied, it remains unclear if the cause is vessels wall strain or
stress [67]. In 1991, Falcone et al. [68] demonstrated that myogenic activities are not mediated
by endothelium. Indeed, they studied in-vitro arterioles generating variations in blood pressure,
and by physically removing endothelium they did not observe significant differences in response
to changes of blood pressure.

Comparing the PSD computed in different muscles, the BFI VLF and LF oscillations were
significantly higher in distal muscles, such as thenar eminence and plantar fascia, compared
to non-distal muscles (forearm and sternocleidomastoid), suggesting that more distal regions
could be more suitable to identify new biomarkers for endothelium dysfunction. Previous studies
have been conducted using PPG in different body districts [69], fingers, ear lobe, etc., but PPG
investigates blood volumes variations, which might behave differently from microvasculature of
skeletal muscles. On the other hand, LDF has been performed on foream, but it is sensitive only
to skin blood flow, and not to muscle microvasculature. A technology similar to DCS, diffuse
speckle contrast analysis (DSCA) has been recently used by Yeo et al. [41] to study VLF and LF
oscillations of blood flow in four different foot positions to validate the foot angiosome concept.
The authors were able to demonstrate the ability of DSCA to evaluate variations in VLF and LF
blood flow oscillations due to occlusion protocols. Compared to Yeo et al., we investigated four
different skeletal muscles in resting state to evaluate the optimal probe position when exploiting
DCS and TD-NIRS for LF and VLF analysis of endothelial function.

Concerning HHb, HbO2, tHb and StO2, previous studies performed using continuous wave
NIRS (CW-NIRS) devices demonstrate the possibility to observe VLF and LF oscillations in
∆tHb and StO2 after muscles exercises [38,70]. However, little is known about resting state
spectra of skeletal muscles. In this work, HHb, HbO2, tHb and StO2 LF and VLF oscillations of
skeletal muscles at resting state were observed, but their PSDs both in terms of absolute (more
than two order of magnitude) and relative (more than half) area are significantly lower compared
to the one of BFI, suggesting that BFI is more sensitive to spontaneous tone modulation of
blood vessels than TD-NIRS signal. Significant differences between the four measured muscles
were observed, however they vary among different hemodynamic parameters, spectral intervals,
and between relative and absolute areas causing a difficult identification of a unique biomarker
and suggesting that further work is needed to gain a better understanding of the usability of
hemoglobin concentration and tissue oxygenation PSDs.

Finally, we compared the results of healthy subjects with the ones of an ICU septic patient
whose endothelial functions is expected to be impaired (Sec. 3.3). The PSDs of HHb, HbO2,
tHb, StO2 and BFI measured on the thenar eminence of the septic patient show different behavior
at VLF and LF. In particular, the relative area of the PSDs of all hemodynamic parameters
(Fig. 7) is lower than the 25th percentile measured on healthy subjects at frequencies< 0.021 Hz,
suggesting that the endothelial activities might behave differently compared to the ones of healthy
volunteers. On the other hand, the myogenic component in the PSD of the septic patient shows a
larger contribution compared to the one of healthy subjects. This exemplary case is in accordance
with a previous study, where LDF was used to assess endothelial health of septic patients [71],
demonstrating that myogenic oscillations are enhanced in septic patients which showed a marked
increase in the fraction of total power in the 0.1–0.15 Hz frequency band. The case study here
reported is promising in light of the potential application of the described method to monitor
endothelial impairments in septic patients in resting state conditions. It is indeed well known
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that the microvascular endothelium is damaged in case of sepsis, reducing its barrier role and
increasing its permeability [72,73], and such impairment is often related to patient outcome.
To test this hypothesis, PSDs of a larger set of ICU septic patients will need to be measured.
Indeed, the case study here reported might be affected by the sensitivity to muscle tissue in ICU
patient compared to measurements on healthy volunteers. Very often, ICU patients are affected
by edema, which might affect diffuse optical measurements, and the BMI of the septic patient
was larger compared to the ones of healthy volunteers. However, the effects of these two factors
are reduced by the low intersubject variability of superficial thickness in thenar eminence [74],
and the larger interfiber distance of the VASCOVID device (2.5 cm for both TD-NIRS and DCS
modules) compared to the one used to measure healthy volunteers (2 cm for the TD-NIRS module,
and 1.5 cm for the DCS module); which might guarantee a high sensitivity to thenar muscle.

Concerning baseline hemodynamic parameters reported in Sec. 3.1, the US measurements
performed show that the superficial thicknesses of the four probed areas are lower than 5 mm
for all subjects, suggesting that the interfiber distances used for these measurements (1.5 cm for
DCS, and 2 cm for TD-NIRS) are sufficiently large to provide satisfactory sensitivity to muscle
hemodynamics [32,75,76]. In this respect, no correlation was observed between hemodynamic
parameters and thicknesses of superficial tissues. These results shall not be considered general,
due to the particular population investigated (young and healthy people). The BFI, measured at
785 nm, was estimated considering the optical parameters (i.e., absorption and reduced scattering
coefficients) measured at 830 nm. This approximation might influence the absolute values of BFI
reported in Sec. 3.1. However, it does not affect the results shown for the PSDs, which were
calculated from the relative variations of BFI.

Hemodynamic parameters measured in 14 healthy volunteers during resting state show larger
variability, i.e., standard deviation (particularly in case of StO2, see Table 2) for thenar eminence
compared to other muscles, probably due to the smaller dimension of the thenar muscle and the
higher heterogeneity of the probed tissue. Indeed, even though its superficial thickness shows a
lower inter-subject variability compared to other muscles (e.g., forearm) [77], the proximity to
bone, the small dimension of the muscle and its uneven shape could affect NIRS measurements.
Indeed, except from thenar eminence, StO2 shows a coefficient of variation (CV, ratio between
standard deviation and average value)< 6%, in accordance with previous studies performed with
a similar TD-NIRS device [78]. Despite this larger variability (which needs further investigation)
VLF and LF components of BFI PSD are larger in the thenar eminence as compared to other
muscles. This aspect together with the fact that thenar possesses a limited anatomical variability
makes this muscle an excellent location for studying VLF and LF.

The reduced scattering and absorption coefficients measured on the four muscles are in
accordance with previous works, in which optical properties of different skeletal muscles were
measured [79,80]. The absorption coefficient and BFI are lower for the plantar fascia compared
to the other muscles, probably because of the influence of the metatarsals bones (very proximal
to the probe) [81] and the different type of tissue investigated which is actually an aponeurosis
rather than true fascia, thus it can be considered a tendinous expansion, serving mainly to connect
a muscle with the parts that it moves [82]. Lidner et al. [83] and Cortese et al. [84] measured
the optical and dynamic properties of the sternocleidomastoid, and they reported lower values
in terms of BFI and its standard deviation among subjects. However, they placed the probe in
the proximity of the thyroid, whereas in our study DO measurements were performed on the
extremity of the muscle, close to the jaw; moreover, they used a higher number of detection
channels (15 at large distance) which lead to smaller standard errors [43].

5. Conclusions

In this work, we tested the possibility to assess LF and VLF spontaneous oscillations of
microvasculature by resting state measurements of skeletal muscles hemodynamics via DO
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methods. We measured 14 healthy subjects by simultaneous TD-NIRS and DCS measurements,
on four different muscles (thenar eminence, plantar fascia, sternocleidomastoid and forearm)
and reconstructing the PSDs of HHb, HbO2, tHb, StO2 and BFI during 15 min of resting state.
Frequency analysis showed that TD-NIRS and DCS techniques are both suitable to detect VLF
and LF oscillations. However, the PSD of BFI in VLF and LF bands was observed to be larger
than the ones retrieved in PSDs of HHb, HbO2, tHb, StO2. Concerning BFI, the PSD shows
larger amplitude in distal muscles (thenar eminence and plantar fascia), suggesting that these
muscles are more suitable to detect BFI oscillations compared to less distal muscles. According
to previous literature on LDF and PPG, the peaks observed in PSD of BFI might be related to
endothelium activities for VLF (i.e., 0.0095-0.021 Hz) and neurogenic and myogenic activities at
LF (i.e., from 0.021 to 0.052 Hz and 0.052-0.145 Hz). Finally, as proof of principle, we measured
the PSD of the hemodynamic parameters in a septic patient observing different behavior at
myogenic frequencies compared to healthy subjects, in accordance with previous literature on
LDF [71]. Moreover, lower PSDs at VLF were measured in all hemodynamic parameters of the
septic patient compared to the ones of healthy subjects, that might suggest an impairment in
endothelial functions. The present study paves the way for endothelium hemodynamic activity
assessment in skeletal muscles via diffuse optical technologies with no need for other subsidiary
intervention. Further studies can be done increasing the number of healthy volunteers and ICU
patients, and exploiting more complex method of analysis (e.g., wavelet transform), which might
allow to compare the spectrum behavior during and after arterial occlusion with the nowadays
more used parameters of deoxygenation and reoxygenation rate.

6. Appendix A

The statistical analysis performed on the absolute and relative PSD areas in the three intervals of
interest are reported in the following tables.

Table 4. p-value computed by Wilcoxon signed-rank test comparing absolute areas of PSD for BFI
in different regions of the body, in 14 healthy volunteers. In bold the statistically significant p-value

according to Bonferroni correction for multiple comparisons.

I1= [0.0095; 0.021] Hz I2= [0.021; 0.052] Hz I3= [0.052; 0.145] Hz

Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm

A
bs

ol
ut

e
ar

ea Thenar
eminence

0.29 0.001 0.0001 0.50 0.0003 0.0001 0.76 0.0002 0.0001

Plantar
fascia

/ 0.0001 0.0001 / 0.0001 0.0001 / 0.0001 0.0008

Sternoclei
domastoid

/ / 0.26 / / 0.42 / / 0.058
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Table 5. p-value computed by Wilcoxon signed-rank test comparing absolute and relative areas of
PSD for HHb in different regions of the body, in 14 healthy volunteers. In bold the statistically

significant p-value according to Bonferroni correction for multiple comparisons.

I1= [0.0095; 0.021] Hz I2= [0.021; 0.052] Hz I3= [0.052; 0.145] Hz
Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm

A
bs

ol
ut

e
ar

ea Thenar
eminence

0.0001 0.13 0.006 0.006 0.049 0.53 0.0002 0.167 0.008

Plantar
fascia

/ 0.0001 0.0001 / 0.0008 0.0001 / 0.002 0.006

Sternoclei
domastoid

/ / 0.07 / / 0.453 / / 0.261

Re
la

tiv
e

ar
ea Thenar

eminence
0.0002 0.98 0.013 0.040 0.491 0.572 0.008 0.03 0.03

Plantar
fascia

/ 0.0002 0.0001 / 0.889 0.0476 0.0001 0.0001

Sternoclei
domastoid

/ / 0.03 / / 0.1492 0.53

Table 6. p-value computed by Wilcoxon signed-rank test comparing absolute and relative areas of
PSD for HbO2 in different regions of the body, in 14 healthy volunteers. In bold the statistically

significant p-value according to Bonferroni correction for multiple comparisons.

I1= [0.0095; 0.021] Hz I2= [0.021; 0.052] Hz I3= [0.052; 0.145] Hz
Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm

A
bs

ol
ut

e
ar

ea Thenar
eminence

0.0001 0.28 0.57 0.0001 0.003 0.0001 0.0001 0.0002 0.0002

Plantar
fascia

/ 0.0023 0.0003 / 0.015 0.01 / 0.318 0.148

Sternoclei
domastoid

/ / 0.57 / / 0.16 / / 0.702

Re
la

tiv
e

ar
ea Thenar

eminence
0.005 0.167 0.004 0.937 0.131 0.288 0.048 0.491 0.703

Plantar
fascia

/ 0.0002 0.0006 / 0.168 0.795 / 0.056 0.1689

Sternoclei
domastoid

/ / 0.61 / / 0.319 / / 0.261

Table 7. p-value computed by Wilcoxon signed-rank test comparing absolute and relative areas of
PSD for tHb in different regions of the body, in 14 healthy volunteers. In bold the statistically

significant p-value according to Bonferroni correction for multiple comparisons.

I1= [0.0095; 0.021] Hz I2= [0.021; 0.052] Hz I3= [0.052; 0.145] Hz
Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm

A
bs

ol
ut

e
ar

ea Thenar
eminence

0.012 0.0012 0.0006 0.0001 0.023 0.0001 0.0001 0.05 0.0001

Plantar
fascia

/ 0.318 0.318 / 0.0082 0.040 / 0.0038 0.101

Sternoclei
domastoid

/ / 0.614 / / 0.235 / / 0.235

Re
la

tiv
e

ar
ea Thenar

eminence
0.0023 0.491 0.453 0.188 0.0008 0.020 0.288 0.0006 0.003

Plantar
fascia

/ 0.131 0.0039 / 0.0006 0.0052 / 0.013 0.034

Sternoclei
domastoid

/ / 0.102 / / 0.842 / / 0.657
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Table 8. p-value computed by Wilcoxon signed-rank test comparing absolute and relative areas of
PSD for StO2 in different regions of the body, in 14 healthy volunteers. In bold the statistically

significant p-value according to Bonferroni correction for multiple comparisons.

I1= [0.0095; 0.021] Hz I2= [0.021; 0.052] Hz I3= [0.052; 0.145] Hz

Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm Plantar
fascia

Sternoclei
domastoid

Forearm

A
bs

ol
ut

e
ar

ea Thenar
eminence

0.0001 0.843 0.657 0.0001 0.056 0.034 0.0001 0.0001 0.0002

Plantar
fascia

/ 0.0001 0.0002 / 0.008 0.029 / 0.798 0.847

Sternoclei
domastoid

/ / 0.056 / / 0.056 / / 0.843

Re
la

tiv
e

ar
ea Thenar

eminence
0.0002 0.115 0.006 0.01 0.657 0.318 0.005 0.0002 0.006

Plantar
fascia

/ 0.0001 0.0002 / 0.491 0.010 / 0.006 0.0002

Sternoclei
domastoid

/ / 0.065 / / 0.168 / / 0.417

7. Appendix B

In Table 9, we reported the median values and IRQ of PSD areas of hemodynamic parameters
measured on healthy volunteers and on the septic patient, on the thenar eminence.

Table 9. Median and interquartile range of absolute and relative areas of PSD for hemodynamic
parameters measured on the thenar eminence of healthy subjects, and same areas measured on

the septic patient.

I1= [0.0095; 0.021] Hz I2= [0.021; 0.052] Hz I3= [0.052; 0.145] Hz

Median
healthy

IQR
healthy

Septic
patient

Median
healthy

IQR
healthy

Septic
patient

Median
healthy

IQR
healthy

Septic
patient

A
bs

ol
ut

e
ar

ea

HHb 0.137 0.046 0.016 0.049 0.019 0.013 0.093 0.028 0.049

HbO2 0.094 0.044 0.009 0.088 0.016 0.034 0.156 0.049 0.082

tHb 0.043 0.015 0.008 0.037 0.018 0.008 0.037 0.010 0.021

StO2 0.042 0.053 0.003 0.024 0.020 0.012 0.046 0.038 0.032

BFI 24.469 44.642 6.702 32.092 42.477 18.572 19.297 25.526 26.157

Re
la

tiv
e

ar
ea

HHb 0.133 0.063 0.071 0.050 0.025 0.056 0.079 0.056 0.216

HbO2 0.072 0.052 0.023 0.070 0.014 0.085 0.128 0.018 0.205

tHb 0.161 0.061 0.067 0.121 0.028 0.071 0.144 0.0635 0.179

StO2 0.088 0.041 0.019 0.053 0.022 0.081 0.111 0.042 0.225

BFI 0.218 0.070 0.084 0.257 0.071 0.232 0.184 0.099 0.327
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