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Abstract: Objective: The employment of wearable systems for continuous monitoring of vital signs
is increasing. However, due to substantial susceptibility of conventional bio-signals recorded by
wearable systems to motion artifacts, estimation of the respiratory rate (RR) during physical ac-
tivities is a challenging task. Alternatively, functional Near-Infrared Spectroscopy (fNIRS) can be
used, which has been proven less vulnerable to the subject’s movements. This paper proposes a
fusion-based method for estimating RR during bicycling from fNIRS signals recorded by a wearable
system. Methods: Firstly, five respiratory modulations are extracted, based on amplitude, frequency,
and intensity of the oxygenated hemoglobin concentration (O, Hb) signal. Secondly, the dominant
frequency of each modulation is computed using the fast Fourier transform. Finally, dominant
frequencies of all modulations are fused, based on averaging, to estimate RR. The performance of the
proposed method was validated on 22 young healthy subjects, whose respiratory and fNIRS signals
were simultaneously recorded during a bicycling task, and compared against a zero delay Fourier
domain band-pass filter. Results: The comparison between results obtained by the proposed method
and band-pass filtering indicated the superiority of the former, with a lower mean absolute error
(3.66 vs. 11.06 breaths per minute, p < 0.05). The proposed fusion strategy also outperformed RR
estimations based on the analysis of individual modulation. Significance: This study orients towards
the practical limitations of traditional bio-signals for RR estimation during physical activities.

Keywords: fNIRS; respiratory rate; physical activity; wearable

1. Introduction

The advent of wearable systems for the measuring of vital signs has started a revolution
in non-laborious healthcare and sports science practices [1]. Unarguably, such systems have
provided the possibility of customized continuous monitoring of physiological parameters,
such as heart rate (HR), blood pressure, and respiratory rate (RR), which are of great value
for both clinical and research purposes [2,3].

A majority of wearable systems indirectly estimate the aforementioned parameters
using bio-signals, such as the photoplethysmography (PPG) and electrocardiography
(ECG) [4]. Despite the excellent performance during resting state, wearable systems usually
do not show a satisfactory performance when the subject is engaging in physical activity
[5]. The reason for such failure is the substantial susceptibility of bio-signals to motion
artifacts originating from a subject’s movements, which are inevitable during physical
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activity. Amongst the physiological parameters mentioned, estimation of RR from bio-
signals contaminated with motion artifacts is the most challenging [6].

Alternatively, functional Near-Infrared Spectroscopy (fNIRS) can be employed and
is less sensitive to a subject’s movements. Specifically, {NIRS is an optical brain imaging
technique that quantifies oxygenated (O, Hb) and deoxygenated (HHb) hemoglobin con-
centrations, related to the neural activities in the cerebral cortex. Not only does fNIRS
provide a better spatial resolution than electroencephalography (EEG), it also outperforms
functional magnetic resonance imaging (fMRI) in terms of temporal resolution [7]. More
importantly, compared to other bio-signal monitoring techniques, fNIRS is more motion
tolerant, i.e., the subject’s movements do not necessarily affect the quality of the data [8,9].
Due to its noninvasive and mobile nature, NIRS also has the advantage of being usable in
outdoor applications [10]. Indeed, the advent of lightweight single sensor fNIRS equipment
has opened new doors for outdoor studies, and, in particular, fitness applications [11-14].

Opportunely, fNIRS is contaminated by non-cerebral interference cited from physio-
logical systemic activities, such as HR, blood pressure, Mayer waves, and respiration [15],
providing the possibility of extraction of complementary physiological parameters. Al-
though the HR estimation from fNIRS measurements has been addressed in several studies,
no research, except for our previous study [16], has yet investigated the possibility of RR
estimation from fNIRS. Respiration is one of the main physiological interferences in fNIRS,
manifesting in its spectrum (~0.2 to 0.4 Hz) [17,18]. The reason for such contamination is
twofold; changes of the blood flow within the body during inhaling and exhaling, and the
influence of respiratory oscillations on cerebral blood volume and flow [19]. Therefore, it
can be presumed that RR changes are disclosed in the fNIRS signals.

Due to the similar principles of PPG and fNIRS measurements, and, in particular,
O, Hb signal, and considering the fact that cerebral blood volume and flow changes are
proportional to NIRS output [20], it can be expected that respiratory modulations exhibited
in PPG behave similarly in O, Hb signals. Therefore, we hypothesize that respiration can
influence the O, Hb signal in three aspects; frequency, intensity and amplitude.

In our previous research, [16], we showed the possibility of RR estimation from an
O, Hb signal in a resting state. However, the main challenge is to estimate RR when subjects
are performing physical activities. The objective of this paper is, thus, to propose a new
method for estimation of RR from O, Hb signals during a bicycling task. The basis of the
proposed method involves the following: (i) extraction of five respiratory modulations,
based on amplitude, frequency, and intensity of an O, Hb signal, (ii) computation of the
dominant frequency of each modulation, and (iii) application of a mean-based fusion
strategy on the computed dominant frequencies to estimate RR.

2. Proposed Method

The block diagram of the proposed method is shown in Figure 1. As displayed, it
mainly consists of two blocks; pre-processing and RR estimation.
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Figure 1. Block diagram of the proposed method for RR estimation using fNIRS.
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2.1. Pre-Processing

The first step of the proposed method is to find a high quality {NIRS channel for the
analysis. Towards this aim, firstly, the modified Beer—Lambert law is employed to convert
raw optical density signals to O, Hb and HHb changes in concentrations as follows [21]:

AOD(A) = €(A)- AC- L- DPF )

where OD, A, €, C, L, and DPF stand for optical density, wavelength, absorption coefficient,
concentration, physical path length, and differential path length factors, respectively. Then,
the signal quality index (SQI) algorithm [22] is used, which numerically scores the signals
from 1 (low) to 5 (high) quality. After finding the fNIRS channel with the highest signal
quality, the corresponding O, Hb signal (Figure 2a) is filtered by a wavelet transform
[23] for elimination of possible motion artifacts (Figure 2b). Then, an FIR low-pass filter
with cut-off frequency at 4 Hz is used to remove high frequency noise originating from
non-physiological sources (Figure 2c).

()

(b)

0 10 20
Time (s)

Figure 2. An example on noise reduction from an O, Hb signal: (a) selected O, Hb signal with the SQI;
(b) motion artifact reduction using DWT algorithm; (c) low-pass filtering for high frequency noise
removal.

2.2. RR Estimation from O;Hb
2.2.1. Background

As was already mentioned, the O, Hb signal originating from fNIRS functions on
the same basis as PPG, and, thus, respiratory modulations in PPG can also appear in the
O, Hb signal. It is common knowledge that HR increases during inhalation and decreases
during exhalation, and, thus, given the fact that each cycle of the O, Hb signal is a heart
beat, respiration causes frequency modulation in the O, Hb signal [24]. On the one hand,
increasing and decreasing of the intrathoracic pressure during inhalations and exhalations
leads to a variation in blood volume, known as baseline wander,and, thus, respiration
causes intensity modulation in the O, Hb signal [25]. On the other hand, reduction of the
blood stroke volume during inhalation, because of alternation in intrathoracic pressure,
leads to changes in the O, Hb signal’s strength, causing respiratory amplitude modulation
[26].

2.2.2. Extraction of Respiratory Modulations

In this paper, two frequency and two intensity respiratory modulations were extracted
from the O, Hb signal, along with one amplitude respiratory modulation, for RR estimation.
Regarding the frequency modulations, the following were computed: (i) the distance
between two consecutive peaks and (ii) the distance between troughs and peaks. For the
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intensity modulations, two baseline wanders were formed: (i) based on peaks and (ii) based
on troughs. Regarding the amplitude modulation, the absolute difference between the
magnitude of troughs and peaks were computed.

2.2.3. Trough and Peak Detection

In order to localize peaks and troughs, we used our previous method for trough detec-
tion from the O, Hb signal, wherein the O, Hb signal is first normalized between —1 and 1,
and, then, local minima, with values lower than average of the O, Hb signal, are considered
as potential troughs. Yet, the existence of motion artifacts may lead to a fallacious analysis.
To overcome this issue, the corresponding magnitude of potential troughs were set on a
vector, e.g., z[n], and, then, troughs with a lower value than Mean (z[n]) + 3 X std (z[n])
were discarded [16]. Afterwards, the maxima between two consecutive troughs were
considered the peaks.

2.2.4. Processing of the Extracted Modulations

After forming the extracted modulations, up-sampling is an essential step, as the
modulations were formed based on irregular sampling, whereas regularly sampled signals
are often required for the subsequent analysis [27]. To this end, the cubic spline interpolation
method was used, which has already been shown to be promising in PPG studies [28].

Before computing the dominant frequency of the up-sampled extracted modulations,
it is also necessary to remove non-respiratory fluctuations, e.g., Mayer waves [29], which
can hamper the accurate detection of the corresponding RR frequency [27]. Non-respiratory
fluctuations can have both very low and very high frequency components. Unfortunately,
there is no assent on the ideal frequency range of respiration. Indeed, such a range might
need to be regulated based on the subject’s background, e.g., age [30]. In our previous
study, it was shown that low-frequency components of non-respiratory fluctuations can be
removed by a 3s moving average filter. For the maximum frequency of RR, we adopted a
threshold based on the HR [31] as follows:

Friae = A% o, @
where A is a constant. It is worth mentioning that HR was estimated based on the number
of detected peaks on a 50s window length. The regulation of the constant A is described in
Section 4.

After applying the moving average filter on the up-sampled modulations, the fast
Fourier transform (FFT) algorithm was computed and the dominant frequency in the range
of [0 Faay] considered to be the RR.

2.2.5. Mean-Based Fusion Method for RR Estimation

According to several studies, there is no optimal modulation for RR estimation [32].
For example, it was shown that frequency modulations may not be efficient for elderly
subjects [33]. Therefore, computing the RR based on a fusion strategy, where several
modulations are combined, can be more effective. Here, we used a simple mean fusion
method where the final RR is computed based on the average of computed dominant
frequencies of all modulations.

2.3. Method under Comparison

To the best of our knowledge, there is no direct method to estimate RR from fNIRS. Yet,
some studies tried to portion out respiratory components from f{NIRS measurements [19,34].
In this paper, we compared performance of the proposed method to a band-pass filtering
strategy to extract respiratory components from the O, Hb signal. As described in [19], a
zero delay Fourier domain band-pass filter, with cut-off frequencies from 0.2 to 0.6 Hz, was
used. In this paper, after finding the fNIRS channel with the highest signal quality, the
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Biking Resistance

corresponding O Hb signal was filtered and the dominant frequency within the range [0.2
to 0.6] Hz considered to be the estimated RR.

2.4. Performance Index

In order to assess the performance of RR estimation using both methods, the absolute
error (AE) between the reference and estimated RRs was computed as follows:

AE = |RRref - RRESt|r 3)

3. Data Collection
3.1. The Experimental Setup

The experimental setup involved an ergometer bike, a wireless single-sensor fNIRS-
system (PortaLite MKII, Artinis Medical Systems B.V., the Netherlands), placed on the
left hemispheres of the prefrontal cortex, and a respiratory chest belt connected to a TMSi
SAGA 32+/64+ amplifier (Twente Medical Systems International B.V., The Netherlands),
with a sampling rate of 4000 Hz (Figure 3a). The fNIRS system was equipped with three
long channels (transmitter—receiver distance up to 41 mm), recording data with nominal
wavelengths of 760 and 850 nm, and a sampling rate of 100 Hz.

(b)

& &

1 2 3 4 5 6 7 8 9 10 " 12 13 14 15 16 17 18 19

Time (Min)

Arbitrary speed Constant speed

Figure 3. The data recording procedure. The experimental (a): setup and (b): paradigm.

3.2. The Experimental Paradigm for Data Recording

The data recording procedure is displayed in Figure 3b. It comprised of a 60 s resting
period block, followed by two bicycling blocks detached by a 60 s resting period, and
the final resting period block lasting for 60 s. At each bicycling block, subjects bicycled
for 8 min, wherein every minute the resistance of the ergometer increased by 1. In the
first bicycling block, subjects were allowed to regulate their bicycling speed arbitrarily. In
the second bicycling block, the subjects were asked to keep the speed constant around
18-22 km/h. In the whole procedure, subjects were allowed to freely move their heads
and arms.

3.3. Participants

Twenty-two young healthy subjects with varied ethnicity and fitness endurance volun-
teered to take part in the experiment (Table 1). None of the subjects had any psychological
and neurological disorders nor were they under any specific medications in the week of the
experiment. Before starting the experiment, all participants were briefed about the study
and signed a consent letter. A waiver for formal ethical approval was obtained from the
medical ethics committee (CMO Arnhem-Nijmegen) with the ethical code of 2021-8284. All
regulations and guidelines needed by the Declaration of Helsinki were followed. The data
were collected at the premises of Artinis Medical Systems B.V., Elst, The Netherlands.
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Table 1. Characteristics of subjects who participated in the experiment. The BMI stands for the body
mass index.

Blood Pressure

Subject BMI Age Status Sex
1 234 37 Hypotension Female
2 22.6 37 Hypotension Male
3 20.4 24 Normotension Male
4 18.6 33 Normotension Female
5 25.6 22 Normotension Male
6 19.3 22 Normotension Male
7 19.8 26 Normotension Male
8 21.4 31 Hypotension Female
9 24.2 27 Hypotension Female
10 22.3 24 Normotension Female
11 26.8 24 Normotension Male
12 254 32 Normotension Female
13 23.8 22 Normotension Male
14 26.2 28 Normotension Male
15 234 23 Normotension Male
16 21.8 22 Normotension Male
17 26.7 24 Normotension Female
18 22.9 22 Normotension Female
19 20.8 25 Normotension Female
20 21.5 24 Normotension Female
21 26.4 24 Normotension Male
22 24.6 33 Normotension Female

4. Results

In this section, the experimental results obtained from the proposed method and
the method under comparison are described. Before starting the analysis, the respiratory
reference signals were manually inspected and trials with an unreliable RR were rejected.
After the manual inspection, the data associated with subject 21 were completely discarded.
It should be noted that after discarding unreliable respiratory signals, 418 trails with a
length of 50 s were used for the analysis.

4.1. Regulation of RR Maximum Frequency

The only parameter of the proposed method that was required to be tuned was the
constant A, which regulated the RR maximum frequency based on HR. For this purpose,
78 trials, having 50 s lengths, from five subjects were randomly selected and values from
0.2 to 0.4 with a step size of 0.05 were investigated. To find the best fit, the lowest mean AE
between the reference and estimated RR was considered (Figure 4). Although there was no
significant difference between the obtained results by A = 0.3 and A = 0.35, we considered
A = 0.3 to be the best fit, due to its having the lowest mean AE.
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Figure 4. Tuning the constant A for determination of RR maximum frequency, based on lowest mean
AE obtained from 78 randomly selected trials. The AE is shown in terms of mean and standard
deviations.

4.2. The Performance of Proposed Method

Figure 5 shows an example of the O, Hb signal and its corresponding modulations,
followed by the frequency spectrum of each modulation. It should be noted that the
reference RR was 0.32 Hz.

0,Hb

Respiratory

0 25 50
Time (s)

RIM 1

LA AN N,

RFM 11|~

I
0 25 50 0 0.2 0.4 0.6 038 1
Time (s) Frequency (Hz)

Figure 5. An example of the O,Hb signal and its corresponding respiratory signal, as well as its
extracted respiratory modulations and spectra.
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Table 2 displays the mean AE between the reference and estimated RRs for each subject,
indicating the superiority of the fusion-based strategy over the individual modulation for
the majority of the subjects.

Table 2. The mean AE between reference and estimated RRs (BPM) for each subject with individual
and fusion features. The lowest mean AE is in bold.

Subject RAM RFEM 1 REM II RIMI RMI II Fusion
1 1.45 1.30 1.46 217 2.23 1.05
2 8.54 8.72 6.30 7.79 717 6.17
3 4.85 3.72 6.91 6.27 6.9 3.83
4 5.62 4.01 3.27 4.95 5.23 3.08
5 3.29 2.53 2.75 2.53 3.25 1.35
6 6.48 7.78 8.50 7.60 7.77 5.35
7 6.51 6.76 5.15 5.49 7.02 5.11
8 3.09 3.25 491 5.66 3.89 3.75
9 5.96 3.99 10.96 9.16 8.07 5.10
10 8.66 5.38 5.18 7.47 7.68 5.00
11 5.98 4.31 6.21 6.93 5.43 4.31
12 547 3.61 5.01 5.05 3.9 2.81
13 497 3.09 6.09 6.47 5.31 3.35
14 7.62 6.82 5.63 3.98 3.92 4.99
15 5.87 7.30 5.62 3.38 5.86 3.98
16 5.73 3.67 2.88 2.54 3.00 2.00
17 2.87 3.56 5.84 8.36 6.98 3.61
18 5.34 4.07 2.40 3.73 3.84 3.13
19 473 4.03 7.26 6.98 5.09 3.47

20 3.71 3.69 6.85 8.59 5.31 3.67
21 2.72 2.82 4.87 4.36 3.60 2.75

When comparing the performance of each individual modulation with the fusion-
based strategy on all trials (Figure 6), the latter showed a lower mean AE (3.66) against those
obtained from RAM (5.14), REM I (4.45), REM II (5.32), RIM I (5.61), and RIM II (5.22) BPM.
According to the conducted t-test analysis, regarding the individual modulation, there was
a significant difference between the AE of RFM I and others (p < 0.05). Notably, there was
also a significant difference between the fusion-based strategy and REM I (p < 0.05).

0 5 10 15 20 25
AE (BPM)

Figure 6. The overall performance of each individual feature and fusion-based strategy in terms of AE.
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4.3. Comparison with the Band-Pass Filtering Method

To compare the performance of both methods, a Bland—Altman plot was used, which
evaluates the agreement between two quantitative measurements by displaying their
difference as a function of their average. Figure 7 shows the Bland—-Altman plot of the AE
values obtained by the proposed method and the method based on band-pass filtering, as
used in [19] for all trials. As displayed, the proposed method outperformed the band-pass
filtering with a lower average of the differences (3.66 vs. 11.06 BPM, p < 0.05).

Mean

Difference between Refg, and Estgg

40 45
a5 (b)
‘5% sor A ° Mean+1.96 x SD
+1.
'USZS-_ ________ A ee__oo_____eal_i_
5 ) ) OO
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2 10f 00 000" d
8 o 0% o0 o °
o  5F O O O, O OO0
o °8°o°u°03‘” 0 030%0% 00000 o
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o o i e
10 . . . . . ,
5 10 15 20 25 30 35

Average of Refgo and Estgp
Figure 7. The Bland —Altman plots for: (a) the proposed method and (b) band —pass filtering [19].

5. Discussion

The objective of this paper was to propose a robust RR estimation method during
bicycling using fNIRS signals recorded by portable equipment. This study, by taking
advantage of the lower vulnerability of fNIRS to a subject’s movements, was oriented
towards highlighting the practical limitations of the current state-of-the-art studies for
RR estimation during physical activity. The proposed method provides an extra measure,
i.e., RR, that can be used alongside brain activity analysis. Genuinely, RR estimation from
fNIRS can synergize the cerebral activity analysis in applications, such as stress assessment
and mental workload, where RR changes are important indicators [35,36].

5.1. The Significance of Proposed Fusion Strategy

According to the literature, the performance of each extracted respiratory modulation
for RR estimation depends on several factors, such as age, gender, body position, and
health status [27]. Thus, a fusion-based estimation, i.e., one employing multiple respiratory
modulations, can lead to a more robust RR estimation. In this paper, a fusion-based
strategy was provided with an average of five respiratory modulations, based on the
amplitude, intensity and frequency of an O, Hb signal, over a 50 s window. The comparison
between the individual and fusion-based RR estimations confirmed such robustness as the
15 subjects showed lower mean AE (Table 2). Furthermore, the comparison also confirmed
that the performance of an individual modulation may not be generalized for the whole
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population, as each modulation performed differently for different subjects. In terms
of overall performance over all te trials, the fusion-based strategy outperformed each
individual modulation with a lower mean of AE.

5.2. Comparison with State-of-the-Art

Except for our previous study, that estimated RR from an O, Hb signal in a resting
state, there is no research estimating RR from fNIRS. Yet, a few studies have tried to portion
out the respiratory components from fNIRS measurements. For instance, a multimodal
extension of the general linear model using a temporal embedded canonical correlation
method was employed to regress out respiratory components from fNIRS [34]. Firstly,
the mentioned study required a reference respiratory signal to be recorded concurrently.
Secondly, employing a general linear model usually requires a large number of {NIRS
channels, which increases the complexity of wearable instrumentation. In contrast, we used
a single sensor fNIRS system placed on the prefrontal cortex, which reduces the complexity
of wearable instrumentation. Furthermore, the prefrontal cortex is a hairless area, and,
therefore, provides the user with more comfort.

In other research, a zero delay Fourier domain band-pass filter, with cut-off frequencies
from 0.2 to 0.6 Hz, was applied to the O, Hb signal to separate respiratory components
from the cerebral brain activity [19]. The comparison between performance of the proposed
method and band-pass filtering method (Figure 7) indicates the superiority of our proposed
method, as a lower mean of difference between the reference and estimated RRs was
obtained (3.66 vs. 11.06 BPM). The reason for such a high error could be the fact that the
suggested bandwidth also includes other non-respiratory components, such as cerebral
and cardiac activities.

5.3. Directions for Future Work

Although the results obtained by the proposed method are promising, there are some
issues that should be addressed in future work. Firstly, performance of the proposed
method was only investigated on young healthy subjects. It is important to consider a
broader range of subjects (e.g., the elderly) to further assess the robustness of the proposed
method. Furthermore, it may also be important to consider different characteristics of
subjects, e.g., race, skin color, and BMI in developing an RR estimation algorithm. In
particular, the employed maximum respiratory frequency (Fy,x) might require further
adjustment for a different cohort. Secondly, although the data were recorded during
physical activity and the subjects were allowed to freely move their bodies throughout
the experiment, performance of the proposed method should be further validated on
data where the subjects are performing more intense exercise, e.g., squatting, with more
movements. Lastly, employing a smart fusion strategy, such as [37], may also further
improve the performance of the proposed method. However, we did not find enormous
differences amongst the estimated RRs from individual modulations (Table 2).

6. Conclusions

This paper presented a fusion-based strategy for RR estimation during a bicycling task
from O, Hb signals originating from fNIRS measurements. For this purpose, five respiratory
modulations were extracted from an O, Hb signal and, then, the RR was estimated, based
on the average of dominant frequencies of each modulation. The comparison between the
obtained results from the proposed method and band-pass filtering showed the superiority
of the proposed method with a lower mean of AE (3.66 vs. 11.03 BPM). The importance
of this study was that it addressed RR estimation during physical activity, and, by taking
advantage of the motion tolerance quality of {NIRS, was oriented towards overcoming the
practical limitations of traditional bio-signals, i.e., vulnerability to the subject’'s movements.
Furthermore, the proposed method derives an extra parameter from fNIRS signals, i.e., RR,
which can be used alongside brain activity analysis.



Sensors 2023, 23, 3632 12 of 13

Author Contributions: Conceptualization, M.S., N.H., JM.H., M.E-W., ].C. and W.N.J.M.C., method-
ology, M.S. and N.H.; validation, M.S., N.H. and ]. M.H.; formal analysis, M.S. and N.H.; investigation,
M.S. and N.H.; resources, M.S. and ].M.H.; data curation, M.S.; writing—original draft preparation,
M.S.; writing—review and editing, ] M.H., M.E-W.,, ].C. and W.N.].M.C; visualization, M.S.; supervi-
sion, ]J.M.H., J.C. and W.N.].M.C,; project administration, ] M.H., M.F-W. and W.N.J.M.C.; funding
acquisition, J.M.H., M.E-W., ].C. and W.N.J.M.C. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the European Regional Development Fund, https://doi.
org/10.13039/501100008530 (PROJ-01003) and the Horizon 2020 Framework Programme, https:
//doi.org/10.13039/100010661 (No. 813234, No. 813843).

Institutional Review Board Statement: A waiver for formal ethical approval was obtained from the
medical ethics committee (CMO Arnhem-Nijmegen) with the ethical code of 2021-8284.

Informed Consent Statement: Before starting the experiment, all subjects were informed about the
experiment and signed the consent form. All methods were performed based on guidelines and
regulations required by the Declaration of Helsinki.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author, [science@artinis.com], upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Wang, Y,; Miao, E; An, Q.; Liu, Z.; Chen, C.; Li, Y. Wearable Multimodal Vital Sign Monitoring Sensor With Fully Integrated
Analog Front End. IEEE Sens. ]. 2022, 22, 13462-13471. [CrossRef]

2. De Fazio, R.; Mastronardi, V.M.; De Vittorio, M.; Visconti, P. Wearable Sensors and Smart Devices to Monitor Rehabilitation
Parameters and Sports Performance: An Overview. Sensors 2023, 23, 1856. [CrossRef] [PubMed]

3. Moshawrab, M.; Adda, M.; Bouzouane, A.; Ibrahim, H.; Raad, A. Smart Wearables for the Detection of Cardiovascular Diseases:
A Systematic Literature Review. Sensors 2023, 23, 828. [CrossRef]

4. Rathore, K.S.; Vijayarangan, P.S.P.S.; Sivaprakasam, M. A Multifunctional Network with Uncertainty Estimation and Attention-
Based Knowledge Distillation to Address Practical Challenges in Respiration Rate Estimation. Sensors 2023, 23, 1599. [CrossRef]
[PubMed]

5. Lanata, A.; Scilingo, E.P; Nardini, E.; Loriga, G.; Paradiso, R.; De-Rossi, D. Comparative Evaluation of Susceptibility to Motion
Artifact in Different Wearable Systems for Monitoring Respiratory Rate. IEEE Trans. Inf. Technol. Biomed. 2010, 14, 378-386.
[CrossRef]

6. Alam, R; Peden, D.B.; Lach, ].C. Wearable Respiration Monitoring: Interpretable Inference With Context and Sensor Biomarkers.
IEEE ]. Biomed. Health Inform. 2021, 25, 1938-1948. [CrossRef]

7. Mihajlovi¢, V.; Patki, S.; Xu, J. Noninvasive Wearable Brain Sensing. IEEE Sens. |. 2018, 18, 7860-7867. [CrossRef]

8.  Almajidy, RK,; Mankodiya, K.; Abtahi, M.; Hofmann, U.G. A Newcomer’s Guide to Functional Near Infrared Spectroscopy
Experiments. IEEE Rev. Biomed. Eng. 2020, 13, 292-308. [CrossRef]

9.  Cui, X,; Baker, ].M,; Liu, N.; Reiss, A.L. Sensitivity of fNIRS Measurement to Head Motion: An Applied Use of Smartphones in he
Lab. J. Neurosci. Methods 2015, 245, 37—43. [CrossRef]

10. Joshi, S.; Herrera, R.R.; Springett, D.N.; Weedon, B.D.; Ramirez, D.Z.M.; Holloway, C.; Ayaz, H. Neuroergonomic Assessment of
Wheelchair Control Using Mobile fNIRS. IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 1488-1496. [CrossRef]

11. Pellegrini-Laplagne, M.; Dupuy, O.; Sosner, P.; Bosquet, L. Effect of Simultaneous Exercise and Cognitive Training on Executive
Functions, Baroreflex Sensitivity, and Pre-frontal Cortex Oxygenation in Healthy Older Adults: A Pilot Study. GeroScience 2023,
45, 119-140. [CrossRef]

12.  Germain, C.; Perrot, A.; Tomasino, C.; Bonnal, J.; Ozsancak, C.; Auzou, P; Prieur, F. Effect of the Level of Physical Activity on
Prefrontal Cortex Hemodynamics in Older Adults During Single- and Dual-Task Walking. J. Aging Phys. Act. 2022, 31, 96-104.
[CrossRef] [PubMed]

13.  Goenarjo, R.; Dupuy, O.; Fraser, S.; Berryman, N.; Perrochon, A.; Bosquet, L. Cardiorespiratory Fitness and Prefrontal Cortex
Oxygenation During Stroop Task in Older Males. Physiol. Behav. 2021, 242, 113621. [CrossRef] [PubMed]

14. Koren, Y.; Mairon, R.; Sofer, I.; Parmet, Y.; Ben-Shahar, O.; Bar-Haim, S. Vision, Cognition, and Walking Stability in Young Adults.
Sci. Rep. 2022, 12, 513. [CrossRef] [PubMed]

15. Zhang, E; Cheong, D.; Khan, A.E; Chen, Y.; Ding, L.; Yuan, H. Correcting Physiological Noise in Whole-Head Functional
Near-Infrared Spectroscopy. J. Neurosci. Methods 2021, 360, 109262. [CrossRef] [PubMed]

16. Hakimi, N.; Shahbakhti, M.; Sappia, S.; Horschig, ].M.; Bronkhorst, M.; Floor-Westerdijk, M.; Colier, W.N. Estimation of

Respiratory Rate from Functional Near-Infrared Spectroscopy (fNIRS): A New Perspective on Respiratory Interference. Biosensors
2022, 12, 1170. [CrossRef] [PubMed]


https://doi.org/10.13039/501100008530
https://doi.org/10.13039/501100008530
https://doi.org/10.13039/100010661
https://doi.org/10.13039/100010661
http://doi.org/10.1109/JSEN.2022.3177205
http://dx.doi.org/10.3390/s23041856
http://www.ncbi.nlm.nih.gov/pubmed/36850453
http://dx.doi.org/10.3390/s23020828
http://dx.doi.org/10.3390/s23031599
http://www.ncbi.nlm.nih.gov/pubmed/36772640
http://dx.doi.org/10.1109/TITB.2009.2037614
http://dx.doi.org/10.1109/JBHI.2020.3035776
http://dx.doi.org/10.1109/JSEN.2018.2844174
http://dx.doi.org/10.1109/RBME.2019.2944351
http://dx.doi.org/10.1016/j.jneumeth.2015.02.006
http://dx.doi.org/10.1109/TNSRE.2020.2992382
http://dx.doi.org/10.1007/s11357-022-00595-3
http://dx.doi.org/10.1123/japa.2021-0410
http://www.ncbi.nlm.nih.gov/pubmed/35894956
http://dx.doi.org/10.1016/j.physbeh.2021.113621
http://www.ncbi.nlm.nih.gov/pubmed/34648819
http://dx.doi.org/10.1038/s41598-021-04540-w
http://www.ncbi.nlm.nih.gov/pubmed/35017580
http://dx.doi.org/10.1016/j.jneumeth.2021.109262
http://www.ncbi.nlm.nih.gov/pubmed/34146592
http://dx.doi.org/10.3390/bios12121170
http://www.ncbi.nlm.nih.gov/pubmed/36551137

Sensors 2023, 23, 3632 13 of 13

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Izzetoglu, M.; Holtzer, R. Effects of Processing Methods on fNIRS Signals Assessed During Active Walking Tasks in Older Adults.
IEEE Trans. Neural Syst. Rehabil. Eng. 2020, 28, 699-709. [CrossRef] [PubMed]

Reddy, P; Izzetoglu, M.; Shewokis, P.A.; Sangobowale, M.; Diaz-Arrastia, R.; Izzetoglu, K. Evaluation of fNIRS Signal Components
Elicited by Cognitive and Hypercapnic Stimuli. Sci. Rep. 2021, 23457. [CrossRef]

Tong, Y.; Lindsey, K.P.; Frederick, B. Partitioning of Physiological Noise Signals in the Brain with Concurrent Near-Infrared
Spectroscopy and fMRLI. . Cereb. Blood Flow Metab. 2011, 31, 2352-2362. [CrossRef]

Afkhami, R.; Walker, ER.; Ramadan, S.; Wong, R.; Johnson, S.J. Indexing Cerebrovascular Health using Near-Infrared Spectroscopy.
Sci. Rep. 2021, 11, 1-9. [CrossRef]

Delpy, D.T.; Cope, M.; Zee, P.V.D.; Arridge, S.; Wray, S.; Wyatt, ]. Estimation of Optical Pathlength Through Tissue from Direct
Time of Flight Measurement. Phys. Med. Biol. 1988, 33, 8. [CrossRef] [PubMed]

Sappia, M.S.; Hakimi, N.; Colier, WN.].M.; Horschig, ].M. Signal Quality Index: An Algorithm for Quantitative Assessment of
Functional Near Infrared Spectroscopy Signal Quality. Biomed. Opt. Express 2020, 11, 6732-6754. [CrossRef] [PubMed]

Chiarelli, A.M.; Maclin, E.L.; Fabiani, M.; Gratton, G. A Kurtosis-based Wavelet Algorithm for Motion Artifact Correction of
fNIRS Data. Neurolmage 2015, 112, 128-137. [CrossRef] [PubMed]

Berntson, G.G.; Cacioppo, ].T.; Quigley, K.S. Respiratory Sinus Arrhythmia: Autonomic Origins, Physiological Mechanisms, and
Psychophysiological Implications. Psychophysiology 1993, 30, 183-196. [CrossRef] [PubMed]

Nitzan, M.; Faib, I.; Friedman, H. Respiration-induced Changes in Tissue Blood Volume Distal to Occluded Artery, Measured by
Photoplethysmography. J. Biomed. Opt. 2006, 11, 2236285. [CrossRef]

Meredith, D.J.; Clifton, D.; Charlton, P.; Brooks, J.; Pugh, C.W.; Tarassenko, L. Photoplethysmographic Derivation of Respiratory
Rate: A Review of Relevant Physiology. |. Med. Eng. Technol. 2012, 36, 638965. [CrossRef]

Charlton, PH.; Birrenkott, D.A.; Bonnici, T.; Pimentel, M.A ; Johnson, A.E.; Alastruey, J.; Clifton, D.A. Breathing Rate Estimation
from the Electrocardiogram and Photoplethysmogram: A Review. IEEE Rev. Biomed. Eng. 2018, 11, 2-20. [CrossRef]

Lazaro, ].; Gil, E.; Bailén, R.; Laguna, P. Deriving Respiration From the Pulse Photoplethysmographic Signal. In Proceedings of the
2011 Computing in Cardiology, Hangzhou, China, 18-21 September 2011; IEEE: Piscataway, NJ, USA, 2011; pp. 713-716.

Lindberg, L.G.; Ugnell, H.; Oberg, P.A. Monitoring of Respiratory and Heart Rates using a Fibre-optic Sensor. Med. Biol. Eng.
Comput. 1992, 30, 533-537. [CrossRef]

Milloy, M.]J.; Wood, E. Normal Ranges of Heart Rate and Respiratory Rate in Children from Birth to 18 Years of Age: A Systematic
Review of Observational studies. Lancet 2011, 377, 1011-1018. [CrossRef]

Li, D.; Zhao, H.; Dou, S. A New Signal Decomposition to Estimate Breathing Rate and Heart Rate from Photoplethysmography
Signal. Biomedal Signal Process. Control 2015, 19, 89-95. [CrossRef]

Li, J.; Jin, J.; Chen, X.; Sun, W.; Guo, P. Comparison of Respiratory-induced Variations in Photoplethysmographic signals. Physiol.
Meas. 2010, 31, 415-425. [CrossRef]

Charlton, PH.; Bonnici, T.; Tarassenko, L.; Alastruey, J.; Clifton, D.A.; Beale, R.; Watkinson, PJ. Extraction of Respiratory Signals
From the Electrocardiogram and Photoplethysmogram: Technical and Physiological Determinants. Physiol. Meas. 2017, 38,
669-690. [CrossRef] [PubMed]

Lithmann, A.; Li, X.; Miiller, K.R.; Boas, D.A.; Yiicel, M.A. Improved physiological noise regression in fNIRS: A multimodal
extension of the General Linear Model using temporally embedded Canonical Correlation Analysis. Neurolmage 2020, 208.
[CrossRef] [PubMed]

garlija, M.; Popovi¢, S.; Jagodi¢, M.; Jovanovic, T.; Ivkovic, V.; Zhang, Q.; Cosi¢, K. Prediction of Task Performance From
Physiological Features of Stress Resilience. IEEE |. Biomed. Health Inform. 2021, 25, 2150-2161. [CrossRef] [PubMed]
Grassmann, M.; Vlemincx, E.; Leupoldt, A.; Mittelstddt, ].M.; Bergh, O. Respiratory Changes in Response to Cognitive Load: A
Systematic Review. Neural Plast. 2016, 2016, 1-16.

Karlen, W.; Raman, S.; Ansermino, ].M.; Dumont, G.A. Multiparameter Respiratory Rate Estimation from the Photoplethysmo-
gram. [EEE Trans. Biomed. Eng. 2013, 60, 1946-1953. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1109/TNSRE.2020.2970407
http://www.ncbi.nlm.nih.gov/pubmed/32070987
http://dx.doi.org/10.1038/s41598-021-02076-7
http://dx.doi.org/10.1038/jcbfm.2011.100
http://dx.doi.org/10.1038/s41598-021-94348-5
http://dx.doi.org/10.1088/0031-9155/33/12/008
http://www.ncbi.nlm.nih.gov/pubmed/3237772
http://dx.doi.org/10.1364/BOE.409317
http://www.ncbi.nlm.nih.gov/pubmed/33282521
http://dx.doi.org/10.1016/j.neuroimage.2015.02.057
http://www.ncbi.nlm.nih.gov/pubmed/25747916
http://dx.doi.org/10.1111/j.1469-8986.1993.tb01731.x
http://www.ncbi.nlm.nih.gov/pubmed/8434081
http://dx.doi.org/10.1117/1.2236285
http://dx.doi.org/10.3109/03091902.2011.638965
http://dx.doi.org/10.1109/RBME.2017.2763681
http://dx.doi.org/10.1007/BF02457833
http://dx.doi.org/10.1016/S0140-6736(10)62226-X
http://dx.doi.org/10.1016/j.bspc.2015.03.008
http://dx.doi.org/10.1088/0967-3334/31/3/009
http://dx.doi.org/10.1088/1361-6579/aa670e
http://www.ncbi.nlm.nih.gov/pubmed/28296645
http://dx.doi.org/10.1016/j.neuroimage.2019.116472
http://www.ncbi.nlm.nih.gov/pubmed/31870944
http://dx.doi.org/10.1109/JBHI.2020.3041315
http://www.ncbi.nlm.nih.gov/pubmed/33253118
http://dx.doi.org/10.1109/TBME.2013.2246160

	Introduction
	Proposed Method
	Pre-Processing
	RR Estimation from O2Hb
	Background
	Extraction of Respiratory Modulations
	Trough and Peak Detection
	Processing of the Extracted Modulations
	Mean-Based Fusion Method for RR Estimation

	Method under Comparison
	Performance Index

	Data Collection
	The Experimental Setup
	The Experimental Paradigm for Data Recording
	Participants

	Results
	Regulation of RR Maximum Frequency
	The Performance of Proposed Method
	Comparison with the Band-Pass Filtering Method

	Discussion
	The Significance of Proposed Fusion Strategy
	Comparison with State-of-the-Art
	Directions for Future Work

	Conclusions
	References

