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Abstract: A major limitation of near-infrared spectroscopy (NIRS) is its high sensitivity to the scalp
and low sensitivity to the brain of adult humans. In the present work we used multi-distance
hyperspectral NIRS (hNIRS) to investigate the optimal source-detector distances, wavelength ranges,
and analysis techniques to separate cerebral responses to 30 s breath-holds (BHs) from the responses
in the superficial tissue layer in healthy adult humans. We observed significant responses to BHs
in the scalp hemodynamics. Cerebral responses to BHs were detected in the cytochrome C oxidase
redox (rCCO) at 4 cm without using data from the short-distance channel. Using the data from the
1 cm channel in the two-layer regression algorithm showed that cerebral hemodynamic and rCCO
responses also occurred at 3 cm. We found that the waveband 700–900 nm was optimal for the
detection of cerebral responses to BHs in adults.

Keywords: near-infrared spectroscopy; brain; BOLD signal; breath-holding; cytochrome C oxidase

1. Introduction

Near-infrared spectroscopy (NIRS) was proposed for human brain measurements
in 1970s [1]. It has also been considered for clinical monitoring of cerebral status during
various medical conditions in adults, such as cardiac surgeries, cardiac arrest, and traumatic
brain injury [2]. However, in such conditions significant circulatory and metabolic changes
occur in the entire body, including the scalp, where NIRS sensitivity is maximal [3,4]. In
general, high sensitivity to the scalp and low sensitivity to the brain of adult humans
remains a main problem of NIRS in spite of numerous attempts to resolve it using different
continuous-wave [5], time-domain [6], and frequency-domain approaches [7]. In particular,
in several papers the combination of long and short source-detector channels was proposed
and investigated [5,8–12]. Other aspects of cerebral NIRS requiring investigation include
optimization of the spectrum of wavelengths [13–15], and of the range of source-detector
distances [14–16] for specific categories of subjects and patients—children, adults, and
seniors. In the present work we approached the above aspects of cerebral NIRS using
multi-distance hyperspectral NIRS (hNIRS).

Apart from the ability to measure the optical properties of tissue at all NIR wavelengths
simultaneously, hNIRS is the most robust technique to spectrally separate hemoglobin
and redox cytochrome C oxidase (rCCO) changes [4,17,18]. An increase in rCCO signal
corresponds to an increase in oxidized CCO and an equal decrease in reduced CCO.
While rCCO is a direct marker of cellular oxygen metabolism, the robust measurement
of rCCO is much more challenging than measurement of the blood parameters due to
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the much lower concentration of CCO than of hemoglobin. Therefore, the development
and validation of the methodology for rCCO measurements remains a hot topic of NIRS
research. Reference [18] provide comprehensive reviews of the physiological significance,
and of the history and various aspects of measurements of cerebral rCCO. A review of
multiple possible factors that can change rCCO in the brain (changes in oxygen tension,
ATP, NADH, etc.) is available in [19].

In this work we used hNIRS to study the possibility to measure specific cerebral
autoregulation changes concomitant with systemic changes at source-detector distances of
1 cm, 3 cm, and 4 cm in healthy adults during breath-holding (BH) respiratory challenges.
Since BH was proposed as a clinical paradigm to assess cerebral status in various clinical
conditions such as stroke, concussion, etc. [20–22], the dynamics of cerebral responses to
BH have been studied both by NIRS [23,24] and functional magnetic resonance imaging
(fMRI) [25,26], which allows for a direct comparison of our results with other studies.

2. Materials and Methods

The study was conducted according to the guidelines of the Declaration of Helsinki,
and approved by the Research Ethics Board of Ryerson University (REB: 2008-003-1,
4 May 2015).

2.1. Measurement Setup

An hNIRS custom sensor was placed on the left forehead over the Fp1 position
according to the International 10–20 system [27] for the entire measurement procedure
(see Figure 1). The distance between two sources was 8 mm (Figure 1b). According to the
Monte-Carlo simulation of the light propagation in the adult human head [3] and to the
fMRI studies [25,26], with such a geometry the light from both sources collected at 3 cm
and 4 cm interrogated the cortical region which was expected to show the same dynamics
during BH.
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Figure 1. hNIRS measurement setup: (a) approximate interrogated volumes in the scalp, skull, and
brain; (b) optical sensor layout; and (c) subject position.

The spectra were collected at the sampling rate of 2 Hz by three fiber optic spectrometers—
AvaSpec (Avantes, CO, USA) and QE 65000 and USB 4000 (Ocean Optics, Dunedin, FL, USA)
at 4, 3, and 1 cm, respectively, to separate the extracerebral and cerebral measurements. The
spectrometers were tested on the same phantom and on a human forearm muscle to ensure
that at the same distance they measured the same absorbance within the 700–1000 nm
wavelength range. AvaSoft-Full software (Avantes, CO, USA) was used to collect data
from the AvaSpec spectrometer (4 cm), and The Spectra Suite (Ocean Optics, FL, USA)
software was used to collect the broadband continuous-wave hNIRS data from both Ocean
Optics spectrometers with dark-signal correction. Data acquired at 1 cm represented the
extra-cerebral layer (mostly scalp). Data acquired at 3 cm and 4 cm channels represented a
combined extracerebral and cerebral tissue volume. The common spectral range of these
spectrometers was from 650 to 1024 nm. The spectrometers at 4 cm and 3 cm had a high
signal-to-noise ratio (over 1000:1 single acquisition) and the slit width of 0.5 mm to provide



Appl. Sci. 2022, 12, 371 3 of 15

the sensitivity required to measure light at large distance from the source. Three custom-
made 2-m-long optical fiber bundles (each made of seven 0.5 NA, 400 µm core-diameter
multimode polymer-clad fibers with broad UV/VIS/NIR spectral range of 400 to 2200 nm
Thorlabs, NJ, USA) connected spectrometers with the patient’s head. Two other optical
fiber bundles were used to connect the probe with a halogen lamp light source (Fiber-Lite
Dc 950H Fiber Optic Illuminator, Dolan-Jenner, MA, USA). The source light was injected
into the tissue at two symmetric scalp locations (Figure 1b) in order to increase the total
light power without exceeding the maximum permissible exposure.

2.2. Breath-Holding Paradigm

Data were obtained from 12 healthy adult participants (seven males, five females,
25–55 years old). All participants gave informed consent before participation and the
experiment was performed according to Ryerson University Research Ethics protocol.
Participants were audibly cued to perform a 30 s BH at the end of expiration. BH was
repeated three times (60–90 s, 180–210 s, and 300–330 s from the beginning of the recording)
with 90 s rest intervals. Long time intervals between BHs were used to avoid resonance
induction of systemic Mayer waves in arterial blood pressure [28,29]. All data sets including
the baseline periods before and after BHs were acquired during 10 min.

2.3. Data Processing

All our custom signal processing methods were implemented in MATLAB (Math-
works, Natick, MA, USA, Version R2020b). At the pre-processing stage the data from all
spectrometers were resampled in both time and spectral domains to the time step of 0.5 s
and wavelength step of 1 nm between 650 and 1024 nm, filtered in the time domain using a
band-pass filter with the window of 0.01–0.3 Hz, and smoothed in the spectral domain with
the median filter of the 20 nm width. To analyze the chromophores, we used two custom
data processing approaches. Our first algorithm was based on the analytical solution to
the diffusion equation [30,31] for the semi-infinite homogeneous medium. This allows
for measuring the bulk absolute concentrations of tissue HbO2 and HHb, and changes
in rCCO concentration without accounting for the layered tissue structure. The baseline
concentrations of HbO2 and HHb were calculated by performing a non-linear least square
fitting [30,31] of the measured absorbance spectrum at each moment of time by the analyti-
cal solution to the diffusion equation, in which the optical absorption coefficient µa(λ) was
modeled as

µa(λ) = [Hb]ε(λ)Hb + [HbO2]ε(λ)HbO2
+ η(λ) (1)

According to Beer–Lambert law, the reduced scattering coefficient µs
′(λ) as a function

of wavelength λ was modeled using the power law as described in [30]. In Equation (1)
and below the square brackets denote concentrations measured in micromoles (µM), η(λ)
is the absorption by water assuming 80% water concentration. The temporal changes
in the hemoglobin concentrations HbO2, Hb, and rCOO were resolved using a two-step
data-fitting algorithm [30,31] (also based on the same analytical solution to the diffusion
equation) by relating changes in HbO2, Hb, and rCOO to the changes in the optical
absorbance as

∆µa(λ, t) = ∆[Hb](t)ε(λ)Hb + ∆[HbO2](t)ε(λ)HbO2
+ ∆[CCO](t)ε(λ)cco, (2)

where ε(λ)x were the spectra of the extinction coefficients of HbO2, Hb, and rCCO (see
Figure 2) [30,31].
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The data-fitting was performed in two steps: first ∆[HbO2] and ∆[HHb] were calcu-
lated assuming ∆[CCO] = 0, and after that ∆[CCO] was calculated and retained non-zero
only if the addition of ∆[CCO] resulted in an improvement in the fit quality of at least 20%
in terms of the norm of residuals. Such a stepwise regression worked as an adaptive filter
reducing the noise in the time-course of rCCO without suppressing changes recognized
from significant spectral distortions corresponding to ε(λ)cco. Additional details on recov-
ering the absolute values and changes of chromophore concentrations from the hNIRS data
can be found in [32,33].

As the fraction of oxygenated hemoglobin relative to the total hemoglobin in the blood,
the cerebral tissue saturation of oxygen was calculated as:

tSO2 =
[HbO2]

[HbO2] + [Hb]
(%). (3)

In order to assess differences between the cerebral and scalp responses to BH we
used another common NIRS model—the modified Lambert–Beer law for a two-layer
medium [32,33]. This model assumes that at any moment of time, t, the absorbance
measured at 1 cm and at the wavelength λ can be related to the changes of the absorption
coefficient of the scalp only ∆µa,s(λ, t):

∆OD1cm(λ, t) = Ls 1cm∆µa,s (λ, t), (4)

where Ls 1cm is the optical pathlength in the scalp at 1 cm, and the absorbance at 3 cm and
4 cm could be expressed as

∆OD3cm(λ, t) = Ls 3cm∆µa,s(λ, t) + Lc 3cm∆µa,c(λ, t) (5)

∆OD4cm(λ, t) = Ls 4cm∆µa,s(λ, t) + Lc 4cm∆µa,c(λ, t) (6)

where ∆µa,c(λ, t) is the change in the cerebral absorption coefficient, Ls 3cm and Ls 4cm
are the scalp partial pathlength at 3 cm and 4 cm, respectively, and Lc 3cm and Lc 4cm are
the cerebral partial pathlength at 3 cm and 4 cm, respectively. Since the pathlengths in
Equations (4)–(6) were specific for every individual and unknown, ∆µa,s could not be
algebraically excluded to find ∆µa,c. However, since Equations (4) and (5) were linear with
respect to the common time-dependent ∆µa,s(λ, t) and ∆µa,c(λ, t), for every wavelength,
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λ, one could exclude the time-course common with ∆µa,s(λ, t) from ∆OD3cm(λ, t) and
∆OD4cm(λ, t). Indeed, one could rewrite Equations (5) and (6) in the form

∆OD3cm(λ, t) = Lc 3cmδµa,c(λ, t) + (Lc 3cm + Ls 3cm)
(

L(s 1cm)

)−1
∆OD1cm(λ, t) (7)

∆OD4cm(λ, t) = Lc 4cmδµa,c(λ, t) + (Lc 4cm + Ls 4cm)
(

L(s 1cm)

)−1
∆OD1cm(λ, t) (8)

where
δµa,c(λ, t) = ∆µa,c(λ, t)− ∆µa,s(λ, t) (9)

represents the difference between the cerebral and scalp responses to BH. Note that Equa-
tions (7) and (8) are linear with respect to ∆OD1cm(λ, t) and δµa,c(λ, t), and also we
expect that the latter functions of time and wavelength will be uncorrelated in the time do-
main. Therefore the time-domain linear regression coefficients between ∆OD1cm(λ, t) and
∆OD3cm(λ, t) and between ∆OD1cm(λ, t) and ∆OD4cm(λ, t) should be close to β1,3 cm ≈

(Lc 3cm + Ls 3cm)
(

L(s 1cm)

)−1
and β1,4 cm ≈ (Lc 4cm + Ls 4cm)

(
L(s 1cm)

)−1
, respectively. Then,

by subtracting β1,3 cm(λ)∆OD1cm(λ, t) and β1,4 cm(λ)∆OD1cm(λ, t) from Equations (7) and
(8) we obtain:

δOD3cm(λ, t) ≈ Lc 3cmδµa,c(λ, t), and δOD4cm(λ, t) ≈ Lc 4cmδµa,c(λ, t) (10)

Note that at all wavelengths the true cerebral response to BH could have a component
close to the scalp response. Therefore, δOD3,4 cm(λ, t) represent not the pure time-course of
the cerebral absorption coefficient, but rather the difference between the cerebral and scalp
absorption time-courses.

In accordance with Equation (2) one could model δOD3,4 cm(λ, t) as a linear combina-
tion of the contributions from δ[Hb](t), δ[HbO2](t), and δ[rCCO](t):

δOD3,4 cm(λ, t) ∼ δ[Hb](t)ε(λ)Hb + δ[HbO2](t)ε(λ)HbO2
+ δ[rCCO](t)ε(λ)rcco. (11)

By applying the stepwise linear regression spectral unmixing to the linear model
(Equation (9)) (where the regressors are the extinction coefficients ε(λ)x) one could obtain
the specific cerebral changes δ[Hb](t), δ[HbO2](t), and δ[rCCO](t), whose time-courses
represent the differences between the cerebral and scalp responses in HHb, HbO2, and
rCCO, respectively. In this spectral unmixing step the initial regression model did not
include δ[rCCO](t). It was added to the model at the second step of the stepwise regression
only if the p-value corresponding to non-zero δ[rCCO](t) was greater than 0.05.

In addition, we also used Equation (10) to calculate the specific cerebral response in
the total hemoglobin δ[tHb]. However, δ[tHb] was calculated not by using the spectral
unmixing, but by directly using Equation (10) around 800 nm since at this wavelength
εHb = εHbO2 . Since near 800 nm ε(λ)rcco is greater than εHb, δ[tHb] could include a crosstalk
with δ[rCCO](t).

Since the values of cerebral pathlengths Lc 3cm and Lc 4cm were unknown, for the
quantitative comparison in µM with the responses obtained using the homogeneous tissue
model (explained above) we normalized δ[Hb](t), δ[HbO2](t) , and δ[rCCO](t) to the
pathlength corresponding to the homogeneous tissue equal to the product of the differential
pathlength factor (known be close to 6 for the mid-age human forehead [34]) and the source-
detector distance.

2.4. Statistical Analysis

In the individual subject data the peak magnitudes of responses in ∆[Hb], ∆[HbO2],
and ∆[CCO], and in δ[Hb], δ[HbO2], and δ[CCO] were measured as the difference between
the time average over ±5 s around each peak time (see Table 1) and the average over 20 s
just before BHs. These samples were checked for normality (positively) and further tested
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by the one-sample t-test (ttest MATLAB function) and p-values reported in Tables 1 and 2. In
addition, the differences in response magnitudes among three BH episodes were analyzed
using ranova MATLAB function (repeated measures analysis of variance, RM ANOVA).

Table 1. Cross-subject average peak magnitudes, p-values, and peak times obtained from the ho-
mogeneous semi-infinite diffusion analysis. The peak magnitudes were measured from the 20 s
averaged values before BHs. The peak times measured from the beginning of BHs were found in the
averaged traces shown in Figure 4 with the errors estimated as the mean absolute deviation from the
individual data.

HbO2: Peak, p-Value, and Peak Times

1st BH 2nd BH 3rd BH Cumulative

1 cm
∆(µM) 5.7 ± 1.4, 0.01 6.3 ± 1.5, 0.02 3.7 ± 0.9, 0.001 5.2 ± 0.8, 0.000002

t(s) 25.4 ± 3.5 28.6 ± 3.7 30.5 ± 4.3 28.2 ± 2.3

3 cm
∆(µM) 2.8 ± 0.6, 0.04 2.9 ± 0.6, 0.01 2.1 ± 0.5, 0.01 2.6 ± 0.3, 0.000002

t(s) 33.6 ± 3.6 29.6 ± 2.8 31.6 ± 3.3 31.6 ± 1.9

4 cm
∆(µM) 0.2 ± 0.06 0.2 ± 0.1, 0.01 0.2 ± 0.1, 0.3 0.2 ± 0.07, 0.001

t(s) 28.0 ± 5.4 28.8 ± 4.1 26.6 ± 4.3 27.9 ± 1.3

rCCO: Peak, p-Value, and Peak Times

1st BH 2nd BH 3rd BH Cumulative

4 cm
∆*10−2 1.1 ± 0.2, 0.01 0.9 ± 0.1, 0.05 0.8 ± 0.2, 0.04 0.9 ± 0.1, 0.00007

t(s) 24.4 ± 3.9 29.4 ± 5.4 27.6 ± 4.7 27.1 ± 2.5

HHb: Peak, p-Value, and Peak Times

1st BH 2nd BH 3rd BH Cumulative

1 cm
∆(µM) 1.9 ± 0.4, 0.017 2.1 ± 0.4, 0.015 1.9 ± 0.3, 0.002 2.0 ± 0.2, 0.00001

t(s) 35.0 ± 3.8 36.5 ± 4.1 42.5 ± 3.8 38.5 ± 4.0

3 cm
∆(µM) 0.7 ± 0.3, 0.02 0.6 ± 0.2, 0.01 0.6 ± 0.2, 0.04 0.6 ± 0.06, 0.0003

t(s) 33.0 ± 4.3 32.5 ± 4.6 34.5 ± 5.1 33.3 ± 1.3

4 cm
∆(µM) 0.4 ± 0.1, 0.02 0.3 ± 0.1, 0.6 0.4 ± 0.1, 0.04 0.4 ± 0.06, 0.008

t(s) 32.2 ± 5.7 31.7 ± 6.3 34.3 ± 4.9 32.7 ± 3.3

Table 2. Cross-subject average peak magnitudes and p-values obtained from the two-layer regression
analysis. The peak magnitudes were measured from the 20 s averaged values before BHs.

HbO2: Peak, p-Value

1st BH 2nd BH 3rd BH Cumulative

Peak, p-Value Peak, p-Value Peak, p-Value

3 cm ∆(µM) 0.2 ± 0.3, 0.05 0.1 ± 0.3, 0.2 0.2 ± 0.3, 0.2 0.2 ± 0.3, 0.007
4 cm ∆(µM) −0.07 ± 0.09, 0.2 −0.03± 0.1, 0.3 −0.02 ± 0.09, 0.4 −0.04 ± 0.1, 0.01

rCCO: Peak, p-Value

1st BH 2nd BH 3rd BH Cumulative

3 cm ∆(µM) 0.6 ± 0.6, 0.005 0.6 ± 0.7, 0.03 0.7 ± 0.5, 0.002 0.6 ± 0.6, 0.000002
4 cm ∆(µM) 0.2 ± 0.3, 0.03 0.1 ± 0.2, 0.03 0.2 ± 0.2, 0.001 0.2 ± 0.6, 0.000009

HHb: Peak, p-Value

1st BH 2nd BH 3rd BH Cumulative

3 cm ∆(µM) 0.3 ± 0.4, 0.06 0.2 ± 0.4, 0.1 0.1 ± 0.5, 0.4 0.2 ± 0.4, 0.01
4 cm ∆(µM) 0.1 ± 0.1, 0.006 0.05 ± 0.09, 0.1 0.05 ± 0.1, 0.13 0.08 ± 0.1, 0.0004

tHB: Peak, p-Value

1st BH 2nd BH 3rd BH Cumulative

3 cm ∆(µM) 1.4 ± 1.7,0.02 1.4 ± 1.4, 0.005 1.4 ± 1.7, 0.01 1.4 ± 1.6, 0.000005
4 cm ∆(µM) 0.4 ± 0.5, 0.02 0.3 ± 0.4, 0.03 0.4 ± 0.5, 0.02 0.4 ± 0.4, 0.00003
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3. Results

Figure 3 shows the assessment of de-noised signals in all three channels and at all
wavelengths in terms of the cross-subject averaged temporal correlation (first and second
rows), temporal logarithmic signal means (third row, used for the data quality assessment),
and temporal standard deviations (fourth row).

Appl. Sci. 2022, 11, x FOR PEER REVIEW 7 of 15 
 

rows), temporal logarithmic signal means (third row, used for the data quality assess-

ment), and temporal standard deviations (fourth row). 

   

   

   

   

Figure 3. Hyperspectral signal analysis: cross-subject averaged correlation, temporal means, and 

temporal standard deviations for signals from 1 cm, 3 cm, and 4 cm channels. Blue color shows the 

cross-subject standard deviations. 

Since the noise was filtered out, the latter represent the average magnitude of changes 

at different wavelengths. The correlation coefficient maps (first row) show that signals at 

all wavelengths from 700 nm to over 900 nm and in all channels were positively correlated. 

Figure 3. Hyperspectral signal analysis: cross-subject averaged correlation, temporal means, and
temporal standard deviations for signals from 1 cm, 3 cm, and 4 cm channels. Blue color shows the
cross-subject standard deviations.



Appl. Sci. 2022, 12, 371 8 of 15

Since the noise was filtered out, the latter represent the average magnitude of changes
at different wavelengths. The correlation coefficient maps (first row) show that signals at
all wavelengths from 700 nm to over 900 nm and in all channels were positively correlated.
The latter means that there were no pairs of signals at any wavelengths from 700 nm to
900 nm and in any channels where temporal changes occurred simultaneously in opposite
directions. Also from the correlation maps and same-wavelength correlation plots (second
row) one could see that all signals between 750 nm and 900 nm were highly correlated
(correlation coefficient > 0.6). This high correlation occurred because, as shown in [3], at
both 3 and 4 cm the optical pathlength in the extracerebral tissue was several times longer
than in the brain, and therefore the scalp contribution was high at both 4 and 3 cm channels.
Correlations were low for the wavelengths longer than 900 nm in the 4 cm channel. While
the mean signal value in the 4 cm channel at these wavelengths was high (third row),
the amplitude of changes (fourth row) was small. This lack of changes should be due to
fact that at longer wavelengths the partial optical pathlengths in the tissues where the
changes occurred (scalp and brain) was shorter than at wavelengths below 900 nm, and at
the 4 cm source-detector separation the light of wavelengths greater than 900 nm mostly
interrogated the volume which belongs to the skull where no changes occurred. For the
above reasons the further analysis was performed using the waveband from 750 nm to
900 nm.

Figure 4 shows the cross-subject averaged changes in [HbO2], [HHb], [rCCO], and
[rSO2] measured at 1 cm, 3 cm, and 4 cm using the homogeneous tissue model and 750–900
nm waveband. One could see that the hemoglobin signals showed responses to BHs in all
channels, while rCCO exhibited clear responses only at 4 cm. Table 1 presents the average
amplitude, p-values, and temporal values characteristic for the chromophore responses
to BHs. In addition to Figures 4 and 5 provides a direct comparison of the hemoglobin
time-courses at 1 cm and 4 cm and shows a return to the baseline 4 min after BHs.

As shown in Figures 4 and 5, and also from the peak times for HbO2 in Table 1 the
time-courses of HbO2 responses appeared similar in all channels. The common features of
HHb responses to BHs in 1 cm and 3 cm channels were the initial dips followed by quick
increases peaking up 4–10 s after the end of BH. The depth of initial dips was much greater
in the 1 cm channel than in 3 cm and 4 cm channels (Figure 5b). However, the magnitudes
of these dips measured from the HHb levels just before BH were statistically insignificant
(p > 0.05). The HHb peak times were longest for the 1 cm channel (about 9 s after the end of
BH, see Table 1). Much earlier peaks and faster falls in the HHb responses at 4 cm compared
to those features at 1 cm (Figure 5b, Table 1) might indicate a prevalence of the cerebral
component in the 4 cm HHb responses. In particular, the faster falls of HHb at 4 cm than at
1 cm could be due to the cerebral autoregulation restoring the oxygen concentration in the
brain faster than in extracerebral tissues. In Figure 4 one can also see that at 3 cm the HHb
responses were intermediate between those measured at 1 cm and 4 cm.

The rCCO signals from the 1 cm and 3 cm channels showed no clear responses to
BHs. In contrast, at 4 cm the rCCO responses were very clear (Figures 4 and 5c), which
also might indicate that these responses belonged solely to the cerebral tissue. Each rCCO
fall after the end of BH was quickly followed by a rebound which also could be a result
of the faster restoration of the oxygen supply in the brain than in other tissues. Note that
rCCO peak changes had about 10 times smaller magnitudes than HbO2 and HHb changes
(Table 1), which was in agreement with the fact that the concentration of CCO in the brain
is approximately 10 times smaller than the concentration of hemoglobin.
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In Figure 4 the SO2 time-course at 4 cm was also very different from those at 1 cm and
3 cm, which were very similar to each other by showing SO2 increases characteristic for
the scalp tissue. However, the quick SO2 falls at 4 cm at the end of each BH should not be
interpreted as the failure of cerebral autoregulation but rather, these falls resulted from the
smaller magnitude of the HbO2 increase than of the HHb increase due to the difference
in the partial volume of the skull interrogated by light at shorter and longer wavelengths.
From Table 1 one can see that the magnitudes of HbO2 and HHb responses to BHs decreased
with the distance. The reason for this was the application of the homogeneous model to the
measurements of the inhomogeneous tissue, which included bone, where almost no blood
was present. With the increase of the distance the partial volume of the bone increased
leading to the underestimation of the magnitudes of HbO2 and HHb responses to BHs at
3 cm and 4 cm.

The cumulative p-values in Table 1 show that all included responses were statistically
significant at p < 0.05 when the results of all three BHs were combined. HbO2 and HHb
responses to each individual BH were significant at 1 cm and at 3 cm. Unlike HbO2
and HHb, at 4 cm, rCCO responses to each individual BH were statistically significant.
Although the average peak values for different BHs in Table 1 were different, RM ANOVA
analysis did not show statistical significance of these differences.

As explained above, in order to reveal differences between responses to BHs mea-
sured in different channels we performed time-spectral linear regression analysis. For the
regression analysis the range of wavelengths was limited to 750–900 nm where the highest
correlation between different channels was detected (see Figure 3). Figure 6 shows the
cross-subject average correlation and standard deviations spectra of signals from the 3 cm
and 4 cm channels after regressing out changes measured at the 1 cm channel. One could
see that the correlation coefficient for all wavelengths in both channels was greater than 0.6
between 750 nm and 900 nm. The correlation coefficient for the same wavelengths in both
channels (corresponding to the diagonal of the correlation map in Figure 6) was particularly
high for all wavelengths. This high correlation indicated that after regressing out the
superficial changes, both 3 cm and 4 cm channels exhibited very similar time-courses at
all wavelengths. Also in Figure 6 one can see that the spectra of average amplitudes of
changes (measured by SDs) were similar in shape to those before regression (shown in
Figure 3). They showed peaks at the HHb and rCCO absorption maxima around 760 nm
and 830 nm, respectively, (compare with Figure 2), and decreased at wavelengths longer
than 870 nm, corresponding to maximum HbO2 absorption. Therefore, after the regression
the HbO2 changes should have smaller magnitudes than the HHb and rCCO responses.

Appl. Sci. 2022, 11, x FOR PEER REVIEW 10 of 15 
 

be interpreted as the failure of cerebral autoregulation but rather, these falls resulted from 

the smaller magnitude of the HbO2 increase than of the HHb increase due to the difference 

in the partial volume of the skull interrogated by light at shorter and longer wavelengths. 

From Table 1 one can see that the magnitudes of HbO2 and HHb responses to BHs de-

creased with the distance. The reason for this was the application of the homogeneous 

model to the measurements of the inhomogeneous tissue, which included bone, where 

almost no blood was present. With the increase of the distance the partial volume of the 

bone increased leading to the underestimation of the magnitudes of HbO2 and HHb re-

sponses to BHs at 3 cm and 4 cm. 

The cumulative p-values in Table 1 show that all included responses were statistically 

significant at p < 0.05 when the results of all three BHs were combined. HbO2 and HHb 

responses to each individual BH were significant at 1 cm and at 3 cm. Unlike HbO2 and 

HHb, at 4 cm, rCCO responses to each individual BH were statistically significant. Alt-

hough the average peak values for different BHs in Table 1 were different, RM ANOVA 

analysis did not show statistical significance of these differences. 

As explained above, in order to reveal differences between responses to BHs meas-

ured in different channels we performed time-spectral linear regression analysis. For the 

regression analysis the range of wavelengths was limited to 750–900 nm where the highest 

correlation between different channels was detected (see Figure 3). Figure 6 shows the 

cross-subject average correlation and standard deviations spectra of signals from the 3 cm 

and 4 cm channels after regressing out changes measured at the 1 cm channel. One could 

see that the correlation coefficient for all wavelengths in both channels was greater than 

0.6 between 750 nm and 900 nm. The correlation coefficient for the same wavelengths in 

both channels (corresponding to the diagonal of the correlation map in Figure 6) was par-

ticularly high for all wavelengths. This high correlation indicated that after regressing out 

the superficial changes, both 3 cm and 4 cm channels exhibited very similar time-courses 

at all wavelengths. Also in Figure 6 one can see that the spectra of average amplitudes of 

changes (measured by SDs) were similar in shape to those before regression (shown in 

Figure 3). They showed peaks at the HHb and rCCO absorption maxima around 760 nm 

and 830 nm, respectively, (compare with Figure 2), and decreased at wavelengths longer 

than 870 nm, corresponding to maximum HbO2 absorption. Therefore, after the regression 

the HbO2 changes should have smaller magnitudes than the HHb and rCCO responses. 

 

Figure 6. Cross-subject average correlation and standard deviation spectra of signals from the 3 cm 

and 4 cm channels after regressing out changes measured at the 1 cm channel. 

In Figure 7 the green and blue curves show the cross-subject averaged changes in 

HbO2, HHb, tHB, and rCCO calculated by applying the spectral-domain regression to the 

residuals after regressing out the in time-domain the changes measured at the 1 cm chan-

nel from the signals measured at the 3 cm and 4 cm channels, respectively. The tHB 

Figure 6. Cross-subject average correlation and standard deviation spectra of signals from the 3 cm
and 4 cm channels after regressing out changes measured at the 1 cm channel.



Appl. Sci. 2022, 12, 371 11 of 15

In Figure 7 the green and blue curves show the cross-subject averaged changes in
HbO2, HHb, tHB, and rCCO calculated by applying the spectral-domain regression to
the residuals after regressing out the in time-domain the changes measured at the 1 cm
channel from the signals measured at the 3 cm and 4 cm channels, respectively. The tHB
changes were computed by averaging changes in the 5 nm waveband around 800 nm where
the HHb- and HbO2-specific absorptions were equal. Note that the changes in Figure 7
show the differences in the time-courses of changes in the deep and superficial tissues.
(Note that signals measured at different channels never changed in opposite directions,
which follows from the correlation analysis shown in Figure 3 and explained above.) In
particular, the rising slopes seen on the curves in Figure 7 correspond to the time intervals
when changes measured at 3 or 4 cm increased faster than changes measured at 1 cm.
Conversely, the curves in Figure 6 show negative slopes during the times when changes
measured at long-distance channels decreased faster than changes measured at the 1 cm
channel. The fact that the HbO2 responses to BHs were not very clear means that the
time-courses of [HbO2] changes in the superficial and cerebral tissues were similar. (The
“noise” seen in Figure 7 was mostly due to the respiratory sinus arrhythmia between BHs).
In Figure 7 one can also see that the peak times of [HHb], [tHB], and [rCCO] responses
during all three BH episodes were between 15 and 25 s after the BH onsets, which was
similar to the peak times of rCCO responses shown in Figure 4, but very different from
the peak times of HbO2 and HHb responses shown in Figure 4, which never occurred
earlier than 26 s from the beginning of a BH episode (see also Table 1). Some details of the
HHb, tHB, and rCCO responses in Figure 7 were quite different. In particular, during BH
episodes, the HHb curves showed initial dips during the first 10–15 s turning into the fast
increases after that. During the same initial periods of BHs the tHB curves showed steady
positive changes, while rCCO curves showed almost no changes during the first 10 s. These
differences indicated that the responses to BHs in Figure 7 indeed corresponded to different
chromophores and did not result from a crosstalk between different NIR wavelengths.
The fact that in Figure 7 the curves corresponding to the 4 cm channel showed similar
changes to the curves corresponding to the 3 cm channel but with much smaller magnitudes
was due to the overall smaller magnitudes of changes at 4 cm as shown in Figure 3 and
explained above.

In addition, the red curves in Figure 7 correspond to regressing out the 3 cm changes
from the 4 cm changes. The fact that these curves show almost no changes means that
after regressing out the changes due to the contribution from the superficial tissues, the
time-courses of changes at all wavelengths in both 3 cm and 4 cm channels were very
similar, which was also in agreement with the high correlation between signals from these
channels at all wavelengths as shown in Figure 6.

Table 2 shows that HHb-, tHb-, and rCCO-specific cerebral responses to each indi-
vidual BH were significant at both 3 cm and at 4 cm. rCCO responses showed highest
significance (p < 0.03) among all chromophores. HbO2-specific cerebral responses to indi-
vidual BHs were not significant at 3 cm or at 4 cm. RM ANOVA analysis did not reveal
statistical significance of differences in responses to different BH trials.
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4. Discussion

Our results showed that BHs induced significant hemodynamic responses in all three
channels including the 1 cm channel, which mainly interrogated the scalp and partially
the skull. Hemodynamic responses measured by the 3 cm channel were quite similar to
those measured at 1 cm. In Figures 4 and 5 only HHb and rCCO signals measured at 4 cm
showed different responses to those of the extracerebral tissue. The clearest difference from
the scalp response was observed at 4 cm in the rCCO response (Figures 4 and 5). No rCCO
responses were observed at 1 cm and 3 cm using the homogeneous tissue model. Clear
HHb-, tHB-, and rCCO-specific cerebral responses seen in Figure 7 and Table 2 indicate
that the dynamics of changes measured at 3 cm and 4 cm channels were different from
that measured at 1 cm, and this difference can be attributed to the differences between the
brain and scalp responses to BHs. Note that hemodynamic responses at 3 cm and 4 cm
shown in Figure 7 and Table 2 had significantly smaller magnitudes than those shown in
Figures 4 and 5 and in Table 1. However, rCCO responses in both Figures 4 and 7 had
their magnitudes close to 0.1 µM. This result supports the conclusion that we succeeded in
decoupling rCCO changes from changes in other chromophores, and that the measured
rCCO changes occurred in the brain. We would like to underline that in both homogeneous
and two-layer algorithms we used the most conservative treatments of rCCO changes such
as thresholding by the quantitative improvement in the goodness of fit, which suppressed
spurious rCCO changes.

The time-courses of cerebral responses to BHs in healthy adult humans were studied
in detail using blood-oxygen-level-dependent (BOLD) fMRI in [25,26]. The quantitative
relationship between the BOLD changes measured by fMRI and hemodynamic signals
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measured by NIRS was investigated in [35]. Figure 8 (adopted from [25]) shows averaged
BOLD signal time-courses with a 15 s BH after the full expiration on the areas supplied by
the middle cerebral artery (MCA, red), anterior cerebral artery (ACA, blue) and posterior
cerebral artery (PCA, black). Since our hNIRS probe was positioned on the left side of the
forehead near the midline, it could interrogate cortical regions supplied by both ACA and
MCA. The main difference between ACA and MCA regional responses was the early rise
of the BOLD signal response in the ACA region and a 10 s delay in the MCA region. In our
results the initial dynamics (during the first 15 s of BH) of cerebral HbO2 and HHb responses
rather corresponded to the MCA type of the BOLD response [25,33]. A delayed rCCO
response after the regression (Figure 7) corresponded to the delayed ACA response. Such
delayed cerebral responses were most different from the scalp hemodynamic responses to
BHs measured at 1 cm (Figure 4), which were also very significant.
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Figure 8. (Adapted from [23]) Averaged BOLD signal time-course with breath holding of 15 s after
expiration on areas supplied by the MCA (red), ACA (blue), and PCA (black).

Another significant difference between the long- and short-distance channels was
the longer peak times of HHb responses in the short-distance channel (longer than BH
duration, Table 1). The peak times of responses to BHs after expiration measured by hNIRS
at 4 cm were close to those measured by BOLD fMRI in [26] (see Figure 2 in [26]).

Our results show that without using a short-distance channel to remove biasing by
the scalp, the cerebral responses to BHs were clearest in the rCCO time-course at 4 cm.
Some features different from the scalp responses could also be seen in the HHb time-course
at 4 cm. At 3 cm, some features of the cerebral response could be poorly recognized in
the HHb time-course. The HbO2 time-course did not show clear cerebral responses to
BH at 3 cm or at 4 cm, in particular due to the high inter-subject variability. However,
measurement of rCCO changes required hyperspectral or many-wavelength multispectral
technology.

We found the waveband 750–900 nm be optimal for the detection of cerebral responses
to BHs in adults. The wavelength that exhibited the largest fractional change in the detected
optical signal with respect to the baseline value both at 3 and 4 cm was between 800 and
850 nm, which was in good agreement with the results of [13] (830 nm).
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5. Conclusions

Cerebral changes could be efficiently separated from the extra-cerebral biasing using
the time-domain linear regression of hNIRS signals measured at 3 cm and 4 cm source-
detector separations by the signals from the short-distance channel. Without using the
short-distance channel, none of the signals measured at 3 cm clearly reflected cerebral
changes. At 4 cm source-detector separation, cerebral changes could be detected without
using short-distance channels in the [HHb] and [rCCO] time-courses. The clearest cerebral
responses were detected in the [rCCO] time-course at 4 cm. The optimal waveband for
the rCCO measurements was between 750 nm and 900 nm. The [HbO2] time-course
at all source-detector distances was most dominated by the extracerebral biasing and
therefore it was least suitable for cerebral signal detection. Further clinical studies are
required to investigate the ability of the NIRS breath-holding paradigm to detect cerebral
circulation disorders.
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