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Abstract: The measurement of blood oxygen saturation in the prefrontal cortex (PFC), especially
during sleep, is of great significance for clinical research. Herein, we present a wearable PFC oxygen
saturation measurement system using dual-wavelength functional near-infrared spectroscopy. The
system is well designed for user-friendly donning and has the advantages of comfort, convenience,
portability, and affordability. The performance of the proposed system is investigated by the calibra-
tion and experimental results. The wearable system has demonstrated great potential to conduct the
physiological monitoring of PFC, and it can be widely deployed in daily life.

Keywords: near infrared spectroscopy; wearable; portable; prefrontal cortex oxygen saturation

1. Introduction

The prefrontal cortex (PFC), responsible for complex thinking and decision-making, as
well as emotional regulation, is fundamental to the physiological activities of humans [1].
Nightly sleep restores the brain and is correlated with physical repairs and memory consol-
idation. A sufficient and stable oxygen supply to cerebral cortex tissue is essential for the
relaxation of the brain [2]. Several diseases cause various local microvascular or respiratory
modifications, resulting in changes of tissue oxygen saturation [3,4]. Subtle alterations in
sleep quality result in consequential next-day changes in emotion or intentness [5]. There-
fore, the accurate measurement of blood oxygen saturation in the PFC tissue is of great
significance for clinical research. In this way, physiological information can be acquired,
and then corresponding effective treatments can be taken in time [6].

In the 1870s, Jobsis [7] first obtained blood oxygen changes and deep physiological
information in the heads of animals through near infrared light. The absorption of light by
the main absorbers (i.e., oxyhemoglobin (HbO2) and deoxyhemoglobin (Hb)) in the blood
varies with the oxygen saturation. Hence, the absorbed components of the light reflected
from the human tissue can be analyzed to obtain the blood oxygen saturation [8]. With the
advantages of portability, affordability, low susceptibility to noise, and moderate temporal
resolution compared with the medical polysomnography (PSG) procedure, functional near-
infrared spectroscopy (fNIRS) based technologies have attracted increasing attention [9].
Oniz et al. investigated the refreshing property of sleep in terms of sleep stages using fNIRS
to measure PFC hemodynamics [10]. Nguyen et al. investigated the brain’s functional
connectivity in rest and sleep states using fNIRS [11]. Ahn et al. combined fNIRS with
multimodal EEG/ECG/EOG data to quantify mental fatigue during performed simulated
driving under two different conditions (well-rested and sleep-deprived) [12]. The previous
research works have demonstrated that some of the activities and states during sleep are
relevant to the blood oxygen changes of PFC. The fNIRS-based technologies enable the
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non-invasive sensing of these physiological phenomena. Combined with other modal-
ities, fNIRS can aid in characterizing and understanding the complex phenomena and
be applied in sleep monitoring. Nevertheless, sleep disorders, such as obstructive sleep
apnea, significantly deteriorate the cerebral oxygen supply to the brain. Little research has
illuminated the effects of respiratory modifications during sleep using fNIRS. There are also
some well-known commercial products, such as Somanetics INVOS [13], CASMED FOREE-
SIGHT [14], Hamamatsu NIRO [15], and Shimadzu OM-100, which have been applied in
clinical monitoring. These devices are complex, expensive, and restricted to hospitals. The
past decade has witnessed an increasing expectation for in-home health management [16].
However, the fNIRS-based research on PFC physiology, especially during sleep, is primary,
and the current measurement systems are not suitable for daily monitoring. To monitor the
physiological activities of PFC continuously and conveniently, the aim of this research is
to design a novel fNIRS-based wearable system, validate the performance of monitoring
PFC oxygen saturation, and investigate its potential for sensing-related activities, especially
during sleep. The system is miniaturized, user-friendly, affordable, and convenient for
applications in non-hospital facilities.

The rest of the paper is organized as follows. In Section 2, the analytical model and
the measurement system are presented in detail. Section 3 describes the experimental
setup and protocols. In Section 4, the results are illustrated and discussed. Finally, a brief
conclusion is drawn.

2. Measurement System Description
2.1. Analytical Model

Assuming that the absorption rate and scattering coefficient of biological tissue are
constant, the blood oxygen saturation is highly relevant to the decay of light intensity
due to the absorption of Hb and HbO2 [17]. The modified Lambert–Beer law describes the
quantitative relationship between the light absorption and the characteristics of the tissue:

Bλ = log(
I0

I
) = (αλ

HbO2
CHbO2 + αλ

HbCHb) · DPF · r + G, (1)

where B is the attenuation of light intensity, I0 and I are the incident light intensity and
emitted light intensity, respectively, α is the absorption coefficient of the chromophores at a
specific wavelength, λ is the wavelength of the light, CHbO2 and CHb are the concentrations
of HbO2 and Hb, DPF denotes the differential path factor (e.g., 6.53 in our application [18]),
r is the distance between light source–detector pairs, and G is a geometry-dependent factor
representing the intensity loss caused by scattering. When the concentrations of HbO2 and
Hb change, the attenuation of light intensity changes homogeneously:

∆Bλ = log(
I0

I
) = (αλ

HbO2
∆CHbO2 + αλ

Hb∆CHb) · DPF · r, (2)

If the absorption changes are measured at two wavelengths, λ1 and λ2, the concentra-
tion changes of HbO2 and Hb can be computed as

∆CHbO2 =
∆Bλ1 αλ2

Hb − ∆Bλ2 αλ1
Hb

DPF · r · (αλ2
Hbαλ1

HbO2
− αλ1

Hbαλ2
HbO2

)
,

∆CHb =
∆Bλ1 αλ2

HbO2
− ∆Bλ2 αλ1

HbO2
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HbO2
− αλ2

Hbαλ1
HbO2

)
,

(3)

The blood oxygen saturation rSO2 can be calculated as

rSO2 =
CHbO2

CHbO2 + CHb
=

αλ1
Hb − αλ2

Hb
Bλ1

Bλ2

Bλ1

Bλ2
(αλ2

HbO2
− αλ2

Hb)− (αλ1
HbO2

− αλ1
Hb)

. (4)
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Since light with a wavelength longer than 900 nm is easily absorbed by water and
light with a wavelength shorter than 700 nm is excessively absorbed by hemoglobin, the
dual wavelengths of 760 nm and 850 nm are selected for measurement.

2.2. System Structure

The structure of the fNIRS-based measurement system is shown in Figure 1. The
system consists of the micro-processor unit (MPU), infrared emission module, sampling
module, Bluetooth transmission module, and graphical user interface (GUI). The infrared
emission module is fixed to the forehead of subjects and controls the emission of near-
infrared light. Then, the sampling module detects the intensity of the received light. Finally,
the blood oxygen saturations at different positions in the PFC are calculated by the MPU.
The results will be transmitted to the GUI via Bluetooth.

MPU
NID Driver

ADC

FilterAmplifier

NID

Photodiode

GUI

Infrared emission module

Sampling module

Figure 1. The schematic diagram of the designed system structure.

The infrared emission module consists of near-infrared diodes (NID) and an NID
driver. In consideration of light intensity and penetration depth, the module utilizes the
diodes (e.g., W760/850-O4L) that integrate sources of dual wavelengths (i.e., 760 nm and
850 nm). It has the advantages of a small size, low cost, and embedability. The MPU and the
constant current driver (e.g., MBI5168) with multiple outputs control the emission timing
of multiple NIDs. The sampling module consists of photodiodes, a filter, an amplifier,
and an analog-to-digital-converter (ADC). The photodiodes (e.g., OPT101) receive the
emitted near-infrared light and convert light signals into electrical signals. They have high
sensitivity within the wavelength from 700 nm to 900 nm. Since the change of the PFC
oxygen saturation is relatively low compared with external noises, low-pass filters are
employed to eliminate high-frequency interference. Then, the filtered signals are magnified
by the amplifier (e.g., AD623) and are converted into digital signals by the ADC channels.
Moreover, we select STM32 for timing control and oxygen saturation calculation, HC-05 for
Bluetooth transmission, and SPX3819 for power supply.

2.3. Wearable Design

Figure 2 illustrates the distribution of the NID and photodiodes in one probe module.
One NID is placed in the center of four photodiodes, and the distance between each NID–
photodiode pair is approximately 28 mm. Hence, the near-infrared light can transmit
through the deeper tissue layers.

As shown in Figure 3, two probe modules are employed in the system, and the distance
between the NIDs is approximately 60 mm. To minimize the interference resulting from the
environment or movement, it is essential to block out the natural light from the detection
area and ensure a tight connection between the sensor and the forehead. In each probe
module, a baffle is fixed in the back as a shelter. The connection of probe modules adopts
the hinge structure, and silicone is used for the contact between modules and forehead to
better fit the various subjects and improve wearing comfort.
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Figure 2. The distribution diagram of the probes.

Baffle

Opaque Silicone

Hinge

Buckle

Figure 3. The wearable design of the measurement system.

3. Experiments

Firstly, the optical integrating sphere model as illustrated in Figure 4 is exploited to
simulate human tissue [19]. The emitted near infrared light that transmits through the
sphere model has the same optical power as the incident light. By adjusting the light
filter, the model can imitate the attenuation effect of human tissue with a different oxygen
saturation and realize the multi-point calibration of oxygen saturation measurement.

Light-filterBaffle

Lambert Surface

Emitted light Incident light

Figure 4. Diagram of the optical integrating sphere model.

In order to verify the performance and reliability of the system, a forearm arterial
occlusion experiment, motor imagery experiment, and sleep experiment were performed.
Participants aged from 20 to 25 years old were recruited for the experiments. The par-
ticipants had no major diseases, and the blood pressure of each participant was normal
and stable.

As shown in Figure 5a, each participant wore an inflatable airbag in the forearm
arterial occlusion experiment. When the inflated airbag pressed the arm, the concentrations
of HbO2 and Hb changed correspondingly. The steps of the forearm arterial occlusion
experiment were implemented as follows:

1. Let the participant sit upright in the chair and place his right arm parallel on the table;
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2. Fix the measurement system to the front side of the arm and fix the airbag to the
upper arm of the participant;

3. Turn on the measurement system when the participant relaxes;
4. Fifteen seconds later, inflate the airbag to press the upper arm;
5. Fifteen seconds later, release the airbag;
6. Turn off the measurement system.

Airbag

Sensor

(a) Forearm Block Experiment

Sensor

Participant

(b) Motor Imagery Experiment

Sensor

Participant

(c) Sleep Experiment

Figure 5. (a) Each participant wore the measurement system and an inflatable airbag on their arm
in the forearm arterial occlusion experiment. (b) Each participant wore the measurement system
on their forehead in the motor imagery experiment. (c) Each participant lay in a pod and wore the
measurement system on their forehead in the sleep experiment.

The PFC is responsible for complex thinking and decision-making. The blood oxygen
saturation of this brain region will change with physiological activities. To detect the
movement intention, each participant wore the measurement system on their forehead,
as shown in Figure 5b in the motor imagery experiment. The steps were implemented as
follows:

1. Let the participant sit in the chair and fix the measurement system onto their forehead;
2. Turn on the system and let the participant close their eyes throughout the experiment;
3. Ten seconds later, ask the participant to imagine walking upstairs;
4. Forty seconds later, let the subject stop imagining and relax;
5. Turn off the measurement system.

Different biological processes through the sleep cycle probably affect breathing or
the muscles. Deep breathing or sleep apnea will result in a change of the blood oxygen
saturation in the PFC. As shown in Figure 5c, the participants lay in a nap pod and were
asked to breathe normally, breathe deeply, and hold their breath. Clinical medical staffs
were consulted to help subjects to conduct the experiments and record the events. The
steps were implemented as follows:

1. Let the participant lie in the nap pod and fix the measurement system onto their forehead;
2. Turn on the system and let the participant close their eyes throughout the experiment;
3. Fifteen seconds later, ask the participant to breathe deeply or hold their breath;
4. Thirteen seconds later, let the subject breathe normally;
5. Turn off the measurement system.

4. Results

Figure 6 shows the calibration results where the triangles represent the measured
values, the red line represents the ideal line, and the black line represents the fitted line.
The measurement range of the oxygen saturation is between 0.5–0.75, which is the same
as human tissue. The correlation coefficient between the fitted line and ideal line is about
0.98, and the result demonstrates the accuracy of the system.
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Figure 6. The calibration result of the system.

Figure 7 shows one example of the measurement result in the forearm arterial occlusion
experiment. At the beginning, the concentrations of HbO2 and Hb remained stable when
the participant stayed relaxed. When the airbag was inflated and the forearm arterial was
occluded, blood flow to the forearm was restricted as well as the oxygen. Hence, HbO2 in
the forearm was partially converted into Hb when the oxygen was consumed. Consistently,
the measured concentration of HbO2 increased and the concentration of Hb decreased in
Figure 7. After the airbag was released, the two concentrations returned to the normal state.

Release

Compression

−

−

Figure 7. Example of results in the forearm arterial occlusion experiment.

Figure 8 shows one example of the measurement result in the motor imagery exper-
iment. The concentrations of HbO2 and Hb were unchanged in the relaxing condition.
When the participant started to imagine walking upstairs, the blood flow in PFC and the
transmission of oxygen increased. It is also illustrated as in Figure 8 that the concentration
of HbO2 increased sharply and the concentration of Hb also had a slight increase.

Figure 9a shows one example of the measurement result in the deep breath experiment.
The deep breath improved the blood supply to the brain. When the participant started to
breathe deeply, the concentration of HbO2 increased rapidly and the concentration of Hb
decreased. Finally, the concentrations returned to the normal level. Figure 9b shows one
example of the measurement result in the apnea experiment. Holding breath increased the
intrathoracic pressure, resulting in restricted blood flow. When the participant started to
hold their breath, the concentration of HbO2 decreased, and the concentration of Hb had a
slight increase as shown in Figure 9c. When the participant breathed normally again, the
concentrations slowly returned to the normal level.
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Figure 8. Example of results in the motor imagery experiment.
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(a) Deep Breath Experiment
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(b) Apnea Experiment
Figure 9. (a) Example of results in the deep breathing experiment. (b) Example of results in the apnea
experiment.

5. Discussion

The calibration and experimental results demonstrate that the changes of the concen-
trations of HbO2 and Hb in PFC can be measured accurately by the system. The correlation
coefficient of 0.98 in the calibration is comparable with a coefficient larger than 0.95 in [8].
The physiological phenomenon in the forearm arterial occlusion experiment and motor
imagery experiment are consistent with results in [8,20], respectively. The measurement
system has dimensions of 17.5 × 7 × 3.5 cm and weighs around 600 g, which is smaller and
lighter compared with the system that has dimensions of 18.5 × 7.5 × 7 cm and a weight of
around 1200 g in [21]. Moreover, conventional near-infrared blood oxygen measurement
devices have some disadvantages, such as a complex structure, large size, high cost, and
wearing discomfort. The proposed sensor unit employs a hinge in its structure to enable
adaptive deformation and soft silicone as a material for flexible contact with the forehead.
With the miniaturization and lightweight design, the wearable system is comfortable,
convenient, and not expensive. It has great potential to get rid of site restriction and be
promoted to non-hospital facilities.

Currently, the proposed system also has some limitations. First, the system is verified
based on healthy subjects only, and we do not focus on a specific population, such as
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patients with sleep apnea. Second, the sensor units may generate pressure on the forehead
to ensure the stable contact. Third, the human-computer interface and measurement
region are preliminarily designed for non-clinical experimental tests. For future work, the
software interface will be further optimized for clinical application. Then the system can be
employed to implement experiments of patients and record over-night sleep events. We
will explore methods to detect the physiological activities including sleep apnea.

6. Conclusions

A wearable PFC oxygen saturation measurement system based on fNIRS is proposed
in this research. The system is comfortable, easy-to-use, portable, and low-cost. The
performance of the wearable blood oxygen saturation measurement system is investigated
by the calibration accuracy and experimental results. The changes of the hemoglobin
concentrations in PFC can be measured accurately by the system. It is demonstrated that
the proposed system has great potential to conduct the physiological monitoring of the
PFC, and it can be widely deployed in non-hospital facilities and in daily life.
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