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In the medical field, it is important to monitor and evaluate the blood supply

status of organs and tissues during the clinical surgery. However, this largely

depends on the surgeon’s experience and naked eye, which is easy to misjudge

due to the interference of blood stains or other factors. A portable and flexible

photoplethysmographic (PPG) detection probe is developed in this paper. And a

new evaluation methodology of blood supply status is proposed based on this

probe. Three typical indicators based on PPG is proposed to comprehensively

evaluate the blood supply status, which are the blood oxygen saturation and its

pulsation, differential characteristics of different lights, and time-frequency

energy spectral characteristic. The probe and its evaluation methodology are

verified using the brain of rats as a model.
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1 Introduction

In clinical surgery, it is necessary to collect and monitor the blood supply status of

organs and tissues. Depend on the blood supply status of organs and tissues, the

judgement could be given about its status of normal, abnormal or irreversible

inactivation, then the appropriate further surgery can be performed. For instance, the

judgment about the blood supply status of parathyroid gland (PG) decides surgery for

removing the diseased PG during parathyroidectomy. It is an essential skill for thyroid

surgeons to decide to remove or preserve mung bean-sized parathyroid glands through

evaluating blood supply status of the thyroid capsule. However, it largely depends on the

surgeon’s experience due to bloodstains, environmental disturbances and other

interferential factors, so the visual observation of the decision is subjective and has a

large error. Thus, the rapid and accurate identification of the blood supply status of organs

and tissues during the operation has great clinical value. Near-infrared (NIR) [1–3]
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photodetectors have been used in more and more medical and

health fields. The near-infrared autofluorescence (NIRAF) has

been used as a non-invasive, real-time, and automatic live

detection method for PG. Under the excitation and irradiation

of 785 nm laser, it was found that the fluorescence intensity of the

PG in all patients was always greater than the fluorescence

intensity of the thyroid and all other tissues of the neck,

especially the fluorescence intensity of the PG was 2–11 times

higher than that of the thyroid tissue [4]. A study in 2019 further

found that NIRAF could accurately distinguish between healthy

PG and diseased PG, thereby minimizing hypocalcaemia after

thyroidectomy [5]. Another application of organ or tissue blood

supply status detection is that for comatose patients, the

monitoring of brain activity is required to judge whether the

patient is alive or dead [6]. Cerebral blood flow [7, 8] or neural

activity [9, 10] can often be used as an auxiliary test to diagnose

brain death. Tests used to assess neural activity include EEG and

evoked potentials. The main limitations of tests in assessing

neural activity are interference from artifacts and the effects of

metabolic changes and medications. Cerebral angiography,

which is used to assess cerebral blood flow, is recognized as

the gold standard method for diagnosing brain death, but its

disadvantage is that it requires the patients to leave the intensive

care unit and use contrast agents [11]. And Doppler (TCD)

ultrasound examination is another method to evaluate blood flow

without invasive surgery [7, 8]. However, above methods is not

suitable for surgery due to its complex operation and large

instrument size. A portable detector to carry out real-time

monitoring of blood supply status during surgery is strongly

desired by surgeons. In some minimally invasive surgeries, they

need a flexible and small tube-like probe to insert into body and

approach the organ or tissues to detect the blood supply status

in situ.

The photoplethysmographic (PPG) and image PPG (iPPG)

technology has been used to measure the changes of blood

volume [12–14]. The recent publications show the possible

application of iPPG for intraoperative monitoring of tissue

perfusion during neurosurgery and abdominal surgery [15,

16]. However, in order to capture the changes in blood

perfusion, the imaging sensor of the iPPG system has higher

requirements on the frame rate, and at the same time, due to its

non-contact, it is more affected by movement and ambient light.

In addition, the change of PPG of micro organ capillary is too

weak to measure it with iPPG [17]. Compared with non-contact

iPPG, the contact-based PPG system has better optical accuracy,

and the sensitivity of the blood volume change received by the

photodiode is higher than that obtained after the secondary

conversion of the iPPG imaging sensor. And PPG could be

more simple, flexible and integrated.

This paper develop a portable and flexible micro-PPG

detection probe for surgeon to monitor and evaluate the

blood supply status of organs and tissues during the clinical

surgery. A new evaluation methodology of blood supply status is

proposed through verification using the brain of rats as a model.

The acquisition of PPG signal was extracted and the organ

activity was charactered with the sensitive eigenvalue from

PPG. Three typical indicators based on PPG is proposed to

comprehensively evaluate the blood supply status, which are

the Blood oxygen saturation and its pulsation, differential

characteristics of different lights, and time-frequency energy

spectral characteristic. The micro-probe has been verified

using the brain of rats as a model. This technology hopefully

provides a powerful technical means for in-situ detection of

micro-organ’s blood supply status in clinical operations.

2 Materials and methods

2.1 Design of portable flexible probe

The working principle of the PPG probe for identifying the

blood supply status of organs is described as follows in brief:

when a light beam of a certain wavelength illuminates surface of

the tissue, the contraction and expansion of blood vessels affect

the transmission or reflection of lights every time the pulse beats.

When the lights pass through skin and then are reflected back to

the photosensitive sensor, the lights will be attenuated to a certain

degree. The absorption of lights by muscles, bones, veins and

other connecting tissues is similar, but that by arteries is different.

Because of the pulsation of blood in the arteries, the absorption of

lights will change repeatedly according to the pulsation of the

blood. In the cardiovascular system, capillaries are the sites of

material exchange with tissues and organs. Since the movement

of red blood cells in the capillary microcirculation is a

heterogeneous fluid movement, red blood cells pass through

the capillaries one by one or one after another, but when the red

blood cells exchange substances in the capillary microcirculation

and the microcirculation boundary, the interaction of the

environment and the interaction between red blood cells,

prone to accumulation and aggregation, etc., will affect the

blood flow of capillaries. Under normal circumstances, the

blood volume is relatively stable due to the non-pulsating

nature of the rigid structure of capillaries. However, when

organs or tissues are damaged, red blood cells may

accumulate and aggregate, and capillary microcirculation is

blocked, resulting in corresponding changes in blood volume

and changes in blood flow parameters reflected by PPG. Also, the

growing transmural pressure of the arteries during the systole

compresses the connective tissues of the dermis in a local place,

which results in the increasing density of capillaries and changes

in blood volume [18–20]. Therefore, PPG can be used to evaluate

the blood supply status.

The flexible structure of the probe mainly includes two parts:

the first part is the flexible adhesive at the front end of the probe

acquisition, mainly using polydimethylsiloxane (PDMS), which

is a transparent flexible silicone, non-toxic insulating material
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with good light transmittance and good biocompatibility, which

will not affect the accurate collection of biological probes. The

second part is the flexible circuit board structure, which is

convenient for the application in the detection of minimally

invasive surgery in the body in the future, and can be flexibly bent

and moved. Figure 1A is the schematic drawing of the proposed

PPG probe in this work.

The photoelectric volume sensor SFH7050 contains three

light-emitting diodes (LED) with wavelengths of 532 nm for the

green light, 660 nm for the red light and 940 nm for the infrared

light, respectively. The PPG probe has a lampshade-like structure

as shown in Figure 1B at the front end, and the overall structure

of the probe is fixed by a flexible circuit board, which can flexibly

adapt to different surgical environments. The head of the PPG

probe has lampshade-like structure, similar size with the detected

organ or tissue, which can effectively prevent interferences from

the ambient light, so as to improve the accuracy and reliability of

the detection. In order to make the photoelectric sensor attached

closely and comfortable with the organs, a transparent flexible

PDMS film was coated inside the light shield. This structure can

effectively prevent the interferences of tissue fluid during the

detection of organ activity in the body without affecting the light

FIGURE 1
Portable and flexible PPG detection probe in this work. (A) Probe structure diagram; (B) Rat brain vivo experiment for verification; (C) Probe
circuit system diagram system.
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path. The PDMS film was obtained by coating it on a silicon

substrate with a thickness of 100 um by spinning coat PDMS

solution at 3,000 rpm for 30 s. Prebaked it at 150°C for 5 min on

hotplate, and hard baked at 250°C for 1 h on hotplate. In the end,

PDMS film was peeled off the substrate and adhered on the light

shield manually. In order to dynamically observe the PPG signal

from the organ (rat brain was used for this work) for a long time,

we added a casing for fixing. This tubular structure is also suitable

to be used as a hand-held or standalone medical device during

operation in an open surgical environment. Figure 1C is a photo

of the developed flexible PPG probe used in the experiment, and

Figure 1C is the functional block diagram of the PPG probe

system. The PPG probe system is mainly consisted of a

photoelectric sensor SFH7050, a large-area photodetector, an

analog front-end AFE4403, which is composed of a low-noise

receiver channel with an integrated analog-to-digital converter

for PPG signal acquisition, and an ultra-low power

microcontroller MSP430 for on-board signal processing. The

processed signal is then sent to a PC with WiFi for displaying the

results in real-time. The flexible PPG probe is powered by a 4.2 V,

240 mAh lithium battery. A fully charged battery can power the

probe for about 16 h.

The mirco-probe mentioned in this paper is mainly used to

determine the blood supply status of small organs/tissues, so as to

assist surgeons in rapid intervention. For example, in the removal

of parathyroid glands, for the judgment of necrotic parathyroid

glands, these tiny organs/tissues are often small in size, usually

about 6 mm long and 3–4 mm wide, and 1–2 mm

anteroposteriorly [21], the size of the rat brain window in this

experiment is only 7*6 mm. The size of the PPG sensor in this

article is only 4.7 mm × 2.5 mm x 0.9 mm. Therefore, on the one

hand, it can be adapted to small organs/tissues, and at the same

time, the data collected at a single point is also sufficient for

judging the blood supply status.

2.2 Experiments

A health Sprague-Dawley (SD) rat with a weight of 287 g was

used for the proof of concept experiment. It was anesthetized

with propofol (10 mg/ml solution, 0.012 ml/g) via

intraperitoneal injection (IP) and set in the stereotaxic frame.

A cranial window (size: 5 × 5 mm2) was produced into the skull of

the rat by drilling, so that the PPG detection probe can be

inserted into skull and attached Sulcus gyrus of brain. PPG

signal recording was initiated once the cranial window was

open, and it was followed with the excessive pentobarbital

sodium (150 mg/kg) injection through IP for euthanasia, and

observe the response of the brain activity by using the PPG

detector.

It should be pointed out that, before euthanasia, the rat was

also utilized for other studies to avoid the use of additional

animals in our study. All surgical and experimental procedures

followed the Guide for The Care and Use of Laboratory Animals

(China Ministry of Health) and were approved by the Animal

Care Committee of Zhejiang University, China. It should be

noted that when SD is injected intraperitoneally or intravenously

with sodium pentobarbital ≥100 mg/kg, it will experience

euthanasia [22]. Therefore, during the death of SD, the blood

circulation in the brain will gradually stop, and the brain

gradually loses the arterial blood supply.

2.3 Characteristic indicators and
evaluation methodology

In this paper, we provide three characteristic indicators to

comprehensively evaluate the blood supply status of organs and

tissues organs, which are related with organs and tissues vascular

insufficiency or irreversible inactivation. These three indicators

are the blood oxygen saturation and its pulsation, differential

characteristics of PPG signals of different lights, and time-

frequency energy spectral characteristics of PPG, which are

explained as follows.

2.3.1 Blood oxygen saturation and pulsation
The blood oxygen saturation [23] represents the ratio of the

volume of oxyhemoglobin (HbO2) bound to oxygen to the

volume of all bound hemoglobin (Hb) in the arterial blood,

i.e., the amount of oxygen in the blood, usually expressed as a

percentage. Lambert Beer’s law is the basic law of the

spectrophotometry [24], which describes the relationship

between the strength of the absorption under a certain

wavelength light of a substance, the concentration of the light-

absorbing substance, and the thickness of the liquid layer.

Derived from Lambert Beer’s law, the blood oxygen saturation

is expressed as follows:

SpO2 � A − B · R, R � IAC λ1/I λ1
DC

IAC λ2/I λ2
DC

, (1)

Here, A and B are constants, and can be obtained through

experiments. IAC and IDC are the intensity of the reflected lights

converted from light 1 (wavelength λ1) and 2 (wavelength λ2),

respectively. R essentially represents the ratio of the blood

absorption rate of the red light to the infrared light per unit

time. The value of R could be considered to be a constant because

of the relatively invariable blood for a very short period of time.

Thus, the spectrum of the PPG obtained in a short period of time

could be used to calculate the value of R, which then can be

transformed into the ratio of the spectral amplitude of the AC

components of the red light and infrared light. Once they are

normalized by the respective DC levels (also obtained from the

frequency spectrum), it becomes a DC normalized transmittance

with time for the tested period. Assuming that the red light and

infrared light spectra areY1 and Y2 respectively in a short time
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interval, the fundamental frequency of the red light PPG wave is

f λ1
AC , the DC level frequency is f λ1

DC , the fundamental

frequency of the red light PPG wave is f λ2
AC , and the DC

level frequency is f λ2
DC , then the blood oxygen saturation can

be expressed by Eq. 2:

SpO2 � A − B · Y1(f λ1
AC )/Y1(f λ1

DC )
Y2(f λ2

AC )/Y2(f λ2
DC ), (2)

As we know, due to the presence of blood supply, PPG will

regularly fluctuate with the diastole and contraction of the pulse.

After the PPG is converted to the frequency domain, in addition

to the DC component absorbed by bones, skin and other tissues,

there is also a fundamental frequency near the DC component,

which reflects the size of the pulse rate. The pulse rate is also an

important physiological parameter of the respiratory cycle [25],

which can characterize the activity of the organ. This has been

utilized to measure the pulsation as expressed by Eq. 3:

PulseRate � (f λ1
AC + f λ2

AC )*60
2

, (3)

2.3.2 Differential characteristics of PPG of
different lights

According to the absorption coefficient curves [26, 27],

HbO2 and Hb have different absorption coefficients for the

red and infrared lights. When the red light and infrared light

are irradiated on surface of an organ, the reflected light intensities

may vary with time, but the difference in the two reflected light

intensities remains almost unchanged, i.e. the intensity difference

of the two reflected lights is constant for a normal organ. On the

other hand, when the organ is malfunction, inactive or dead,

there is less or no saturated blood oxygen at all, and the intensity

difference of the two reflected lights is different from the normal

value, and normally the light intensity difference become

stronger as the organ activity becomes weaker. This

characteristic difference related to the reflected light intensity

of red light and infrared light can be utilized to detect and judge

the alive status of an organ during operation, as shown by Eq. 4:

Diff � Iλ1 − Iλ2 , (4)

2.3.3 Time-frequency energy spectral
characteristics of PPG

Due to the existence of blood supply, the PPG will beat

regularly with the relaxation and contraction of the heart.

Therefore, the PPG will have components in its fundamental

frequency and harmonic components, and its energy is higher at

this time [28]. With the occurrence of organ death, the blood

circulation of the organ gradually becomes weak and eventually

stops, the PPG no longer presents regular beat function, and the

energy gradually decreases when the fundamental frequency and

harmonic components are small. Therefore, the instantaneous

energy change of the PPG can be observed through the short-

time Fourier transform, so as to judge activity of the organ in

real-time. Eq. 5 represents the Fourier transform of a signal, and

Eq. 6 represents the power spectral density of the signal.

Y(t, f) � ∫+∞

−∞
w(t − τ)IAC(τ)e−j2πfτdτ, (5)

SPx(t, f) � ∣∣∣∣Y(t, f)∣∣∣∣2 �
∣∣∣∣∣∣∣∫

+∞

−∞
w(t − τ)IAC(τ)e−j2πfτdτ

∣∣∣∣∣∣∣
2

(6)

2.3.4 Evaluation methodology of blood supply
status

In a conclusion, we provide three characteristic indicators to

comprehensively evaluate the blood supply status, which are the

blood oxygen saturation and its pulsation, differential

characteristics of PPG signals of different lights, and time-

frequency energy spectral characteristics of PPG [29, 30].

These three indicators can show us the organs and tissues

vascular insufficiency or irreversible inactivation according

with the whole process of euthanasia of rats, there are actually

three stages:

1 Normal blood supply status

Diff> 0;

Because Hb has a higher absorption coefficient for red light,

and HbO2 has a higher absorption coefficient for infrared light.

At this time, the red reflected light detected by our probe is

stronger than the infrared reflected light intensity. Therefore, at

this time, there is enough HbO2 in the blood of the organ to

absorb a large amount of infrared light, that is, the blood

circulation is normal.

2 Abnormal blood supply status but is reversible

If Diff is close to 0, SpO2and Pulserate continue to

decrease, and the reflected light intensity of infrared light and

red light detected by probe are almost equal, indicating that the

content ofHbO2 andHb in the blood of the organ changes slowly

at this time, and blood circulation is blocked, the organs should

be treated immediately to restore the blood supply.

Diff → 0 ; SpO2 ↓ ;Pulserate ↓

3 Blood supply stops and is irreversible

At this time, the reflected light intensity of infrared light and

red light gradually tends to the constant DC component,

indicating that HbO2and Hbhave no dynamic changes. In

addition, the intensity of the reflected infrared light is much

greater than that of red light, indicating that there is no HbO2in

the blood of the organ. The blood circulation is suspended, and

the organ has been completely and irreversibly inactivated.
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Therefore, the advantage of this article is that necessary measures

can be taken to assist clinical treatment according to the three

stages.

Diff< 0 ;Energy → 0

3 Results and discussion

3.1 The difference between the intensity of
red and infrared light

The real-time change of PPG of the reflected red light and

infrared light is illustrated in Figure 2A, respectively. For the

initial period of the experiment, arterial blood still circulated in

the rat brain. For the active period, the initial reflected intensity of

the red-light (660 nm) was much stronger than that of the

infrared light (940 nm), and the difference became smaller

with time over a period of 100 s. Both the red light and

infrared light PPG waveforms oscillated regularly as the rat’s

brain is still active as normal. The intensities of the reflected red

light and infrared light from the rat brain were reversed after a

100 s and both of them varied with time irregularly. The rat was

near dead at this stage. After 750 s, the reflected infrared light

intensity becamemuch stronger than that of the red light, and the

difference became larger with the progress of time thereafter. The

rat was completely dead after 17 min. Two features can also be

noticed: 1) The regular oscillation of the PPG signal observed at

the initial stage became weaker after 100 s and disappeared

completely after 150 s, indicating the brain activity became

weaker; 2) The PPG base line increased with time. This is

because of the gradual blood coverage of the brain with time,

which leds to the increased DC components of the PPG signal.

Figure 2B shows the change of difference between the intensity of

reflected red light and infrared light obtained by the PPG probe.

Diff is equal to Red PPG minus IR PPG in Figure 2A. It can be

seen that the decrease in brain activity results in an overall

decrease in the difference between the red light and infrared

light reflected, which reveals the changes of brain blood supply

status.

3.2 Variation of SPO2 and pulserate

Figure 3A illustrates PPG of the red-light reflection as a

function of time for different periods in details (The data of

Figure 3 were extracted from the first 90 s data in Figure 2A for

calculation, Figure 2A only shows the 30 s data). As it can be seen

from Figure 3A, the pulsation intensity of the PPG decreased

with the increase of time, and the according pulserate decreased

FIGURE 2
Changes of blood supply status in the brain of rats after overdose of anesthetic injection by PPG. The results show three typical periods,
corresponding to different blood supply status. (A) Real-time change of red light (660 nm) and infrared light PPG (940 nm); (B) The difference (Diff)
between red light and infrared light PPG.

Frontiers in Physics frontiersin.org06

Xia et al. 10.3389/fphy.2022.972916

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2022.972916


gradually. According to Eq. 2, the change of blood oxygen

saturation in the rat brain can be calculated for the 90 s

period before the experiment with the result shown in Figure 3B.

As it is clear that during this period, the blood oxygen

saturation fluctuated greatly, but overall it showed a

downward trend with the increase of time. The pulserate of

the PPG of the rat was calculated by using Eq. 3 for the 90 s

before the experiment. As shown in Figure 3C, the pulsation

showed a gradual decline trend during the inactivation

process.

Further time-frequency analysis was conducted on PPG

signals to obtain more information of the brain activity, which

can be intuitive to grasp the changes in the light energy absorbed

by the brain of the rats after injection of pentobarbital sodium.

A 0.01–50 Hz band-pass filtering and wavelet processing

were first performed on the red light PPG signal, as to

remove DC component (Such as power supply) and high-

frequency interference (Such as changes in capillary density

and venous blood volume, temperature changes, etc.). The

result is shown in Figure 4A. It can be seen from the time

domain that the PPG wave signal gradually becomes sparse

during the euthanasia of rats injected with pentobarbital

sodium. It indicates that the rat’s heart gradually stops beating

during this process, resulting in insufficient blood supply to the

cerebral arteries, unchangeable light absorption, and PPG

waveform that gradually stops beating.

Then we converted to the frequency domain to analyse

the energy changes of the PPG signal during the euthanasia

of the rat. Use Eq. 5 to perform short-time Fourier transform

on the recorded PPG waveform to observe the instantaneous

energy change of the PPG wave as shown in Figure 4B, and

the energy gradually decreases when the fundamental

frequency and harmonic components are small. Figure 4C

shows the sum of the energy of all frequency components of

the PPG signal of the short-time Fourier transform, that is,

the sum of all frequency energy at each moment expressed in

Eq. 6. It can be seen that as the blood supply of the rat brain

gradually decreases, the energy of the PPG gradually

decreases. The energy change obtained according to the

time-frequency change more intuitively reflects the overall

FIGURE 3
Red light PPG of the rat brain in the first 90 s. (A) The intensity of the red light reflected every 10 s. (B) The change of blood oxygen saturation
gradually decrease. (C) Pulsation gradually decrease. Variation and analysis of Time-frequency energy spectrum characteristics.
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decreasing trend of PPG energy in the process of brain

inactivation in rats.

4 Conclusion

A portable and flexible PPG detection probe is developed in

this paper. And a new evaluation methodology of blood supply

status is proposed based on this probe. Three typical indicators

are proposed to comprehensively evaluate the blood supply

status, which are the blood oxygen saturation and its

pulsation, differential characteristics of PPG signals of

different lights, and time-frequency energy spectral

characteristics of PPG signal. Among them, the time-

frequency energy feature is the most important discriminant

indicator, followed by the red light and the Infrared light.

Differential features, the indicators with lower reference are

blood oxygen saturation and pulsation frequency. The probe

and its evaluationmethodology are verified using the brain of rats

as a model. In the future work, through a large number of

experimental or clinical samples, machine learning can be

used to build a model that can identify the three active states,

which will further improve the efficiency of discrimination. In

general, this technology provides a powerful technical means for

in-situ detection of micro-organ’s blood supply status in clinical

operations.

FIGURE 4
After removing the baseline drift of the original red light PPG, it can be seen that the pulsation gradually disappears, and low-frequency
components in the frequency domain are gradually decreasing, and the total energy is continuously decreasing. (A) Red light PPG after band-pass
filtering and wavelet processing; (B) Time-frequency change of red light PPG; (C) Energy change of red light PPG.
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