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(1) Discrepancies in scope

(2) Discrepancies in the description of the research
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(3) Discrepancies between the availability of data and
the research described

(4) Inappropriate citations

(5) Incoherent, meaningless and/or irrelevant content
included in the article

(6) Manipulated or compromised peer review

The presence of these indicators undermines our confi-
dence in the integrity of the article’s content and we cannot,
therefore, vouch for its reliability. Please note that this notice
is intended solely to alert readers that the content of this arti-
cle is unreliable. We have not investigated whether authors
were aware of or involved in the systematic manipulation
of the publication process.

Wiley and Hindawi regrets that the usual quality checks
did not identify these issues before publication and have
since put additional measures in place to safeguard research
integrity.
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Objective. To review the progress of research on photoplethysmography- (PPG-) based cuffless continuous blood pressure
monitoring technologies and prospect the challenges that need to be addressed in the future. Methods. Using Web of Science
and PubMed as search engines, the literature on cuffless continuous blood pressure studies using PPG signals in the recent five
years were searched. Results. Based on the retrieved literature, this paper describes the available open datasets, commonly used
signal preprocessing methods, and model evaluation criteria. Early researches employed multisite PPG signals to calculate pulse
wave velocity or time and predicted blood pressure by a simple linear equation. Later, extensive researches were dedicated to
mine the features of PPG signals related to blood pressure and regressed blood pressure by machine learning models. Most
recently, many researches have emerged to experiment with complex deep learning models for blood pressure prediction with
the raw PPG signal as input. Conclusion. This paper summarized the methods in the retrieved literature, provided insight into
the artificial intelligence algorithms employed in the literature, and concluded with a discussion of the challenges and

opportunities for the development of cuftless continuous blood pressure monitoring technologies.

1. Introduction

Cardiovascular diseases (CVD) have become the number
one threat to human health, claiming 10.4 million lives
worldwide each year [1]. Of all its causes, hypertension is
the most dangerous one, because abnormal blood pressure
(BP) can cause damage to vital organs such as the heart,
brain, kidneys, and retina and even lead to myocardial
infarction, cerebral hemorrhage, kidney failure, and other
critical symptoms [2]. In recent years, with the aging popu-
lation, the prevalence of obesity, and other factors, the prev-
alence of hypertension is on the rise around the world.
According to the report of World Health Organization
(WHO), the number of hypertension patients has doubled
in the past 30 years and now exceeds 1.2 billion [3]. More-
over, some studies have shown that an increasing number

of children and adolescents have abnormal blood pressure
which causes negative effects on their health. Therefore, with
its high morbidity, disability, and mortality rates, cardiovas-
cular disease caused by blood pressure abnormalities has
imposed a heavy burden on humans worldwide and became
a major public health problem.

L.1. Introduction to Conventional Technologies. Prevention is
the main way to control the prevalence of hypertension.
Through the real-time detection of blood pressure and
timely intervention of blood pressure, the risk of cardiovas-
cular complications and death can be greatly reduced. Blood
pressure measurement methods are divided into invasive
measurement and noninvasive measurement methods.
Therein, the former method implants a pressure sensor cath-
eter into the aorta to detect pressure changes [4]. This
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method produces accurate results but is expensive, painful,
and not suitable for routine measurement. At present, the
commonly used noninvasive blood pressure measurement
methods include the Korotkoff sound, oscillometric, arterial
tension, and volume compensation methods.

(1) Korotkoff sound method blocks arterial blood flow
by inflating cuff and then uses a stethoscope to iden-
tify the percussive sound of blood flow reopening the
vessel, while measuring the external pressure values
detected by a manometer [5]. The Korotkoft sound
method is the reference standard for cuff intermit-
tent blood pressure measurements, but it is easily
disturbed by external interference and relies on mea-
suring physician’s proficiency

(2) The oscillometric method is similar to the Korotkoff
sound method in that the arterial vessel is blocked by
cuff inflation, and subsequent deflation of the cuff
allows the vessel to flow again. Instead of detecting
the sound, a pressure sensor on the air band detects
the arterial pressure superimposed on the cuff [6].
The main disadvantages of oscillometric method
are that it is sensitive to motion and needs the sub-
ject to remain stationary during measurement.
Therefore, both the oscillometric method and the
Korotkoff sound method need the subjects to wear
a cuff, and thus, only intermittent single-point blood
pressure measurements can be performed

(3) Arterial tension method applies a certain pressure to
the arterial vessel near the skin surface of the human
body to cause a deformation of the vessel wall [7].
When the external pressure reaches a fixed value,
the pressure inside the arterial vessel will be equal
to the pressure on the skin surface, and the external
pressure value can be considered the blood pressure.
However, this method should ensure that the pres-
sure transducer is placed directly above the artery
and remains relatively stationary, which restricts its
development

(4) Volume compensation method detects vascular
blood volume by a finger cuff with a photoelectric
volume sensor [8]. With the constant change of
external pressure acting on the blood vessel wall by
the cuff, the regulating system makes the blood vessel
blood volume constant. Therewith, the external pres-
sure of the cuff is equal to the intravascular pressure,
and blood pressure can be measured indirectly
through the external pressure detection. However,
this method needs to apply pressure to the measure-
ment site of the human body, which may cause
venous congestion during prolonged measurement,
so it is not suitable for continuous measurement

Blood pressure is a dynamic physiological parameter,
which has a diel rhythm [9] and is easy to fluctuate greatly
with emotional changes or external stimuli [10]. A single
intermittent blood pressure measurement usually cannot

BioMed Research International

reflect the individual’s physiological or pathological condi-
tions. As such, continuous monitoring of blood pressure is
of great significance. Otherwise, the cuff measurement
methods usually cause discomfort to the user, so they are
not suitable for infants, patients with open wounds (skin
burns or ulcers, etc.), and people with large arm circumfer-
ences. Consequently, the research on cuffless continuous
blood pressure monitoring is an urgent and significant task.

1.2. Photoplethysmography. Photoplethysmography (PPG) is
a noninvasive method to detect the blood volume changes in
tissues by photoelectric means. This method is based on the
Lambert-Beer law [11], which indicates that the light passing
through the blood tissue will be attenuated by the length of
the propagation path, the density of the tissue, the absor-
bance, and other factors. The blood volume varies periodi-
cally with the blood ejection of the heart, as does the light
intensity through the skin [12]. PPG waveform reflects
abundant information about the cardiovascular function of
the subject, and its formation is closely related to blood pres-
sure as theoretically proven [13]. Moreover, since PPG signal
can be easily collected with a photoelectric sensor, the pre-
diction of blood pressure by PPG signal is an attractive
and promising research direction.

As shown in Figure 1, the common PPG pulse waveform
comprises an ascending branch and a descending branch.
The ascending branch reflects the process of arterial expan-
sion during ventricular ejection, while the descending
branch reflects the vascular retraction during late ejection.
As the ventricles diastole, the intraventricular pressure
becomes lower than the blood pressure in the aorta, where-
upon the blood flows back, followed by the closure of the
aortic valve and a forward flow of blood. Therefrom, a
smaller rise is formed in the descending branch, exhibiting
a diastolic peak on the waveform.

PPG signals are cheap to acquire, easy to build into
wearable devices (phones, smartwatches, etc.), and free of
cuff limitations. Because of the urgent need for continuous
cuffless blood pressure monitoring, PPG has attracted
numerous attentions of the medical community all over
the world, and a large number of researchers have conducted
in-depth researches in recent years. Using Web of Science
and PubMed as search engines, this paper reviewed PPG-
based continuous cuffless blood pressure monitoring tech-
nologies over the past five years, focused on artificial
intelligence-based solutions, and summarized specific imple-
mentations that could be used for reference.

2. Materials

2.1. Datasets. In the field of blood pressure prediction,
researchers have released some open datasets that provide
a data basis for fair comparison of different algorithms.
Medical Information Mart for Intensive Care (MIMIC) is
the most frequently used public dataset, which is a collabora-
tive effort of physicians and computer science experts from
Beth Israel Deaconess Medical Center (BIDMC), Massachu-
setts Institute of Technology (MIT), Oxford University,
Massachusetts General Hospital (MGH), and others [14].
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FIGURE 1: A common PPG pulse waveform.

The MIMIC dataset provides physiological data such as elec-
trocardiogram (ECG), photoplethysmography (PPG), arte-
rial blood pressure (ABP), and respiration signals (RESP)
collected from intensive care unit (ICU) wards. MIMIC III
V1.4, as the most commonly used dataset version, contains
data on 53,423 adult patients admitted to ICU between
2001 and 2012 and 7,870 neonates admitted between 2001
and 2008. All data in MIMIC are freely available to
researchers worldwide and can be accessed through Physi-
oNet (http://physionet.org/).

The BP dataset in the University of California Irvine
machine learning repository (UCI_BP) is derived from
MIMIC II, and the data is stored in the v7.3 mat format of
MATLAB [15]. This version of the dataset is also widely
used because it has undergone some preprocessing and
validation.

Some studies are based on the Queensland Vital Signs
dataset [16], a monitoring dataset from 32 patients, all of
whom used arterial blood pressure monitoring lasting from
13 minutes to 5 hours. The dataset also saves the corre-
sponding data signal visualization results for easy viewing
and use.

Another dataset used for blood pressure prediction is
clinical data from patients admitted to Guilin People’s Hos-
pital in Guilin, China, and can be downloaded through the
Figshare repository [17]. This dataset (PPG_BP, Figshare)
contains statistics on 657 PPG segments of 219 subjects with
a sampling frequency of 1000 Hz, which can be used for in-
depth study of the relationship between PPG signals and
blood pressure.

There are also some researches based on self-collected
datasets, which explored the relationship between PPG signals
and physiological parameters to some extent, but most of these
datasets are small due to the acquisition device and cost.
Table 1 illustrates the datasets commonly used in the retrieved
literature. As the collection time of each subject in the dataset
is long, these long-time signals are usually segmented accord-
ing to the needs of algorithm processing, and the resulting
short duration sequence is called the sample herein.

2.2. Evaluation Metrics. Blood pressure prediction is a
regression analysis and can be evaluated by mean error
(ME), mean absolute error (MAE), standard deviation

(STD), and root mean square error (RSME). The calculation
criterion of ME is shown in formula (1), which represents
the arithmetic mean of the error between the predicted value
(7,) and true blood pressure (y;). The calculation criteria of
the MAE and STD are shown in formulas (2) and (3). The
MAE is the average of the absolute values of the errors
between the predicted value (¥;,) and true blood pressure
(). The calculation criterion of the RMSE as shown in for-
mula (4) is obtained by calculating the square root of the
mean of the square of the difference between the predicted
value (y;) and true blood pressure (y,).

| I
ME = *Z)’i)’i’ (1)
i3
1 n
MAE = ;ZW%‘L (2)
i=1
1 &, _
STD= H;(eiei)’ei:yiyi’ (3)

I
—

RMSE = %Z )’ (4)

I

Compared with ME, the MAE indicator eliminates pos-
itive and negative offsets, and the STD reflects the dispersion
of errors. Hence, MAE and STD are a pair of commonly
used evaluation metrics in blood pressure estimation. The
American Association for the Advancement of Medical
Instrumentation (AAMI) stipulates that the MAE of blood
pressure measuring devices should be less than 5mmHg
and the STD should be less than 8 mmHg. Alternatively,
the grading criteria established by the British Hypertension
Society (BHS) are shown in Table 2, which specifies the per-
centages of cumulative frequency with errors less than 3
thresholds, respectively, and achieving grade A or grade B
is in line with the conditions for clinical use.

3. Methods

3.1. Preprocessing. Whether from public datasets or self-
collected datasets, the PPG signals obtained are complex
and easy to overlap with noise. Taking the frequently used
MIMIC as an example, the subjects are patients in ICU,
and their physical conditions have complex impacts on the
PPG signals. Therefore, preprocessing the PPG signals to
obtain high-quality signals is an important link affecting
the accuracy of both subsequent feature analysis and artifi-
cial intelligence models.

(1) Filtering: PPG signal is a very weak signal with a fre-
quency range of 0-25 Hz and easy to be disturbed by
external factors as well as its collection device during
the acquisition process. The noises mainly include
baseline drift caused by body motion and breathing
and industrial frequency disturbance caused by elec-
tromagnetic wave radiation. These noises have a
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TaBLE 1: Summary of the database retrieved.
Authors Dataset Subjects Samples Signals
Slapnicar et al. [21] MIMIC III 510 — PPG
Aguirre et al. [18] MIMIC III 1131 6478 PPG
Leitner et al. [31] MIMIC III 100 — PPG
Baek et al. [92] MIMIC II 942 1912 PPG, ECG
Schlesinger et al. [93] MIMIC II 329 136459 PPG
Wang et al. [94] MIMIC II 72 58795 PPG
Yen et al. [87] UCI_BP 1551 — PPG
Panwar et al. [86] UCI_BP 1557 — PPG
. Queensland,

Khalid et al. [58] MIMIC 11 — 8133, 9877 PPG
Han et al. [33] PPG_BP Figshare — 116 PPG

TaBLE 2: The standards of BHS.

Cumulative error percentage
5mmHg 10 mmHg 15 mmHg

Grade A 60% 85% 95%
BHS Grade B 50% 75% 90%
Grade C 40% 65% 85%

serious impact on the analysis of the PPG signal;
therefore, filtering operations are required. Many
researchers adopted Butterworth filter, which allows
signals within a specific frequency range to pass and
suppresses signals outside the given frequency range.
For instance, Aguirre et al. [18] used a Butterworth fil-
ter with the cut-off frequency set to 0.5-8 Hz. Ghosh
et al. [19] used a third-order Butterworth bandpass
IIR filter with the cut-off frequency set to 1.5-20 Hz.
Tiloca et al. [20] adopted a Butterworth FIR filter to
limit the PPG signal to the frequency band range of
[0.5-6] Hz. Likewise, Slapnicar et al. [21] employed a
fourth-order Butterworth filter with the cut-off fre-
quency of [0.5-8] Hz to eliminate baseline drift and
high-frequency noise. Furthermore in the research
by Slapnicar et al. [22], a fourth-order Butterworth
bandpass filter with the cut-oft frequency of 0.5-4 Hz
was adopted. Other studies such as El-Hajj et al. [23]
chose discrete wavelet decomposition to set the
decomposition coeflicients of the low-frequency and
high-frequency components to 0 and performed soft
threshold denoising on the remaining decomposition
coefficients. In the study by Li et al. [24], the discrete
Fourier transform was used to convert the temporal
signal to the frequency domain and filter out the
low-frequency components by setting the cut-off fre-
quency. Besides, the Chebyshev filter with the cut-off
frequency of 10 Hz was adopted for PPG signal filter-
ing in the research by Hasanzadeh et al. [25]

(2) Segmentation: the duration of the collected PPG sig-

nals is different. For instance, many PPG signals in
the MIMIC dataset last up to tens of hours. Thus,

PPG signals are usually divided into windows,
referred to herein as segments. The length of the split
windows can be set according to the needs of the
subsequent Al algorithm, ranging from a single cycle
to tens of seconds

(3) Signal quality assessment: the PPG signals are still

complex and variable after denoising; hence, thor-
ough criteria need to be established to remove sig-
nals with poor quality, thereby reducing the
negative impacts of anomalous signals on subse-
quent AI algorithms. This task is challenging, and
no consistent criteria have been established yet,
which often needs to be determined empirically or
experimentally. First, the poor signals can be
removed by some empirical values, such as limiting
systolic blood pressure (SBP) and diastolic blood
pressure (DBP) to 80-180 mmHg and 60-130 mmHg,
respectively [26, 27], deleting the PPG signals with
heart rate below 60 beats per minute [28], and reject-
ing outliers by using quartile [29] or 3-sigma crite-
rion [30]. Moreover, considering the periodicity of
PPG, some researches adopted autocorrelation
between PPG periodic signals [31], dynamic time
warping [32], or high-order statistics, such as skew-
ness and kurtosis [33, 34], to further standardize
the quality of PPG signals

(4) Normalization: converting the amplitude of the PPG

signal to the range of [0-1] can simplify and enhance
the analysis process of the PPG signal and ensure
that the extracted values are meaningful and fair to
the subsequent characterization process. The nor-
malization methods of these studies are relatively
uniform, with some using the method in formula
(5) to convert the amplitude of the PPG signal to
0-1 [35] and others normalizing the PPG signal to
have a mean of 0 and a variance of 1 [21]:

/ x; —min (x)

" max (x) - min (x)’
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where x; refers to the amplitude of the sample after con-
version, x; refers to the original amplitude of the sample, and
min (x) and max (x) are the minimum and the maximum
amplitude in the set of samples, respectively

3.2. Methods. A dataset consisting of a large number of PPG
segments (here also called samples) belonging to different
subjects is obtained after preprocessing. Next, the dataset is
divided into training and test sets (deep learning models
may include training, validation, and test sets) according to
proportion or other means and are fed into models for sub-
sequent study. Most researches divided the training and test
sets randomly by sample, while only a few researches divided
the training and test sets strictly by subjects. The latter
method is more recommended. Two factors are considered
in the case: primarily, PPG segments belonging to the same
subject are correlated [32]; thus, dividing the dataset only
by samples may bring out impure results due to the fact that
there are segments of the same subject in both the training
and test sets. Secondarily, considering that we need to deploy
the algorithm on mobile phones or wearable devices in the
future, the users to be tested must be the unseen subjects
in the training set. For the above reasons, it is more robust
to divide the training and test sets by subjects.

3.2.1. Blood Pressure Estimation Method Based on Pulse
Wave Velocity or Transit Time. The propagation speed of
pulse wave is mainly influenced by the compliance of the
arterial vessels. When the blood pressure is high, the arterial
compliance becomes worse, and the propagation speed of
pulse wave becomes faster. Conversely, when the blood pres-
sure is low, then the artery compliance increases, and the
transmission speed of the pulse wave slows down. The equa-
tion for the propagation velocity of waves in an elastic tube

of an ideal type is
|Eh
CO = —D. (6)
p

Here, E is the elastic modulus of the artery, h is the thick-
ness of the artery wall, D is the inner diameter of the artery,
and P is the blood density [36]. Pulse wave velocity (PWV)
or pulse transit time (PTT) is an attractive index for blood
pressure estimation. PTT can be considered the interval of
pulse wave transmission time at different sites of arteries,
which is inversely proportional to PWV. Besides, the pulse
arrival time (PAT) has resemblance to PTT, which can be
calculated by the time interval between the R peak of ECG
and the peak of PPG. There are two common measurement
methods for PTT/PAT. One is to synchronously measure
the ECG and PPG signals. Alternatively, multiple sensors
can be deployed at the proximal and distal ends, thereby cal-
culating the time interval between the PPG signals at the dif-
ference sites of the human body.

Once the PTT/PAT/PWYV is calculated, blood pressure
can be estimated with a simple formula, which is a common
method in early researches. Viunytskyi et al. [37] recorded
both single-channel ECG and PPG signals through a self-

designed device. The adopted dataset included a total of 30
records consisting of the records collected by the self-
designed hardware and extracted from the MIMIC database.
Blood pressure was estimated by a simple linear equation
with an RMSE of 5.71 for SBP and 5.13 for DBP. Lazazzera
et al. [38] collected PPG signals from the wrist and fingertips
through two sensors placed on the back and the front of the
smartwatch. The time intervals of the two sites PPG were fed
into a linear model to estimate blood pressure. The model
was validated on 44 subjects, and the results almost satisfied
the standard of AAMI. Kim et al. [39] employed two sensors
to collect PPG signals at different locations of the same fin-
ger and estimated blood pressure by a simple model with
the time difference between the two sites PPG. The error rate
was stable at about 5% in a small experimental cohort, and
the error rate referred to the ratio of the prediction error
to the true BP value. The signal acquirement by Byfield
et al. [40] is similar to that designed by Kim et al., and the
time interval of the two sites PPG was subjected to a Gauss-
ian regression model for blood pressure prediction. Other-
wise, Tabei et al. [41] synchronously acquired the PPG
signals at the index of the left and right hand through the
cameras of two mobile phones and sequentially calculated
the PTT to estimate blood pressure.

Some other studies combined phonocardiogram (PCG)
[42], impedance plethysmography (IPG) [43], and ballisto-
cardiogram (BCG) [44] to obtain two sites signals, thereby
estimating blood pressure by PTT/PAT/PWV. However,
both ECG signals and multisite PPG signals require addi-
tional sensors. Hardware consumption increases the diffi-
culty of deployment of wearable devices, and it is
particularly hard to build into mobile phones because of
the difficulty of hardware changes to widely used phones.
Table 3 summarizes BP estimation methods based on PTT/
PAT/PWYV presented in the paper.

3.2.2. Blood Pressure Estimation Method Based on Pulse
Wave Analysis (PWA). The morphology of PPG waveform
contains a wealth of physiological and pathological informa-
tion and has a close relationship with the cardiovascular sys-
tem. Pulse wave analysis (PWA) aims at expiring the
physiological significance of the pulse wave by extracting
rich features from PPG and its derivatives and combines
with powerful artificial intelligence algorithms to estimate
blood pressure. The paper [45, 46] provided prospective
studies on the feasibility of using a single PPG signal to esti-
mate blood pressure. Inspired by these researches, extensive
studies are dedicated to mining BP-related features and
combine traditional machine learning for blood pressure
estimation. Researches of blood pressure estimation
methods based on PWV focus on two aspects: One is mining
features with strong correlation to blood pressure, and the
other is the optimization of artificial intelligence algorithms.
Many features of PPG waveform have been experimentally
proven to be related to blood pressure, including the afore-
mentioned PTT. The features adopted in the existing studies
can be classified into time domain features, frequency
domain features, demographic information, etc. As typical
one among them, the peak of PPG waveform is considered
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TABLE 3: Summary of BP estimation methods based on PTT/PAT/PWV.
. .\ . Results (mmHg)
Authors Signals Position of sensors Subjects SBP DBP
Viunytskyi et al. [37] PPG, ECG Finger, chest 30 records RMSE: 5.71 RMSE: 5.13
. . ME: -1.52 ME: 0.39
Lazazzera et al. [38] PPG, PPG Wrist, finger 5+ 44 subjects STD: 9.45 STD: 493
Kim et al. [39] PPG, PPG Finger, finger 21 subjects Error rate = 5%
. . MAE: 2.117 MAE: 2.935
Byfield et al. [40] PPG, PPG Finger, finger 26 subjects STD: 0.257 STD: 0721
. . . MAE: 2.07 MAE: 2.12
Tabei et al. [41] PPG, PPG Finger, finger 6 subjects STD: 2.06 STD: 1.85
Marzorati et al. [42] PPG, PCG Finger, chest 20 subjects MAE: 3.06 MAE: 1.83
. . . RMSE: 8.47 RMSE: 5.02
Huynh et al. [43] PPG, IPG Finger, wrist 15 subjects STD: 091 STD: 0.73
Yousefian et al. [44] PCD, BCG Wrist, wrist 22 subjects MAE: 7.6 MAE: 5.1

related to stroke volume [47], while the pulse width at 50%
and pulse area ratio are indicators related to total peripheral
resistance [48]. In addition, the photoplethysmographic
intensity ratio (PIR) can reflect variations in the internal
diameter of the artery and correlates with changes in blood
pressure [49], and the artery stiffness index (ASI) presents
arterial stiffness [50]. Moreover, the K value can reflect the
changes in peripheral resistance of blood vessels, elasticity
of arterial walls, and blood viscosity [51]. The first derivative
(VPG) and second derivative (APG) of PPG play an impor-
tant role in detecting the fiducial points of PPG and analyz-
ing the physiological significance of PPG waveform [52].
Therefore, abundant features can be extracted from the
PPG derivatives for analysis. Furthermore, Fourier trans-
form, singular value decomposition, wavelet transform, and
other techniques can be adopted to map the time domain
signal to the frequency domain, to perform spectral analysis
of the PPG signal. Besides, entropy is a measure of signal
uncertainty [53], so extracting the entropy of the PPG signal
facilitates the analysis of complex blood pressure signals.
Some of the typical features are listed in Table 4, and some
of them are depicted in Figures 2 and 3.

In the existing studies, the maximum feature dimension
extracted from PPG waveform reaches up to more than 200,
among which redundant features will reduce the accuracy of
the model and increase the complexity of the model. Hence,
the feature selection method is advised to reduce the dimen-
sion of features, screen out the most relevant feature subset,
and enhance the accuracy of the algorithm. Correlation anal-
ysis, multicollinearity analysis, recursive elimination, mini-
mum redundancy maximum correlation, and intelligent
optimization strategies such as genetic algorithm (GA) are
all extensively used feature selection methods.

Machine learning algorithms can identify and analyze
the complex mapping between PPG signals and blood pres-
sure, thereby establishing an effective blood pressure predic-
tion model. A large number of researches have applied
different regression models to estimate blood pressure, such
as multiple linear regression (MLR), regression tree (RT),
random forest regression (RFR), support vector machine

regression (SVR), Adaboosting regression, and artificial neu-
ral network (ANN). In particular, some researches have
proved that random forest regression is a more robust algo-
rithm because it can evaluate the importance of features and
is not sensitive to outliers [54]. The BP estimation methods
base on PWA retrieved in this paper are listed in Table 5.
Thambiraj et al. [55] extracted 43 features from ECG and
PPG signals, employed a genetic algorithm to search for the
optimal feature subset, and used a random forest model to
estimate blood pressure. The MAEs of this method were
9.54 and 5.48 mmHg for SBP and DBP, respectively. Tiloca
et al. [20] extracted 11 features including PTT, PIR, and
heart rate from PPG and ECG signals in the MIMIC II data-
set and employed a random forest regression model to pre-
dict blood pressure, which obtained a RMSE of 13.01 and
12.89 mmHg for SBP and DBP. The two aforementioned
experimental datasets were not large and the experimental
results did not meet the requirements of the BHS or AAMI
standards. Hasanzadeh et al. [25] modified an algorithm
for detecting the fiducial points of PPG signal, which helped
to improve the accuracy of feature extraction. Based on 19
features such as heart rate, pulse width, and reflex index
extracted from PPG signals, the blood pressure was esti-
mated by linear regression, decision tree, random forest,
and Adaboosting regression models. The validation results
on the UCI dataset dedicated that Adaboosting and random
forest regression outperformed other models. However,
compared with the AAMI and BHS standards, the result of
SBP could not satisfy the standards. Liu et al. [56] collected
PPG and ECG signals from 35 clinical patients and extracted
15 relevant features to compare the performance of four
regression models: decision tree, support vector machine,
Adaboosting, and random forest. The results demonstrated
that random forest regression outperformed the other
models, with ME + STD of SBP and DBP were 0.04 + 6.11,
and 0.11 +3.62mmHg, respectively. Since the study only
enrolled 35 subjects, the performance of the method needs
to be verified on a large experimental cohort. Khalid et al.
[57] extracted 5 features including area, time, and pulse
width on PPG segments refined from the Queensland
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TaBLE 4: A list of typical feature extracted from the PPG and its derivatives.

Feature Description
Amplitude Amplitude of the fiducial points in Figure 2 (e.g., systolic peak, diastolic peak, and dicrotic notch)
Time  Time interval between the fiducial points in Figure 2 (e.g., systolic peak, diastolic peak, dicrotic notch, and onset)
Time Width Systolic width at 10%, 25%, 33%, 50%, 66%, and 75% and diastolic width at 10%, 25%, 33%, 50%, 66%, and 75%,
domain as shown in Figure 3
Area Systolic area, diastolic area, and their ratios
Derivatives Ratio of amplitude of fiducial points on first-order derivative and second-order derivative in Figure 2
Frequency domain Amplitude and frequency of the first, second, and third peaks of the frequency domain signal
Demographic . . .
information Age, gender, height, weight, body mass index (BMI), etc.
Entropy Shannon entropy, spectral entropy, approximate entropy, sample entropy, etc.
Statlstlcalh . Mean, standard deviation, skewness, kurtosis, etc.
characteristics
Others K value, PIR, ASI, etc.

ms

1st
Pulse deriv
wave
0 4
0 4

*Onset : : : End

2nd
deriv

F1GURE 2: Fiducial points of PPG wave and its derivatives: The three subplots from top to bottom are (a) PPG pulse wave, (b) first-order
derivative, and (c) second-order derivative. In (a), “onset” and “end” denote the beginning and the end of the waveform, respectively,
“sys” and “dia” represent the systolic and diastolic peaks, and “dic” represents the dicrotic notch. In (b), “ms” denotes the maximum

«_ » o«

slope point. In (c), “a,” “b,” “c,” “d,” and “e” are five key fiducial points of the second derivative.
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Cardiac period (CP)
Systolic width Diastolic width
at 75% (SW75) at 75% (DW75)
Systolic width Diastolic width
at 66% (SW66) at 66% (DW66)

Diastolic width
at 50% (DW50)

Systolic width
at 50% (SW50)

Systolic width Diastolic width
at 33% (SW33) at 33% (DW33)
Systolic width Diastolic width
at 25% (SW25) at 25% (DW25)

Diastolic width
at 10% (DW10)

Systolic upstrokeJ )
time (ST)

Systolic width
at 10% (SW10)

I— Diastolic time (DT)

FiGURE 3: Pulse width feature of the PPG waveform.

dataset, followed by a variance inflation factor (VIF) to per-
form a multicollinearity test on the features, and eliminated
two redundant features. In this study, MLR, SVR, and RT
were used to estimate blood pressure, and the results
revealed that regression tree model achieved the best perfor-
mance. A subsequent study by Khalid et al. [58] refined a
comprehensive dataset of 18,010 PPG segments from
Queensland and MIMIC datasets and extracted 16 time
domain features from these PPG segments. The multicollin-
earity test was performed on the features by variance infla-
tion factor (VIF), and the most significant 3 features were
screened out. Subsequently, the k-nearest neighbor model
was first adopted to cluster hypotension, hypertension, and
normotensive and then combined with the regression tree
algorithm to estimate blood pressure. The results obtained
in this study were in line with AAMI standards. The two
studies both used manual check to determine the quality of
the signal, which needs to be improved in the future. Simi-
larly, after k means clustering with three features extracted
from ECG and PPG signals, Farki et al. [59] employed gradi-
ent boosting, random forest, and multilayer perceptron
regression methods to regress the blood pressure for each
cluster. The method was validated on the MIMIC dataset
and yielded an MAE of 2.56 for SBP and 2.23 for DBP, but
the details of the dataset were not clearly disclosed. Haddad
et al. [60] extracted 27 features from PPG and its derivatives
based on the 30-second PPG segments of 28 subjects in the
MIMIC dataset. The study constructed the MLR model for
blood pressure prediction and resulted in an error of 6.10
+ 8.01 mmHg for SBP and 4.65 + .22 mmHg for DBP. Man-
amperi et al. [61] extracted 53 features from PPG and its
derivatives and predicted blood pressure through a 6-layer
ANN model. The experimental results on the MIMIC II
dataset showed that both SBP and DBP achieved the grade
A of the BHS standard. Subsequent trials with 50 voluntary
subjects achieved the grade A of the BHS standard for
DBP and grade B for SBP. Attarpour et al. [62] collected
the wrist and fingertip PPG signals from 111 volunteers
and then extracted a total of 34 features from PPG signal
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and its second derivative, height, weight, etc. Subsequently,
the optimal feature subset was selected by using the moving
backward algorithm and genetic algorithm, and finally, the
blood pressure was predicted by a multilayer neural net-
work. By comparison, a genetic algorithm-based feature
selection algorithm improved the performance of blood
pressure estimation, with an accuracy (MAE +STD) of
SBP as 5.59 + 0.30 mmHg and DBP as 4.45+ 0.16 mmHg.
Chakraborty et al. [63] collected 670 records from 50
patients in the open dataset and extracted 15 time domain
features. The study adopted neighborhood component anal-
ysis (NCA) and relief (RLF), respectively, to finally select the
optimal feature subset consisting of four features. Based on
the modified ANN model, the proposed algorithm obtained
an error of 0.461 +2.62mmHg for SBP and 0.15 + 4.482
mmHg for DBP, whereas the first minute initial calibration
and the four-minute blood pressure estimation made the
method not very real-time, and the fiducial detection tech-
nique adopted in the study was sensitive to noise. Yang
et al. [64] extracted 90 features including PAT, heart rate,
and complexity features of PPG and ECG signals and
employed support vector machine, Lasso, and artificial neu-
ral network models to predict blood pressure. This study val-
idated on 14 male volunteers, and the optimal result
(MAE + STD) of SBP was 7.33 + 9.53 mmHg obtained by
the support vector machine model, while the optimal result
of DBP was 5.15 + 6.46 mmHg obtained by the ANN model.
Otherwise, Chen et al. [65] extracted 14 features of ECG and
PPG from the open dataset, selected features by the mean
impact value (MIV) index, and finally predicted blood pres-
sure using SVR model optimized by a genetic algorithm. The
proposed algorithm yielded an error (MAE + STD) of 3.27
+ 5.52 mmHg for SBP and 1.16 + 1.97 mmHg for DBP. Sim-
ilarly, Tan et al. [66] synchronously collected PPG and ECG
from 10 healthy volunteers, extracted 17 time domain fea-
tures, and retained features with the cumulative contribution
rate more than 85% by MIV. The study used a GA-based BP
network to model SBP and DBP separately, and the pro-
posed algorithm outperformed the traditional regression
model and ANN. Since the data size in the previous three
studies was not big enough, the generalization ability and
confidence of the model would be affected to some extent.
The following two researches dedicated efforts to explore
the features related to blood pressure estimation. Chowdh-
ury et al. [67] adopted the public dataset consisting of 657
PPG samples from 219 subjects and extracted 107 features
including time domain, frequency domain, time-frequency
domain, and demographic information. In this study, corre-
lation evaluation, ReliefF, and minimum redundant maxi-
mum correlation were adopted for feature selection, and
five machine learning methods, linear regression, regression
tree, Gaussian process regression (GPR), support vector
machine regression, and ensemble tree regression, were used
for blood pressure estimation. The ReliefF method com-
bined with GPR outperformed other algorithms, with a
RMSE of 6.74 and 3.59 mmHg for SBP and DBP, respec-
tively. Dey et al. [68] collected PPG signals from 206 volun-
teers using Samsung Galaxy S6 mobile phones and extracted
233 features in the time and frequency domain from PPG
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and its derivatives, which is the study with the highest num-
ber of feature dimensions in the retrieved literature. The
study employed a Lasso regression model and categorical
modeling based on demographic information, which
improved the accuracy of blood pressure predictions. How-
ever, the performance of the model does not satisfy the
AAMI standard.

In addition to traditional machine learning models,
some studies have used more complex deep learning net-
works for blood pressure estimation after extracting the rel-
evant features of PPG signals. El-Hajj et al. [69] extracted a
total of 22 time domain features from the PPG signals and
their derivatives, combined Pearson’s correlation, random
forest feature importance, recursive feature elimination,
and sequential forward selection methods, to finally select
seven consistently accepted features that have the greatest
impact on blood pressure estimation. The validation results
on the UCI dataset pointed out that LSTM and GRU outper-
formed other models, which were promising and both met
the AAMI criteria. In a subsequent study, El-Hajj et al.
[23] refined 942 subjects from the MIMIC II dataset and
extracted 52 features from PPG and its derivatives. Com-
bined with Pearson’s correlation, mutual information, and
recursive elimination method, the optimal feature subset
consisting of 24 features were selected. The research
designed a complex deep learning model that involved a
bidirectional RNN layer, a series of conventional recurrent
layers, and an attention layer, which resulted in an error
(MAE £ STD) of 4.51 + 7.81 mmHg for SBP and 2.6 + 4.41
mmHg for DBP. Li et al. [24] extracted seven features
(including PTT) from PPG and ECG signals, combined with
a deep learning model for blood pressure estimation. The
first layer of the deep learning model is a bidirectional long
short-term memory layer, followed by a multilayer LSTM
with a residual module. The validation results of this method
on the MIMIC II dataset showed that SBP and DBP met
grades B and A of BHS standard, respectively. Senturk
et al. [70] extracted time domain and frequent domain fea-
tures from signals in the MIMIC II dataset, combined with
chaotic features such as the Shannon entropy, sample
entropy, and fuzzy entropy and then compared the perfor-
mance of three machine learning algorithms in blood pres-
sure estimation. The results demonstrated that the
nonlinear autoregressive with exogenous input neural net-
work (NARX-NN) was superior to other algorithms, with
an ME + STD of 0.0224 + 2.211 mmHg for SBP and 0.0417
+1.2193 mmHg for DBP. However, the size of the dataset
used was not clearly disclosed in the study, so there might
be barriers to comparing results across studies.

3.2.3. Blood Pressure Estimation Method Based on Deep
Learning with Raw PPG. The methods of blood pressure esti-
mation based on PWA may incorporate irrelevant features or
not fully mine the information contained in the PPG wave-
form, and their results highly depend on the accuracy of fidu-
cial point detection of the PPG waveform. In recent years, with
the rapid development of deep learning, many researches tend
to use the raw PPG signals as input and utilize the advantages
of deep learning in extracting complex high-dimensional fea-
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tures and advanced convolution computing capabilities for
continuous blood pressure monitoring.

Blood pressure estimation methods based on deep learn-
ing network use the raw PPG waveform as input, and since
the derivatives of PPG also contain features related to blood
pressure [71], many studies take the PPG derivatives as
input of the model. Researches on deep learning-based blood
pressure monitoring methods mainly focus on the optimiza-
tion of deep learning models and variants. One of the most
classic models is the CNN-LSTM model, which is also the
most widely used in literature. The hybrid model uses the
convolutional neural network (CNN) layer to extract the
complex features of the PPG signals and model them in time
series with the help of the long short-term memory (LSTM)
layer. For instance, in the research by Tazarv et al. [72],
CNN was used as a feature extraction module, and LSTM
was responsible for modeling over the time series. The
CNN-LSTM model was validated on 20 randomly selected
subjects from MIMIC II, resulting in an error of 3.70 +
3.07 and 2.02 + 1.76 mmHg for SBP and DBP, while the val-
idation results on the Queensland dataset also reached the
grade A of the BHS standard and complied with the AAMI
standard. Similarly, Mou et al. [73] employed a CNN-
LSTM model for blood pressure estimation and validated
on three subjects of the MIMIC dataset. The results showed
that, compared with the traditional models, the proposed
model had a significant improvement in both training time
and prediction accuracy. Otherwise, Esmaelpoor et al. [74]
employed a CNN-LSTM two-stage model, with the CNN
structure for extracting the features of PPG in the first stage
and the LSTM structure for modeling the sequence signal in
the second stage. Considering the correlation between SBP
and DBP, the SBP prediction was applied to the next stage
of DBP prediction, and vice versa. The model was tested
on 200 subjects in the MIMIC II dataset and resulted in an
error (MAE + STD) of 3.97 £5.55 and 2.10 + 2.84 mmHg
for SBP and DBP, respectively, which complied with the
AAMI standard and reached the grade A of the BHS stan-
dard. Nevertheless, the dataset was not strictly divided by
subjects, which affected the confidence of the experimental
results. Baker et al. [75] utilized a CNN-LSTM model that
combined the feature extraction capability of the convolu-
tion layer and the temporal data modeling capability of the
LSTM layer, with PPG and ECG signals from the open data-
set as input, resulting in an MAE of 4.41 and 2.91 mmHg for
SBP and DBP, respectively. Tanveer et al. [76] proposed an
ANN-LSTM network which consisted of an ANN for
extracting features and two stacked LSTM layers for model-
ing sequence signals. The proposed model was tested on 39
subjects in MIMIC I and achieved an MAE of 1.10 mmHg
for SBP and 0.58 mmHg for DBP. Besides, the network pro-
posed by Leitner et al. [31] adopted a gated recurrent unit
(GRU) instead of the LSTM on the basis of the CNN-
LSTM framework, because GRU has similar functions and
slightly different parameters with LSTM. The proposed
model was validated on long-term data of 100 subjects in
the MIMIC dataset, combined with transfer learning-based
calibration techniques, and resulted in an MAE of 3.52 and
2.20 mmHg for SBP and DBP, respectively.
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Some other researches have introduced an attention
mechanism to assign appropriate weights between different
input channels or input vectors; therefore, the deep learning
model can focus on more meaningful information and then
improve the prediction accuracy. Qiu et al. [77] incorporated
the squeeze and excitation block (SE module) in a 25-layer
ResNet, which assigned weights to channel dimensions and
improved channel attention. The hybrid model took PPG
and ECG signals as input and predicted blood pressure on
two datasets that included 1216 and 40 subjects from the
MIMIC dataset, respectively. The prediction results of the
model on the two datasets both achieved the grade A of the
BHS standard and satisfied the AAMI standard. Chuang
et al. [78] screened 11,000 PPG and ECG segments from 45
subjects in the MIMIC dataset and introduced an attention
mechanism to the CNN-LSTM model to identify meaningful
features. The results showed that combining the time and fre-
quency domain signals of PPG and ECG could fully obtain the
intrinsic characteristics of the signals, which resulted in an
error (MAE + STD) of 2.94 + 4.65 mmHg for SBP and 2.02
+ 3.81 mmHg for DBP. The two aforementioned studies used
a combination input of PPG and ECG to predict blood pres-
sure, which necessarily increased hardware consumption.
Aguirre et al. [18] proposed a recurrent neural network
(RNN) encoder-decoder structure with an attention module
and integrated demographic information such as age and gen-
der to improve the prediction of mean ABP pulse. Under the
condition that the training set and test set were strictly divided
according to subjects, the MAE of SBP and DBP reached
6.57 +0.20 and 14.39 + 0.42 mmHg, respectively.

The residual network (ResNet) [79] proposed by
Microsoft Labs in 2015 can well solve the problems of gra-
dient disappearance and gradient explosion brought by the
deepening of layers through the residual structure.
Schrumpf et al. [80] compared the performance of Alex-
Net, ResNet, LSTM, and the model proposed by Slapnicar
et al. [21]. With PPG signals and their derivatives as input,
ResNet outperformed other models under the condition of
strictly differentiated subjects in training and test sets, with
an MAE of 16.4 and 8.5 mmHg for SBP and DBP, respec-
tively. However, the associated SDs are not presented. Fur-
thermore, MAEs of 164 and 85mmHg are relatively
large, meeting neither AAMI nor BHS standards. After
transfer learning-based calibration, the prediction perfor-
mance was significantly improved. Based on PPG and
ECG signals of 40 subjects selected from the MIMIC data-
set, Paviglianiti et al. [81] compared the performance of
three deep learning models, ResNet, LSTM, and WaveNet.
The results pointed out that ResNet combined with three
LSTM layers achieved the best prediction performance,
with an MAE of 4.118 and 2.228 mmHg for SBP and
DBP, respectively.

The PPG signals are one-dimensional physiological sig-
nals, while some studies have transformed them into two-
dimensional images, thereby performing transfer learning
through a model pretrained on ImageNet. Wang et al. [82]
converted one-dimensional PPG signals into images by
using the visibility graph (VG) approach. This innovative
approach preserved the time-frequency information in the
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PPG signals and allowed transform learning using CNN
models pretrained on the large database ImageNet. The pro-
posed idea was validated on 348 records from UCI_BP data-
set, and the pretrained AlexNet model outperformed other
models, leading to an MAE of 6.17 and 3.66 mmHg for
SBP and DBP, respectively.

Other deep learning models and their variants include
the following: Treebupachatsakul et al. [83] performed
Fourier transform on PPG and ECG signals in open data-
sets and used the amplitude and phase of PPG and ECG
signals as input to a context aggregation network (CAN).
The network resulted in a RMSE of 7.1455 and
6.0862mmHg for SBP and DBP, respectively. However,
the associated MAEs or SDs are not presented. Sadrawi
et al. [84] compared the performance of two deep convo-
lutional autoencoders, LeNet-5 and U-Net, and employed
a genetic algorithm to optimize the integration of encoders
in the cross-validation process. The method was evaluated
on 18 subjects in a single center and yielded an MAE of
2.54mmHg for SBP and 1.48 mmHg for DBP. The net-
work proposed by Brophy et al. [85] was based on the
GAN framework, which mainly consists of a generator
with two layers of LSTM and a discriminator with four
layers of CNN. Notably, the model is different from previ-
ous models in its ability to generate continuous ABP based
on the PPG signal, rather than directly producing two
values of SBP and DBP. The proposed model was trained
on the UCI dataset and tested on the Queensland dataset
with long-time data selected from one subject, resulting
in an ME of 2.95 +19.33 mmHg in mean arterial pressure.
However, the population considered was only one subjects,
too few to reduce the confidence of the results. Otherwise,
Slapnicar et al. [21] took PPG alongside its derivatives as
input and proposed a complex network model (spectro-
temporal ResNet) combining the residual module with a
spectrotemporal block, which could fully extract the tem-
poral and frequency information of the signals. The pro-
posed model was validated on over 700 hours of PPG
signals from 510 subjects in the MIMIC III dataset, result-
ing in an MAE of 9.43 mmHg for SBP and 6.88 mmHg for
DBP.

Furthermore, some researches have also experimented
on the CNN with large convolutional kernels, which may
enable the model to obtain larger effective receptive fields.
Panwar et al. [86] proposed a deep learning framework
consisting of CNN, LSTM, and fully connected layer, and
adopted filters of size 9 x 1 in the CNN layers. When eval-
uated on 1557 subjects from the open dataset, the MAE
and STD of the proposed model were 2.30 and
0.196 mmHg for SBP, while 3.97 and 0.064 mmHg for
DBP. The hybrid network structure proposed by Yen
et al. [87] was composed of multiscale CNN, LSTM, and
dense layers, in which the CNN structures adopted 9 x 1
and 25x1 kernel filters, respectively. The model was
tested on 1551 subjects from the UCI_BP dataset, resulting
in an MAE of 2.942 +5.076 and 1.747 + 3.042 mmHg for
SBP and DBP, respectively.

Table 6 illustrates the BP estimation methods based on
deep learning model presented in this paper.
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TaBLE 6: The summary of BP estimation methods based on deep learning.
. . Result (mmHg)
Authors Dataset Signals Al algorithm SBP DBP
MIMIC I MAE: 3.70 MAE: 2.02
Tazarvetal. [72] 20 subjects PPG CNN-LSTM STD:3.07  STD: 1.76
MIMIC . MAE: 2.94 MAE: 2.02
Chuang et al. [78] 45 subjects PPG, ECG CNN-LSTM-+self-attention STD: 4.65 STD: 3.81
Treebupachatsakul et al. [83] ucl PPG, ECG CAN RMSE: 7.1455 RMSE: 6.0862
812 samples
Mou et al. [73] MIN.HC PPG CNN-LSTM MAE: 4.42 for ABP
3 subjects
L. MIMIC ResNet, LSTM, WaveNet, . )
Paviglianiti et al. [81] 40 subjects PPG, ECG ResNet+LSTM MAE: 4.118 MAE: 2.228
- MIMIC III o . .
Slapnicar et al. [21] 510 subjects PPG, derivatives Spectrotemporal ResNet MAE: 9.43 MAE: 6.88
UCI_BP
— MAE: 2.95
Brophy et al. [85] Queen§land PPG GAN STD: 19.33 for MAP
6 subjects
. MIMIC . MAE: 6.57 MAE: 14.39
Aguirre et al. [18] 1131 subjects PPG RNN encoder-decoder + attention STD: 0.20 STD: 0.42
UCI_BP Image transformed Pretrained AlexNet, ) )
Wang et al. [82] 348 records from PPG Inception-V3, VGG-19 MAE: 6.17 MAE: 3.66
MIMICII MAE: 3.97 MAE: 2.10
Esmaelpoor et al. [74] 200 subjects PPG CNN-LSTM STD: 555  STD: 2.84
MIMIC III MAE: 4.41 MAE: 291
Baker et al. {75] 200000 segments PPG, ECG CNN-LSTM STD: 611  STD: 423
. MIMIC
Qiu et al. [77] 1216 subjects PPG, ECG ResNet + SE MAE: 3.70 MAE: 2.81
Leitner et al. [31] MIMI.C PPG CNN-GRU MAE: 3.52 MAE: 2.20
100 subjects
MIMIC AlexNet, ResNet, LSTM, ) )
Schrumpf et al. [80] 3750 + 625 subjects PPG model of Slapnicar et al. MAE: 164 MAE: 8.5
UCI MAE: 2.942 MAE: 1.747
Yen et al. [87] 1551 subjects PPG CNN-LSTM STD: 5076  STD: 3.042
Tanveer et al. [76] MIMI.C I PPG, ECG ANN-LSTM MAE: 1.10 MAE: 0.58
39 subjects
MIMIC I MAE: 2.30 MAE: 3.97
Panwar et al. [86] 1557 subjects PPG CNN-LSTM STD: 0.196  STD: 0.064
Sadrawi et al. [84] Self-collected PPG GA + Lenet5/U-net MAE: 254  MAE: 1.48

18 subjects

4. Future Research Directions

Continuous monitoring of blood pressure will be an urgent
task in the future, therefore deploying the function on
mobile phones or other portable wearable devices to realize
daily BP monitoring will have a broad application prospect.
From the early simple regression based on multiplexed sig-
nals, to PPG feature extraction combined with artificial
intelligence algorithms, and then to deep learning models
with raw PPG signal most recently, researches on continu-
ous cuffless blood pressure estimation have made great prog-
ress over time. However, the current technology still cannot
meet the standards of practical applications. The major chal-
lenges that need to be addressed urgently include the devel-
opment of large-scale heterogeneous datasets, mining of
strongly correlated feature sets, optimization of lightweight

efficient models, researches on personalized modeling tech-
nology, and rPPG-based blood pressure estimation
technology.

(1) Most of the retrieved studies are based on open data-
sets. For example, the MIMIC dataset is collected
from patients in the ICU, whose complex physical
conditions have various effects on blood pressure.
However, there are differences in blood pressure
changes between diverse groups, such as young peo-
ple and those with cardiovascular disease. Some
researches were based on self-collected datasets, but
the small amount of data led to low confidence in
the validation results. Therefore, it is urgent to estab-
lish large-scale heterogeneous datasets to improve
the adaptability of the model to different
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populations, verify the results of the algorithm, and
promote the optimization of the algorithm

(2) Due to the easy acquirement, low cost, and conve-
nient deployment of PPG signals, PPG-based blood
pressure estimation methods have gained a strong
momentum in recent years, and many studies dedi-
cated to explore the relationship between PPG fea-
tures and the physiological significance of blood
pressure. Considering the individual difference of
PPG signals, there is no set of features directly
related to blood pressure has been generally
employed, so it is necessary to explore PPG features
with explicit physiological significance in the future.
Additionally, the existing offline training model
should be deployed on mobile phones or other wear-
able devices, and the balance between the complexity
and accuracy of the algorithm needs to be consid-
ered. Therefore, the development of lightweight
and accurate models is also a very challenging task
in the future

(3) Because of the differences of blood pressure among
individuals, even deep learning models trained on
large-scale datasets cannot fully learn them. Thus,
within the acceptable conditions for commercial
deployment, the accuracy of the model can be
improved through individual calibration. Haddad
et al. [88] adopted a straightforward approach that
calibrated estimation of the blood pressure with sim-
ple offsets from the same subject. Schrumpf et al.
[80] adopted the idea of transfer learning to fine-
tune the specific layer of the model with a small
amount of template data of the target subject. These
methods may mitigate the systematic error in blood
pressure estimation, but the mapping relation
between the input signal and the estimation of blood
pressure still relies on the performance of AI model

(4) Remote photoplethysmography (rPPG) can be used
to extract the PPG signal by using a camera to cap-
ture the periodic signal of skin color caused by the
cardiac cycle. As smartphones become common
devices, rPPG technology can be easily deployed on
mobile phones for home-style daily blood pressure
monitoring. In recent years, some prospective
researches [89-91] have made some progress.
Affected by the influence of video quality, subjects’
head movement, illumination, and other factors,
rPPG-based blood pressure monitoring technology
faces great challenges in front-end data collection
and processing. However, as rPPG technology is
simple, feasible, and easy to deploy, it is still an
appealing direction in the future

5. Conclusion

This paper retrieved the progress of research in the past five
years on the PPG signal-based cuffless continuous blood
pressure prediction technology. In conclusion, PPG is a
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promising and appealing technology with great potential
for application in cuffless continuous blood pressure moni-
toring. Although diverse BP estimation methods such as that
based on PTT/PAT/PWV, PWA, and deep learning have
emerged and achieved some results, to reach the standard
of commercial application, the continuous blood pressure
monitoring technology based on PPG needs in-depth
researches in the following aspects: the construction of het-
erogeneous large datasets, feature mining and optimization
of lightweight model, personalized calibration technology,
and rPPG technology.
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Cell-in-cell structures (CICs) refer to cytoplasmic internalization of a cell by another cell, which are found throughout various
biological systems and have been a part of scientific dogma for a long time. However, neither the mechanisms underlying this
phenomenon nor their possible roles in disease development have resulted in major breakthroughs until recent years. In view
of the ubiquity of CICs in inflammatory tissue and tumors, it is tempting to think that these specific structures could be
associated with clinical diagnosis and treatment and thus would become a new hotspot for translational medicine.
Translational medicine is a new concept in the field of international biomedical research that appeared in the last 20 years,
which transforms basic research into clinical application. With the growing interest in this field, this review addresses recent
research on CICs and their potential clinical implications in cytomorphological diagnosis and the pathology of human diseases,
while discussing as yet unanswered questions. We also put forward future directions to reduce the gap in our knowledge

caused by our currently limited understanding of CICs.

1. Introduction

Cell-in-cell structures (CICs), characterized by one or
more live cells (referred to as effector cells) internalized
into another cells (referred to host cells), have been con-
sidered simple physiological or pathological phenomena
without extensive biological significance. For decades,
researchers mainly emphasized morphological descriptions
and observed CICs by microscopy in a wide range of cell
types and tissues, both in vivo and in vitro. In general,
CICs commonly occur at a rate of 0.3-2.5% of the total
sample population in a wide range of carcinomas, while
surprisingly, in some cases, CIC formation is as high as
~6% in heterogeneous breast cancer tissue in a patient
with poor prognosis [1, 2]. Currently, CICs are attracting
increasing attention because of their correlation with various
physiological and pathological conditions, their involvement
in inflammation and carcinoma initiation and progression,
and their potential implications in translational medicine.
CICs occur universally in diverse tissues; therefore, establish-
ing how the functional status of CICs influences diseases and

treatment response is important. Efforts to explore the clinico-
pathological correlates of CICs in patients will provide new
approaches to disease treatment and prevention. For the pur-
poses of discussion, CICs will be divided into two basic types:
homotypic CICs, in which both of the effector and host cells
are the same cell type, and heterotypic CICs, in which the
effector cell is internalized into a host of a different cell type.
Notably, important breakthroughs have been made the possi-
ble mechanisms and potential significance of CICs, including
homotypic CICs, referred to as entosis, and heterotypic CICs,
referred to emperipolesis, which have clinical and potential
therapeutic applications.

2. Homotypic CIC Formation and Its
Biological Significance

The molecular mechanisms and core elements underlying
the formation of homotypic CICs has been reviewed recently
[3]. Homotypic CIC formation is induced in response to any
of the following stimuli: low energy states by glucose with-
drawal [4], aberrant shape regulation of invading cells in
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mitosis [5, 6], and detachment of effector cells from the
extracellular matrix [7]. Subsequently, CIC invasion is regu-
lated genetically by three core machineries, including intact
adherens junctions (AJs), imbalance of contractile actomyo-
sin (CA) of invading cells, and the mechanical ring (MR)
between the peripheries of invading and engulfing cells [3].
Cells activated the phosphorylation of myosin light chain
(MLC2) and diaphanous-related forminl (mDial) with
higher RhoA activity, thereby producing biophysical forces
that drive penetration, representing an intriguing and dis-
tinctive form of phagocytosis [8, 9]. At the interface between
the two cells, E-cadherin-mediated AJs interact with F-actin
through a-catenin, B-catenin, and vinculin and form a ring-
like structure termed the mechanical ring, which is involved
in homotypic CIC formation [10, 11] (Figure 1).

Following entry into the cytoplasm of the host cell, there
are several possible fates for the internalized cell. It might
persist as a live cell and even undergo cell division while still
internalized [7, 12]. However, the most common fate for the
internalized cells is lysosomal cell death. Recently, Overholt-
zer et al. defined a nonapoptotice cell death program medi-
ated by CIC process, entosis, in which suspended epithelial
cells actively invasive and the cells die inside their neighbor-
ing host cell [7]. Entosis is involved in the linker cell clear-
ance in Caenorhabditis elegans and in luminal epithelial
cell elimination in embryo implantation, suggesting that
entosis is an ancient process to regulate key events required
for embryonic development [13, 14]. Entosis occurs from
bacteria to mammals, it indicates that entotic process is con-
served across evolution. Consistent with this model, entosis
contributes to cell competition in Drosophila by controlling
the process by which “fit” cells eliminate their less fit neigh-
bors and can also mediate cell completion in tumor cells
[15]. Cell competition mediated by entosis plays both pro-
motive and suppressive roles in tumors. “Winner” cells
(hosts) use entosis as a mechanism of cell competition to kill
“loser” cells (engulfed cells) and become clonally dominant
in a heterogeneous population, suggesting that entosis for
cell competition contributes to clonal selection in tumor
evolution [16, 17]. Moreover, nutrients, such as amino acid
and glucose, are provided following engulfed cell death and
degradation, which promotes the survival of the host cell
under starvation conditions [18]. Strikingly, host cells not
only benefit from the nutrients released by the engulfed cells
but also experience multinucleation because of the steric
interference by the engulfed cells, propagating genomic
instability and thereby driving tumor progression [19]. In
addition, host cells with mutated p53 often survive following
abnormal mitotic events, which indicates that mutated p53
is associated with CIC’s contribution to genomic instability
for tumor progression [20]. Nevertheless, entosis inhibits
tumorigenesis by eliminating cells detached from the extra-
cellular matrix [7]. Further research supports this view that
host cells engulf cells with aberrant mitosis as a tumor-
suppressive act of “assisted suicide,” indicating entosis as
an antitumorigenic effect in cancer [5]. A recent study indi-
cated that in a nontumor context, aneuploid daughter cells
during the entotic process are engulfed and eliminated by
host cells, thus playing a surveillance role in the mainte-
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Ficure 1: The mechanisms and its biological significance of
homotypic CICs.  Homotypic CICs are formed by three core
machineries, including intact adherens junctions (AJs), imbalance
of contractile actomyosin (CA) of invading cells, and the
mechanical ring (MR). Homotypic CICs play important roles in
tumor evolution, genomic instability, and tumor aggressive.

in-cell infection

Emperitosis
enclysis />

Tolerance

Cell in-cell

Cell invading

Cytokinesis
failed Immune activation

FIGURE 2: The role of heterotypic CICs in different aspects of
biology. Heterotypic CICs are involved in physiological and
pathological process such as virus infection, immune regulation,
and tumor immune escape.

nance of genome integrity [6]. Therefore, identifying and
characterizing the mechanisms of entosis in different cellular
and molecular contexts would be helpful to further under-
stand its biological effects in physiological and pathological
processes.

3. Heterotypic CICs Correlate with
Clinic Implications

The formation of heterotypic CICs, emperipolesis, refers to
lymphocytes being internalized into tumor cells, which plays
pivotal roles in multiple biological processes such as homeo-
stasis and tumor immune escape. The concept of emperipol-
esis includes different CIC models, such as cannibalism [21],
emperitosis [22], and enclysis [23] (Figure 2). Studies by
Lugini et al’s group observed that melanoma cell lines
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derived from metastatic lesions, rather than primary tumors,
hosted CICs via cannibalism. It has been shown that metas-
tatic tumor cells cannibalize their siblings, and even immune
cells, under starvation conditions [21, 24]. These cannibalis-
tic properties provide them with a survival advantage via
immune escape. Consistent with CICs contributing to tumor
immune escape, research on emperitosis demonstrated that
noncytotoxic effector cells exhibit entotic cell death as tumor
cells die inside their neighbors, while only cytotoxic effector
cells inside undergo apoptotic death because of the reuptake
of their own secreted granzyme B. Granzyme B is the cyto-
toxic granule secreted by cytotoxic T lymphocytes (CTL)
and natural killer cells (NK) during elimination of tumor
cells and can induce apoptosis [25]. Further investigation
showed that a rapid bubbling of the wrapped vacuole led
to the reuptake of autologous granzyme B by effector cyto-
toxic cells rather than being released into the cytoplasm of
the host cell to kill the engulfed effector cells. If vacuole for-
mation was impaired, the host cells rather than engulfed
cells can die [22, 26]. It was suggested that the vacuole might
be a key point for biotherapy because inhibiting vacuole
bubbling could induce suicide inside to kill the host cells as
a Trojan horse effect, resulting in enhanced killing efficiency
from both outside and inside [22]. In contrast, Su et al.
reported that heterotypic CICs mediate in-cell killing by
the penetration of NK cells into tumor cells, resulting in
the death of the host tumor cells other than the NK cells
[27]. Indeed, the well-known membrane protein, CD44,
negatively regulates of CIC formation [27]. Therefore, con-
sidering that CD44 is associated with oncogenic phenotypes,
targeting CD44 as a novel therapeutic strategy might be an
effective way to enhance CIC formation, immune response,
and tumor suppression [28]. In addition to the impact on
tumor immunization, heterotypic CICs are also involved in
the autoimmune response. Benseler et al. observed that after
the adoptive transfer of naive autoreactive CD8" T cells,
these cells were rapidly eliminated in the liver rather than
causing the development of immune-mediated pathology.
Further investigation showed normal hepatocytes enclosing
the CD8" T cells in their cytoplasm, which were degraded
in lysosomes via suicidal emperipolesis, contributing to the
maintenance of tolerance in mice [29]. CICs also have an
important physiological function in regulating homeostasis
in the liver. Recently, Li and Baker discovered that hepato-
cytes could engulf and degrade regulatory CD4" T cells (reg-
ulatory T cells, Tregs) but not CD8" T cells or B cells via
enclysis [15]. Distinct from entosis, in enclysis, intercellular
adhesion molecule 1 (ICAM-1) is involved in T cell invasion
and membrane lamellipodia or blebs by hepatocytes mediate
T cell engulfment. Treg cells suppress immune effector func-
tion: therefore, enclysis, as a natural process in liver immune
regulation, might be targeted therapeutically in combination
with Treg therapeutic strategies [23]. Autoimmune hepatitis
(AIH), as well as other autoimmune conditions such as
transplantation, inhibits enclysis to increase the number of
Tregs in the liver, which might be useful to dampen overac-
tive immune responses. Conversely, the liver needs to mount
active antiviral and antitumor immune responses, in which
enhancing enclysis to delete Tregs might be effective for viral

clearance and tumor elimination. Considering that encly-
sis is a potentially specific target of immune regulation in
the liver, it is important to elucidate the mechanisms by
which “on/off switch” molecules regulate enclysis forma-
tion and which drugs could modulate enclysis in further
research [30, 31].

4. Cell-in-Cell Introduces
Translational Medicine

As mentioned above, CIC formation is a natural process
involved in various physiological and pathological processes,
and research on CICs has provided some clues for transla-
tional medicine. Firstly, a large number of clinical studies
indicate that the quantity or quality of CICs might be
regarded as a marker of biological treatment prognosis. In
breast cancer, homotypic CICs more often occurred in
high-grade carcinomas, which generally exhibit rapid pro-
gression and decreased overall patient survival compared
with low-grade carcinomas [32, 33]. Meanwhile, homotypic
CICs were observed to be a favorable factor for the prognosis
of breast cancer [33], which was consistent with entotic CIC
formation contributing to tumor-suppressive function in
breast cancer [7]. In contrast, homotypic CICs are common
in malignant cases of bladder cancer, whereas a lack of CICs
are observed in benign conditions; therefore, the presence of
CICs is a dependable feature of malignancy in urine and
effusions to distinguish malignant from benign lesions based
on cytological examination [34]. Similar conclusions were
obtained for CICs as a predictor of poor prognosis in differ-
ent carcinomas, such as head and neck squamous cell carci-
noma (HNSCC), lung cancer, and rectal cancer [20, 35, 36].
Therefore, homotypic CICs in different types of tumors can
impact patient outcomes differently or even oppositely.
Meanwhile, several recent approaches were employed to
improve heterotypic CICs as markers of poor prognosis in
different types of carcinomas. In a multicenter retrospective
study, researchers demonstrated that heterotypic CICs were
valuable prognostic markers to predict the survival of
patients with pancreatic ductal adenocarcinoma (PDAC).
In particular, a heterotypic CIC pattern of lymphocytes/
macrophages inside tumor cells (L/MiT) was identified as a
potent adverse prognostic marker impacting young female
patients with early-stage PDAC [37]. Alternatively, homoty-
pic CICs correlate with aggressive biology and are regarded
as an independent prognostic factor in PDAC [38]. These
findings not only validated prior reports that CICs contrib-
ute to tumor progression but also suggested that CICs might
be regarded as a feature of malignant cells for practical diag-
nostic pathology. Similarly, research on neutrophils and
tumor cells forming CICs in buccal mucosa squamous cell
carcinoma (BMSCC) suggested that CICs are negatively
associated with both the recurrence-free survival (RFS) and
disease-specific survival (DSS) of patients [39]. The roles of
CIC subtypes in the diagnosis, treatment, and prognosis of
many types of cancers are summarized in Table 1. These
findings demonstrate a pathogenetic role for CICs in human
pathology and indicate that this cellular characteristic is a
novel pharmacological target in the clinical management of
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TaBLE 1: Cell-in-cell (CIC) in different clinical studies.
Disease Target cell Effector cell Significance Reference
Primary biliary . . + Emperipolesis aggravates the further injury
cholangitis (PBC) Biliary epithelial cell ~ CD8" T cells of interlobular bile ducts. [41]
(Bilzré)lr_}lg)hepatltls Hepatocytes CD8" T cells  Emperipolesis is an indicator of active liver inflammation. [42]
Autoimmune . . . .
hepatitis (AIH) Hepatocytes CD8" T cells Emperipolesis a characteristic feature of ATH. [44]
Pancreatic ductal Pancreatic Lymphocytes/ Lymp hocytes/macropha}ges 1ns.1de N (L/MIT)
adenocarcinoma (PDAC) ductal cells macrophages as an adverse prognostic predictor for young patients [37]
with resectable PDAC.
PDAC Pancreatic Pancreatic Entotic-CICs are an independent prognostic factor [38]
ductal cells ductal cells in PDAC.
Head and neck squamous ~ Head and neck Head and neck . . . .
cell carcinoma (HNSCC) squamous cells squamous cells CICs associated with poor survival rates in HNSCC. [35, 36]
Lung carcinoma Lung cancer cells  Lung cancer cells CICs is a poor prognostic facto in lung cancer. [20]
Rectal cancer Rectal cancer cells Rectal cancer cells CIC is a poor prognostic facto in rectal cancer. [36]
Heterotypic neutrophil-in-tumor structure (FNiT) as a
Buccal mucosa squamous  Buccal mucosa . . . P . .
cell carcinoma squamous cells Neutrophils predictor is independently associated with relapse-free [39]
survival (RES) and disease-specific survival (DSS).
Bladder cancer Bladder cells Bladder cells Cannibalism is an important morphological feature [51]

to distinguish a benign from a malignant lesion.

tumors. Therefore, heterotypic CICs might serve as potential
biomarkers to predict cancer therapy efficacy. Meanwhile,
exploring CIC subtypes to predict the effect of treatment fol-
lowing surgery should be taken into account in future
investigations.

Secondly, CICs are believed to be a potential histological
hallmark associated with inflammation. It is well-established
that inflammation is a key driver of hepatocellular carci-
noma (HCC) tumorigenesis [40]. In primary biliary cholan-
gitis (PBC), the attenuation of CICs formed by T cells and
biliary epithelial cell leads to injury of the interlobular bile
ducts [41]. In chronic hepatitis B, the presence of heterotypic
CICs formed between CD8" T cell and hepatocytes is closely
related with laboratory parameters such as HBV DNA load,
accompanying the severity of liver injury [42, 43]. CD8" T
cell invasion into hepatocytes was also increased in autoim-
mune - hepatitis, which is associated with more severe
necroinflammatory and fibrotic changes [44]. Thus, hetero-
typic CICs can serve as an indicator of active liver inflamma-
tion to mediate hepatocyte injury. There is also evidence for
hepatic stellate cells (HSCs) engulfing and depleting natural
killer (NK) cells by a CIC process, thus contributing to the
progression of liver fibrogenesis [45]. Different stages of
pathogenesis are linked to distinct signatures of cell-cell
interactions, and the host cell could orchestrate highly com-
plex immune responses via heterotypic CICs to regulate liver
inflammation to fibrosis or even tumorigenesis.

Thirdly, CICs are regarded as a clinical feature of, and
are involved in, the pathogenesis of infectious diseases.
Recently, Zhang et al. discovered that CICs mediated lym-
phocyte elimination by severe acute respiratory syndrome
coronavirus 2- (SARS-CoV-2-) induced syncytia, which
contributes to lymphopenia and provides a potent target
for COVID-19 therapy [46]. In addition to being involved

in lymphocyte clearance, CICs also play a certain role in
virus infection of nonsusceptible epithelial cells, termed
“in-cell infection.” In most cases, viruses infect tropic cells
in a receptor-mediated manner [47]. However, Epstein-
Barr virus (EBV) is well accepted to infect nonsusceptible
epithelial cells by cell-to cell infection, by which EBV entries
into epithelial cells through the conjugate formation between
B cells and epithelial cells [48]. Of note, Ni et al. demon-
strated that EBV could infect nonsusceptible nasopharyngeal
epithelial cells (ECs) through the formation of CICs between
epithelial cells and internalized B lymphocytes that are
infected with EBV [49]. A similar method is also used for
human immunodeficiency virus (HIV) transmission to non-
susceptible cells [50]. HIV is well known to specifically infect
CD4" immune cells. However, CD4-negative cells such as
colon epithelial cells were also found to contain HIV,
suggesting the mechanism of the existence of CD4-
independent virus spreading. The formation of heterotypic
CICs leads to transmission of HIV from internalized CD4"
T cells to the nonsusceptible epithelial cells. In these settings,
CICs might be potential markers and targets for the preven-
tion and treatment of virus infections in the clinic.

In summary, CICs could be a clinical target for the devel-
opment of diagnostic, prognostic, and treatment strategies
that could be used in clinical applications; however, several
important issues need to be addressed in future investiga-
tions. Firstly, although previous studies shed light on the
mechanisms and core elements of CIC formation, we lack
information regarding “on/off switch” for CIC formation,
the identification of which will help to develop methods
for the accurate detection of CIC and their therapeutic tar-
get. Thus, the specific molecules to indicate CICs and related
signaling pathways are worthy of further study and will pro-
vide measurable parameters for clinical evaluation. Secondly,
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because of a lack of efficient and uniform standards, artificial
counting is the main means of CIC detection in current
research, which inhibits the further application of CICs as
diagnosis markers in the clinic. It will be interesting to
explore artificial intelligence (AI) for image recognition,
which is an effective method used in high-throughput
screening that might be considered for diagnostic strategies
for CICs. Thirdly, it is necessary to explore new preparation
methods of CICs from different clinical samples for diagno-
sis. Meanwhile, these methods, combined with high-
throughput sequencing, might provide a new way to deter-
mine the pathogenesis of diseases associated with CICs.

5. Conclusion

For decades, CICs, referred to one or more intact cells inter-
nalized into another cell, have been overlooked. This stance
has dramatically changed with the recognition of the
involvement of CICs in physiological functions and malig-
nant progression. In the present review, we outlined the
mechanisms of homotypic/heterotypic CIC formation, their
biological roles in the homeostasis and the development of
diseases, and their potential utility in translational medicine,
while recognizing yet unanswered questions. Three core
machineries, including adherens junctions, contractile acto-
myosin, and the mechanical ring, have been identified in
the formation of homotypic CICs. In addition, CICs play
important roles under different physiological and pathologi-
cal conditions, such as in embryonic development, homeo-
stasis, tumor evolution, and tumor immune escape.
Investigators have focused on identification of CICs as bio-
markers and therapeutic targets for tumorigenesis, inflam-
mation, and viral infection to explore their clinical
implication. Specific detection markers, high-throughput
detection methods, and standardized procedures for clinical
samples should be studied in the future. Thus, further
research on CICs might lead to a new branch of biotherapy
and clinical prognosis research.
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1. Introduction
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Background. To identify novel clinical phenotypic signatures of congenital nephrogenic diabetes insipidus (CNDI). Methods. A
Chinese family with CNDI was recruited for participation in this study. The proband and one of his uncles suffered from
polydipsia and polyuria since infancy. The results of clinical testing indicated the diagnosis of CNDI. 10 family members had
similar symptoms but did not seek medical advice. Genetic testing of mutations in the coding region of the aquaporin 2
(AQP2) gene and the arginine vasopressin receptor 2 (AVPR2) gene were carried out in 11 family members. Somatic DNA
from 5 female family members was used to test for methylation of polymorphic CAG repeats in the human androgen receptor
(AR) gene, as an index for X-chromosome inactivation pattern (XCIP). Results. AQP2 gene mutations were not found in any
family members, but a novel missense mutation (814th base A>G) in exon 2 of the AVPR2 gene was identified in 10
individuals. This mutation leads to a Met 272 Val (GAT-GGT) amino acid substitution. Skewed X-chromosome inactivation
patterns of the normal X allele were observed in 4 females with the AVPR2 gene mutation and symptoms of diabetes insipidus,
but not in an asymptomatic female with the AVPR2 gene mutation. Conclusions. Met 272 Val mutation of the AVPR2 gene
was identified as a novel genetic risk factor for CDNI. The clinical NDI phenotype of female carriers with heterozygous AVPR2
mutation may be caused by X-chromosome inactivation induced by dominant methylation of the normal allele of AVPR2 gene.

In particular, mutations of AQP2 are linked to autosomal reces-
sive or dominant forms of CNDI [2]. The AVPR2 gene is

Congenital nephrogenic diabetes insipidus (CNDI) is a rela-
tively rare genetic disorder which is characterized by renal resis-
tance to the antidiuretic effects of arginine vasopressin (AVP),
an antidiuretic hormone (ADH) that is produced in the poste-
rior pituitary and functions as a regulator of the kidney’s ability
to reabsorb water. 90% of cases with CNDI are caused by muta-
tions of arginine vasopressin type 2 receptor (AVPR2) gene,
which encodes the vasopressin V2 receptor [1]. The remaining
10% of cases with CNDI are caused by mutations of aquaporin-
2 (AQP2), a water channel gene located on chromosome 12q13.

located on the long arm of the X-chromosome (Xq28), and
mutations of AVPR2 gene can cause CNDI in an X-linked
recessive manner. To date, approximately 250 AVPR2 muta-
tions have been identified and the inheritance pattern is often
used to distinguish various forms of CNDI [3]. Most of the
temale carriers with AVPR2 mutations are asymptomatic. How-
ever, some female carriers with AVPR2 mutations may experi-
ence symptoms of polydipsia and polyuria, due to their
impaired ability to concentrate urine, as is observed in male
patients with skewed X-chromosome inactivation.
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In this study, we identify novel clinical phenotypic signa-
tures of CNDI through genetic analysis of mutations in
AQP2 and AVPR?2 in a Chinese family with autosomal CND],
which was confirmed by both clinical examination and the
mode of inheritance. We found a novel mutation of the
AVPR2 gene, and this newly identified AVPR2 mutation is
considered the potential pathogeny of CNDI, because skewed
X-chromosome inactivation was confirmed as the reason for
symptoms in the female patients carrying this mutation.

2. Materials and Methods

This study was approved by the ethics committee of our institu-
tions. Written informed consent was obtained from all partici-
pants in this study. The investigation was performed in
adherence with the ethical principles of the Helsinki Declaration.

2.1. Analysis of Clinical Data. The pedigree of the Chinese fam-
ily described in this study is presented in Figure 1. The proband
(subject ITI-6) was a 31-year-old male, who was admitted to our
department because of polydipsia, polyuria, and nocturia since
infancy. His 24-hour urine volume was 5-6L/24 h. The results
of his urinary laboratory examination indicated marked hyper-
natremia (s-Na 155 mmol/L) along with hypoosmotic polyuria
(urinometry 1.002-1.004). Serum urine nitrogen (9.6 mmol/L)
and serum creatinine (140.2 ymol/L) were mildly elevated. Pitu-
itary magnetic resonance imaging (MRI) showed visible bright
spots in the posterior pituitary. The pituitary was normal in
appearance, without evidence of a hypothalamic mass
(Figure 2). Computed tomography (CT) of the urinary system
revealed bilateral ureterectasis and hydronephrosis combined
with right kidney atrophy (Figure 2). Tests of the capacity for
water deprivation and vasopressin loading revealed that
dehydration and subcutaneous injection of 5 units of vasopres-
sin did not increase the concentration of urine osmolality
(Table 1). These findings supported the diagnosis of CNDL
The symptoms of polydipsia and polyuria were relieved, and
the 24 h urine volume was controlled at 2000 mL after he was
treated with hydrochlorothiazide and indomethacin. One of
his uncles (subject 1I-2) suffered from the same symptoms,
including bilateral ureterectasis and hydronephrosis. Measure-
ments of urine osmolality obtained during water deprivation
and vasopressin loading tests showed that the patient had lost
the renal response to the injection of vasopressin. Hydrochlo-
rothiazide treatment was proved effective. The other members
of this pedigree, including his grandmother (subject I-1),
another uncle (subject II-6), his mother and three aunts (sub-
jects II-3, 4, 5, and 7), his brother and two cousins (subjects
III-5, 3, and 4), and his 2-year-old nephew (subject IV-1),
had developed varying degrees of diabetes insipidus, but they
did not seek medical advice.

2.2. Genomic DNA Extraction and Sequence Analysis. 11
members of the family (including subjects II-1, 2, 3, 4, and 6;
II-3, 4, 5, 6, and 7; and IV-1) provided written consent after
being informed of the study’s purpose. Five milliliters of
peripheral blood samples was collected and placed into a tube
with ethylenediaminetetraacetic acid (EDTA). Genomic DNA
was extracted using a kit (Qiagen, Duesseldorf, Germany). To
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amplify the AVPR2 and AQP2 genes, polymerase chain reac-
tion (PCR) was performed using primers for AVPR2 and
AQP2 genes as previously reported [4, 5]. After the purifica-
tion of PCR products, automated DNA-sequencing was per-
formed using an instrument (310 Genetic Analyzer; ABI
Prism) and the BigDye kit (Applied Biosystems, USA).

2.3. X-Chromosome Inactivation Pattern Analysis. Among
methylation sites on the inactive X-chromosome, the first exon
of the human androgen receptor (AR) gene is typically used to
analyze the X-chromosome inactivation pattern by counting
the polymorphic CAG repeats in exon 1 of the AR gene [6].
Genomic DNA samples obtained from 5 female members
(subjects II-3 and 4; I11-3 and 4 with symptoms of diabetes insi-
pidus; and subject III-7 without symptoms) were pretreated
with bisulfite for DNA methylation detection using the EpiTect
Bisulfite Kit (Qiagen) according to the manufacturer’s instruc-
tions. Briefly, genomic DNA samples were digested by two
methylation-sensitive restriction enzymes (Hpall and Hhal).
Restriction enzyme (RE) digestion was designed to yield cleav-
age only at RE sites on the active X-chromosome, but not on
the inactive methylated X-chromosomes. Then, RE-digested
DNA samples were used for PCR amplification of the AR locus,
including the Hpall and Hhal cleavage sites and the CAG
repeat element. The primers for this study were designed as
previously reported [7]. After 4% agarose gel electrophoresis,
two bands of the PCR products were detected: 280bp from
one allele and 292 bp from another allele. The density of each
band was quantified by scanning with Band scan software.
The degree of X-chromosome inactivation for each allele was
expressed as a percentage of the inactive X-chromosome. The
value or percentage of relative X-chromosome inactivation
for one allele was determined by calculations using the follow-
ing equation: N280/(N280 + N292) x 100. The pattern of X-
chromosome inactivation was considered to be skewed if the
percentage of X-chromosome inactivation was >80%. Values
ranging from 50% to 80% were considered to indicate a ran-
dom pattern of X-chromosome inactivation.

3. Results

3.1. Mutations of the AVPR2 and AQP2 Genes. Genomic DNA
sequencing was performed for the precise diagnosis of CNDI
using the samples obtained from 11 family members. Because
of the initial suggested diagnosis of autosomal CNDI, the
sequence of the entire coding region of the AQP2 gene in each
DNA sample was examined, but no variation was found in any
of the family members recruited for this study. In the proband,
two hemizygous mutations (814th base A>G and 927th base
A>G) were found in the 2nd and 3rd exons of the AVPR2 gene,
respectively (Figures 3(a) and 3(c)). The A>G mutation in the
927th base of the 3rd exon suggested a silent Leu 309 Leu
(TAG-TAC) mutation, while the A>G mutation at the 814th
base of the 2nd exon resulted in an amino acid substitution
(Met 272 Val, i.e., from GAT to GGT) in the AVPR2. A hemi-
zygous Met 272 Val mutation was also found in some male
family members with symptoms of diabetes insipidus, such as
subjects II-2 and 6; III-5; and IV-1. Heterozygous Met 272
Val mutations were found in some female family members
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F1GURE 1: The pedigree of the Chinese family with congenital nephrogenic diabetes insipidus. Solid symbols denote the affected individuals.

The arrow indicates the proband.

F1GURE 2: The imaging feature of the proband. (a) Pituitary MRI showed normal anterior and posterior pituitary. (b) Urinary system CT
scan showed bilateral ureterectasis and hydronephrosis combined with right kidney atrophy.

TABLE 1: Results on the water deprivation and vasopressin test of proband.

Time (hours) Urine volume (mL)

Urine specific gravity

Plasma osmolality (mOsm/L) Body weight (kg)

1 150 1.002
2 190 1.003
3 150 1.003
4 100 1.002
5 70 1.002
6% 60 1.003
7 80 1.002

307.1 51
306.9 51
312.2 51
305.5 50.5
306.9 51
311.6 51
311.2 50.8

Note: 5U vasopressin was subcutaneously injected at the beginning of the 6th hour.

with symptoms of diabetes insipidus (subject II-3 and 4 and
IT1-3 and 4) (Figures 3(b) and 3(d)), as well as one asymptom-
atic female member (subject III-7). No AVPR2 gene mutation
was detected in one asymptomatic male family member (sub-
ject II-1). The Met 272 Val mutation was considered responsi-
ble for the morbidity associated with CNDI, and it was not
found in the 100 unrelated healthy individuals used as controls.

3.2. Assay for X-Chromosome Inactivation. Both 280-bp and
292-bp PCR products of the AR locus were examined for the
analysis of X-chromosome inactivation. Digestion of the DNA
samples with two methylation-sensitive REs prior to PCR
resulted in a difference in density between the bands. Our study
found that the percentages of relative X-chromosome inactiva-
tion for one allele were 90%, 83%, 87%, 85%, and 39% in sub-
jects 1I-3 and 4, III-3 and 4, and subject III-7, respectively
(Table 2). These findings indicated nonrandom X-

chromosome inactivation in subjects II-3 and 4 and III-3 and
4 but not in subject III-7. We explored the relationship between
the age of the female subjects and the percentage of relative X-
chromosome inactivation, and no correlation between two var-
iables was found.

4. Discussion

In this study, 12 members of a Chinese family suffered from
polydipsia and polyuria from infancy were diagnosed with
CNDI. An autosomal CNDI pedigree was considered because
male as well as female members of the family were affected.
Surprisingly, no mutations in the coding region of the AQP2
gene, which was linked to autosomal recessive or dominant
forms of CNDI, were detected in any of the family members,
while genetic analysis of AVPR2 gene revealed a novel muta-
tion of 814th base A>G, which induced Met 272 Val amino
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FIGURE 3: Sequence analysis of the 2nd and 3rd exons in AVPR2 gene. (a, b) sequencing in the 814th base of 2nd exon, A was substitute of G
which resulted a Met 272 Val (GAT-GGT) amino acid substitution. A was hemizygous mutation in the male subjects, B was heterozygous
mutation in the female subjects. (¢, d) sequencing in the 927th base of 3rd exon, A was substitute of G which suggested a silent mutation Leu
309 Leu. C was hemizygous mutation in the male subjects; D was heterozygous mutation in the female subjects.

TABLE 2: Analysis of the X-chromosome inactivation pattern in the family.

Subjects
1I-3 11-4 II1-3 111-4 11 -7
Fragment length allele 1 (bp) 280 280 280 280 280
Fragment length allele 2 (bp) 292 292 292 292 292
Percentage of cells with allele 1 as inactive X-chromosome (%) 90 83 87 85 39
Percentage of cells with allele 2 as inactive X-chromosome (%) 10 17 13 15 61

acid substitution. The 814th base A>G mutation had not been
reported previously and was suggested responsible for CNDI.
The CNDI in this pedigree was considered to be an X-linked
recessive inherited disease, with involvement in female
patients caused by skewed inactivation of the X-chromosome.

CNDI was first described by Mcllraith in 1892. Patients
with CNDI mainly present with persistent polyuria, polyuria,
dehydration, delayed growth, and intellectual disability. Labora-
tory examinations usually reveal hypernatremia and hyposthe-
nuria that do not respond to exogenous AVP [2]. Because of
persistent polyuria and delays in diagnosis, many of the patients
have dysfunction of the kidney, such as urinary retention,
hydroureter, hydronephrosis, and mild renal insufficiency. In
this study, the 31-year-old proband and one of his uncles were
diagnosed with CNDI based on their presentation of clinical
symptoms, results of laboratory examinations, and positive

response to hydrochlorothiazide and indomethacin. Numerous
other family members (males and females) also had symptoms
of diabetes insipidus. So this pedigree was first considered as
evidence of autosomal dominant CNDI caused by the AQP2
gene mutation. However, no variation in AQP2 was found in
any family members.

Further analysis revealed two hemizygous mutations in
the exons of AVPR2 in the proband, which indicated a diag-
nosis of X-linked recessive inherited disease in this family.
van den Ouweland first reported that mutation of the
AVPR2 gene was linked to X-linked recessive CNDI in
1992 [8]. Moreover, 50% of AVPR2 gene mutations are mis-
sense mutations [9]. There are three types of AVPR2 gene
mutations, which are differentiated based on the function
and subcellular localization of mutant proteins [10]. In Type
1, the mutant receptors are located on the cell surface, with
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impaired ligand binding, leading decreased cAMP produc-
tion. In Type 2, the mutant receptors are not transported
to the cell surface, accumulating instead in a pre-Golgi com-
partment, due to defective intracellular transport. In Type 3,
the mutant receptors are expressed at low levels because of the
rapid degradation of unstable mRNA. The 927A>G AVPR2
mutation harbored by the proband is a nonsense mutation
reported in the literature as the most common polymorphism
of this gene [11]. However, the 814A>G mutation found in
our study is a novel missense mutation that causes a Met 272
Val substitution. In this family, hemizygous mutation of Met
272 Val was also found in some male family members with
symptoms of diabetes insipidus, while heterozygous mutations
of Met 272 Val were found only in female family members
(with or without symptoms). However, the Met 272 Val muta-
tion was not found in asymptomatic male members. These
results suggested that the novel mutation identified in this
study was responsible for V2 receptor dysfunction. The Met
272 Val mutation occurred in a transmembrane region of the
V2 receptor, which may lead to improper assembly of the V2
receptor. Another study identified a different mutation (Met
272 Lys) at this residue in a patient with CNDI, resulting in
insertion of a charged residue in the transmembrane domain,
causing a failure to signal upon stimulation with AVP [12].
Other studies identified an AVPR2 gene mutation at a residue
next to position Thr273Met in Turkish and Spanish patients.
The Thr273Met mutation is also located in the region that
codes for the transmembrane domain, which affects proper
assembly and function of the V2 receptor [13, 14]. The amino
acid residue at positions 272 and 273 is vital for the structure of
the V2 receptor, and the Met 272 Val mutation was not found
in 100 unrelated healthy individuals used as controls. There-
fore, based on previous reports, the novel mutation found in
our study could be classified as a Type 1 mutation that was
pathognomonic for CNDI. Further basic research is needed
to investigate the potential effects of the 814A>G mutation
on V2 receptor function.

In our study, there were 4 female patients with CNDI and
AVPR2 mutations. Female CNDI patients with the AVPR2
mutations are usually diagnosed as a carrier of heterozygous
mutation and asymptomatic. Therefore, it is necessary to test
for other gene mutations related to CNDI for female patients,
especially those affecting the AQP2 gene, which have an auto-
somal dominant pattern of transmission. In our study, direct
sequence analysis did not reveal any mutations in AQP2 among
all tested family members. AQP2 mutations were not patho-
gnomonic for CNDI among female members of this pedigree.
The reason why female carriers of mutation of AVPR2 gene
showed NDI symptoms would be explain by skewed X-
inactivation. As we know, X-chromosome inactivation occurs
early in female embryogenesis at about the 32-to-64 cell stage,
when there are few progenitor cells for a given tissue. X-
chromosome inactivation is irreversible and affects all descen-
dants of a given progenitor cell. Skewed inactivation of the X-
chromosome bearing the normal AVPR2 allele may suppress
the expression of AVPR2 protein with normal function, lead-
ing to female carriers with an NDI phenotype. In this study,
we examined CAG repeat polymorphisms at the AR locus in
DNA samples to measure X-chromosome inactivation in

female carriers. Female members of the pedigree with AVPR2
mutation and symptoms of diabetes insipidus displayed X-
chromosome inactivation, while this phenomenon did not
appear in asymptomatic female members with AVPR2 muta-
tion, indicating that X-chromosome inactivation was responsi-
ble for the symptoms observed in female patients. There were 5
pedigrees with skewed X-inactivation in female carriers of
AVPR2 mutation had been reported [15-19]. Nomura et al. first
reported 3 male members diagnosed with CNDI with AVPR2
mutation (a G inserted at nucleotide 804 of the open reading
frame). Three female individuals in the pedigree displayed dif-
ferent degrees of symptoms of NDI, and all of them possessed
both the normal and abnormal genes. The X-inactivation pat-
terns of the female members were investigated via the detection
of methylated trinucleotide repeat in the human AR gene. The
grandmother showed extremely skewed methylation of one X-
chromosome, and the mother revealed moderately skewed
methylation. The daughter of the grandmother’s sister, who
had no symptoms of NDI, showed random methylation. The
highly skewed X-inactivation pattern of the grandmother sug-
gested that her NDI phenotype was caused by dominant meth-
ylation of the normal allele of V2R gene [15]. Kinoshita et al.
reported a pedigree of CNDI with a Japanese female proband
(two-nucleotide deletion change at codon 30 (g.452-453delAC)
in the V2R gene, resulting in a frameshift and premature termi-
nation in translation at codon 190). The X-chromosome inacti-
vation pattern detection using methylation analysis of the
polymorphic CAG repeat in the AR gene revealed that the value
for relative X-chromosome inactivation of one allele was 70.2%
[16]. Satoh et al. reported the value for relative X-chromosome
inactivation was 71.6%-93% in female carriers with AVPR2
mutation who showed clinical symptoms, while it was only
60.7%-61.9% in asymptomatic female carriers [17-19]. The
results of our study are consistent with other previous observa-
tions of females with X-linked NDI. In previous reports, the
ratios of X-chromosome inactivation for a given tissue were
similar among individuals, but in a normal female, those ratios
may vary depending on cell lineage [20]. Presumably, the X-
chromosome inactivation pattern in leucocytes from blood
samples may not precisely reflect that in renal tubular cells.
Owing to difficulty in obtaining renal tubular tissue for this
study, further research is needed to explore X-chromosome
inactivation in the kidneys of females with NDIL

5. Conclusions

In conclusion, a novel AVPR2 mutation (814A>G) in a Chi-
nese family with CNDI has been identified in this study. This
novel mutation may be involved in improper assembly of the
V2 receptor. Female carriers with the heterozygous form of the
814A>G mutation had a clinical NDI phenotype, perhaps due
to the pattern of X-chromosome inactivation. The clinical
NDI phenotype in female carriers with the heterozygote
814A>G mutation may result from the methylation coded
for by the normal allele of the AVPR2 gene, which is domi-
nant. It is necessary to perform functional studies in the future
to investigate the effects of the Met272Val mutation on the V2
receptor on terms of intracellular localization, ligand binding,
and adenylate cyclase activation.
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Background. The novel coronavirus first emerged in Wuhan, China, and quickly spread across the globe, spanning various
countries and resulting in a worldwide pandemic by the end of December 2019. Given the current advances in treatments
available for COVID-19, mesenchymal stem cell (MSC) therapy seems to be a prospective option for management of ARDS
observed in COVID-19 patients. This present study is aimed at exploring the therapeutic potential and safety of using MSC
obtained by isolation from health cord tissues in the treatment of patients with COVID-19. Methods. A systematic search was
done based on the guidelines of the PRISMA 2020 statement. A literature search was executed using controlled vocabulary and
indexing of trials to evaluate all the relevant studies involving the use of medical subject headings (MeSH) in electronic
databases like PubMed, Embase, Scopus, Cochrane Central Register of Controlled Trials (CENTRAL), and clinicaltrials.gov up
to 31 December 2021. The protocol was registered in the PROSPERO register with ID CRD42022301666. Findings. After
screening finally, 22 remaining articles were included in this systematic review. The studies revealed that MSC exosomes are
found to be superior to MSC alone in terms of safety owing to being smaller with a lesser immunological response which leads
to free movement in blood capillaries without clumping and also cannot further divide, thus reducing the oncogenic potential
of MSC-derived exosomes as compared to MSC only. The studies demonstrated that the lungs healed with the use of exosomes
compared to how they presented initially at the hospital. MSCs are found to increase the angiogenesis process and alveolar
reepithelization, reducing markers like TNF alpha, TGF beta, and COL I and III, reducing the growth of myofibroblasts and
increasing survivability of endothelium leading to attenuated pulmonary fibrosis and even reversing them. Interpretation. We
can conclude that the use of mesenchymal stem cells or their derived exosomes is safe and well-tolerated in patients with
COVID-19. It improves different parameters of oxygenation and helps in the healing of the lungs. The viral load along with
different inflammatory cells and biomarkers of inflammation tend to decrease. Chest X-ray, CT scan, and different radiological
tools are used to show improvement and reduced ongoing destructive processes.

1. Introduction ber 2019. It followed a course of catastrophic global effects and

resulted in more than 3.8 million deaths [1]. This highly con-
The novel coronavirus first emerged in Wuhan, China, and  tagious viral illness is caused by severe acute respiratory syn-
quickly spread across the globe, spanning various countries =~ drome coronavirus 2 (SARS-CoV-2). The morphology of
and resulting in a worldwide pandemic by the end of Decem- ~ SARS- CoV-2 consists of a nucleocapsid with helical
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symmetry surrounded by an envelope. The single-stranded
viral RNA genome is responsible for causing enteric and respi-
ratory diseases in humans and is mainly transmitted via respi-
ratory droplets, aerosols, and contact routes. The virus enters
the body by binding its spike glycoprotein antigen with the
host cell receptor called angiotensin-converting enzyme 2
and thus gains entry inside host cells via endocytosis [2]. Typ-
ically, the patient can present with common symptoms such as
tever, nonproductive cough, dyspnoea, fatigue, myalgia, rhi-
norrhea, sore throat, and diarrhoea. The patients experiencing
dyspnoea usually require intensive care as the body elicits an
immune response to fight off the virus through antigen-
presenting cells; they are presented to CD8 T cells and natural
killer cells by incorporating into the major histocompatibility
complex. Thus, both the innate and adaptive immune systems
of defence are activated, releasing large numbers of cytokines
which may manifest as cytokine storm in certain patients.
Cytokine storm is largely responsible for the series of diverse
local and remote signs associated with the infection. As the
disease progresses acute respiratory distress syndrome
(ARDS), acute cardiac injury, secondary infection resulting
in generalized sepsis, and multisystem failure might ultimately
result in high mortality rates [3]. Given the current advances
in treatments available for COVID-19, mesenchymal stem cell
(MSC) therapy seems to be a prospective option for the man-
agement of ARDS observed in COVID-19 patients. The cells
exert potent modulatory effects on lungs and other tissue as
they work by reducing and healing inflammation-induced
injuries. Since ARDS is known to be one of the leading reasons
for death in COVID-19 patients accompanied by hallmarks of
cytokine storm, suppression of its aggravation might diminish
the provocative cytokine production and subsequently
decrease inflammation and lung injury. The immunological
trademark comprises lymphopenia and a flurry of active mol-
ecules, largely dominated by interleukin IL-6 and tumour
necrosis factor TNF-a [4]. As per a new declaration of the
International Society for Stem Cell Research (ISSCR), at pres-
ent, there are no endorsed stem cell-based methodologies for
the counteraction of coronavirus disease. In any case, as of late,
mesenchymal stem cells (MSCs) have presented one of the
restorative methodologies for utilizing in the treatment of
COVID-19 [5]. MSCs in general were first used as cellular
therapy back in 1995 and have since been used in basic
research and clinical applications [6] in cases of autoimmune
disease, graft-versus-host disease (GVHD), and other diseases
with very good safety rates. They assume a positive part in
immunomodulatory effects through releasing many types of
cytokines by paracrine secretion or making direct collabora-
tions with immune cells. Among these, the human umbilical
cord Wharton’s jelly-derived MSCs (hWJCs) can be easily
obtained and cultured. Inferable from their strong immuno-
modulatory capacity, hWJC transplantation might forestall
or lessen the cytokine storm [4]. Thus, out of all the potential
treatments, mesenchymal stem cell (MSC) therapy seems to be
a promising option for the management of ARDS seen in
COVID-19 patients. Therefore, this present study is aimed at
exploring the therapeutic potential and safety of using MSC
obtained by isolation from health cord tissues in the treatment
of patients with COVID-19.
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2. Methods

2.1. Study Strategy. In this study, a systematic search was
done based on the guidelines of the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses (PRISMA
2020 statement) [7]. The data was collected and organised
concerning synthesis without meta-analysis (SWiM) guide-
lines. A literature search was executed using controlled
vocabulary and indexing of trials to evaluate all the relevant
studies involving the use of medical subject headings
(MeSH) in electronic databases like PubMed, Embase, Sco-
pus, Cochrane Central Register of Controlled Trials (CEN-
TRAL), and clinicaltrials.gov up to 31 December 2021. The
protocol was registered in the PROSPERO register with ID
CRD42022301666. The literature search was carried out
using the following search keyword strategy:

MEDLINE: (COVID.mp. OR COVID-19.mp. OR coro-
navirus disease 2019.mp. OR 2019-nCoV.mp. OR severe
acute respiratory syndrome coronavirus 2.mp. OR SARS-
CoV-2.mp.) AND (mesenchymal stem cells.mp. OR exp
mesenchymal stem cells/] OR [exp MSC/OR MSC.mp.]
OR [stem cell.mp. OR exp stem cell/] OR [exosomes.mp.
OR exp exosomes/]

EMBASE: (COVID OR COVID 19 OR coronavirus dis-
ease 2019.mp. OR 2019-nCoV.mp. OR SARS-CoV-2.mp.
OR severe acute respiratory syndrome coronavirus 2.mp.)
AND (mesenchymal stem cells.mp. OR exp mesenchymal
stem cells/] OR [exp MSC/OR MSC.mp.] OR [stem cell.mp.
OR exp stem cell/] OR [exosomes.mp. OR exp exosomes/]

Scopus: (TITLE-ABS-KEY (COVID OR COVID 19 OR
[coronavirus AND disease 2019] OR 2019-nCoV OR SARS-
CoV-2 OR [severe AND acute AND respiratory AND syn-
drome AND coronavirus 2]) AND TITLE-ABS-KEY (mesen-
chymal stem cells OR stem cells OR [cells AND exosomes]

Cochrane Central: COVID AND (neuro* OR brain OR
peripheral nerve OR cerebrospinal fluid)

Clinicaltrials.gov: Recruiting and not yet recruiting trials
involving the use of mesenchymal stem cells in the treatment
of COVID-19

2.2. Study Selection. The inclusion criteria considered in this
systematic review were full-text articles with (a) English lan-
guage, (b) the preceding search strategy, (c) requisite infor-
mation, and (d) reported outcomes on the therapeutic
efficacy of mesenchymal stem cells on COVID-19. The
exclusion criteria were (a) duplicates, (b) poster, (c) not
related to paper, (d) editorials, and (e) letter to the editor.

2.3. Data Extraction. Each eligible article will be reviewed,
and the following data are extracted: (a) author name and
relevant details; (b) outcomes of MSC stem cells and their
derived exosomes on COVID-19; (c) study type; and (d)
reported symptoms. The clinical trials included were ana-
lyzed for: identifier, study title, phase, subjects, cell therapy,
route of administration, intervention, and efficacy.

3. Result

3.1. Literature Review. The process of study selection is illus-
trated in Figure 1.
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909 articles were obtained by searching the aforemen-
tioned databases using the mentioned search keyword strat-
egy. After the screening articles, 842 of them were excluded
using the exclusion criteria by evaluation and abstracts,
and 48 studies were qualified for assessment of their full-
text. Thereafter, the studies still inconsistent with inclusion
criteria were omitted. Finally, 22 remaining articles were
included in this systematic review: Table 1 contains sum-
mary data extracted from these studies with the use of
MSC therapy in cases of SARS-CoV-2 infection.

3.2. Therapeutic Efficacy of MSC and MSC Exosomes. MSC
therapy has given hope for treating various autoimmune dis-
ease conditions. MSCs are nonhematopoietic cells that have
immune-modulatory, regenerative, and differentiation prop-
erties [8, 9]. MSCs were first tested as cellular therapy in
humans in 1995 and have since been used in basic research
and clinical applications [10]. Due to the immunomodula-
tory properties possessed by mesenchymal stem cells, there
has been growing evidence of its utility in offering a possible
line of treatment for various diseases for which no reliable
and efficacious treatment exists to date. The diseases for
which MSC therapy holds a ray of hope are majorly autoim-
mune disorders. Hafsa Munir and Helen M McGettrick
reviewed the clinical trials done on the effect of MSC therapy
on Crohn’s disease, systemic lupus erythematous, and rheu-
matoid arthritis and revealed potent immunomodulatory
effects in all the trials [11]. Although no adverse effects were
reported, the mechanism of action of MSC needs more clar-
ity. Chen et al. tested the effects of different treatments in a
mouse model of experimental autoimmune hepatitis
(EAH) and found that administration of culture-expanded
bone marrow-derived MSCs can reduce EAH in a dose-
dependent way, and the therapeutic effect observed in the
group that received an intravenous (IV) injection three times
was better than a single injection [12], whereas Wang et al.
reported that both IL-35 gene-modified MSCs (IL-35-MSCs)
and adipose-derived MSCs have a protecting effect in
induced fulminant hepatitis in mice models. They reported
that IL-35-MSCs exerted a therapeutic impact more power-
ful than adipose-derived MSCs [13]. Several experimental
studies provide evidence that MSC derived from bone mar-
row has the potential for being effective in treating critically
ill surgical patients who develop traumatic brain injury,
acute renal failure, or acute respiratory distress syndrome.
There is also preclinical evidence that MSC may be effective
in treating sepsis-induced organ failure, including evidence
that MSC has antimicrobial properties [14]. In humans,
the most studied application for MSCs is graft—versus—h-
ost disease (GVHD). GVHD is a condition in which a genet-
ically dissimilar, immunocompromised recipient gets
attacked by the donor T cells after getting a hematopoietic
stem cell transplantation [15]. Another clinical trial involv-
ing Crohn’s disease (CD) resulted in the healing of fistulas
with no adverse effects when treated with MSC injections
[16, 17]. Perhaps the most remarkable results of human
MSC therapy emerge now from clinical trials aimed at
severe, treatment-refractory systemic lupus erythematosus
(SLE) [18-21]. Thus, the number of preclinical and clinical

studies on patients and various experimental studies done
on animal models support MSC therapy as the way forward.
The properties of MSC are illustrated in Figure 2.

3.3. Immunomodulation Mechanism of MSCs. Mesenchymal
stem cells can divide into various cell types, like f3 cells of islets
of Langerhans in the pancreas, cardiac myocytes, fat cells,
osteoblasts, and, conceivably, nerve cells. Apart from their dif-
ferentiation ability, MSCs have been known to monitor the
immune response in several conditions. It has been reported
that adult MSCs can modify the T cell and B cell responses
[22]. They improve tissue repair and regeneration by changing
the immune response, and they work as modulators of inflam-
mation instead of renewing the injured cells [23]. Immuno-
modulatory effects of both innate and adaptive immunity
can be generated by MSCs. They suppress T cell production
and cytokine release, including mediators such as IL-10,
TGF f, indoleamine 2,3-dioxygenase, and PGE2, and they also
limit the differentiation of dendritic cells, increasing the quan-
tity of Tregs and suppressing the effector T cells via multiple
growth factors, iNOS, heme oxygenase-1, prostaglandin E2
(PGE2), and indolamine-2,3-dioxygenase (IDO) [24]. Cyto-
kine storm leads to a rigorous inflammatory reaction due to
the body’s overactive immune system, which initiates focally
and then spreads to the systemic circulation, causing damage
to various organs in the body. Apart from COVID-19 infec-
tion, cytokine storm is also observed in infectious diseases
due to SARS-CoV, influenza, Epstein-Barr virus, variola virus,
and streptococci. It was originally seen in the graft-vs.-host
disease during organ transplants [25]. MSCs can move to the
damaged tissue. In the injured lung, acute respiratory distress
syndrome, and sepsis, MSCs travel to and are confined in the
lungs, leading to the release of growth factors, antimicrobial
factors, and cytokines [26]. It even causes the reduction of
apoptosis of various cells by the expression of TNF-alpha,
IL-1, and IL-6 [27]. Disease caused by Th2-driven immune
response has been decreased by the use of multipotent
adipose-derived stem cells, a type of MSCs. It produces immu-
nosuppressive effects by modulating both cellular and
immune pathways. It inhibits Th2-dependent airway allergic
diseases [28]. MSCs derived from bone marrow are found to
inhibit Th2-mediated airway inflammation by causing CD4
cell differentiation which decreases lung inflammation medi-
ated by Th2 through IFN-gamma dependent process [29]. In
one of the study, gingivae-derived MSCs was able to reduce
both clinical and histopathological severity of colonic inflam-
mation and was able to reduce the inflammatory infiltration
of T cells and expression of anti-inflammatory cytokine like
IL-10 [30]. Suppression of antigen-specific cell Th1/Th17
decreases the production of inflammatory cytokines, and pro-
duction of CD4+, CD25+, FoxP3+, and regulatory T cells sup-
presses self-reactive T cells which has been possible from the
adipose-derived MSCs because it has been used in inflamma-
tory conditions [31]. MSC activity has not only been limited to
regeneration but the immunomodulatory and inflammatory
property has heightened its importance in modern medicine.
The use of MSC stem cells and their derived exosomes con-
cerning other therapeutic roles has been discussed in the sub-
sequent sections.
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FIGURE 1: Process of study selection based on Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020

statement).

3.3.1. Wound Healing and Soft Tissue Defects. Optimal
wound healing involves three overlapping phases: inflamma-
tion, proliferation, and resolution. The inflammatory phase
is initiated by a microorganism or toxin that leads to the
release of pathogen/damage-associated molecular patterns
(PAMPs/DAMPs, respectively) that activate Toll-like recep-
tors, NOD-like receptors (NLRs), and C-type lectin recep-
tors (CLRs) on host cells. Interaction of these receptors
causes the synthesis and release of GFs, cytokines, and che-
mokines that cause the migration of inflammatory cells,
principally neutrophils, and monocytes. The monocytes
reach the tissue and eventually develop into macrophages.
Inflammatory macrophages and host cells generate reactive
oxygen species that kill microorganisms [32]. Moreover,
they promote the gene expression of numerous cytokines,
inflammatory cells, and various proteases such as matrix
metalloproteinases, serine, cysteine proteases, and elastases.
These effects are caused by a variety of mechanisms, includ-
ing changes in the balance of proinflammatory and anti-
inflammatory cytokine release. Proinflammatory transcrip-
tion factors necessary for neutrophil survival, such as NF-
«B and IRF1, are downregulated [33], whereas the anti-
inflammatory transcription factor IRF-4 is upregulated,
eventually leading to the resolution of the inflammatory
phase and initiation of the tissue repair phase. Fibrosis-
promoting macrophages appear at this phase, either by the
differentiation of newly recruited infiltrating monocytes or
through the in situ transformation of previously differenti-
ated infiltrating inflammatory macrophages to a profibrotic
type. During this change, there is an activation of STAT6
which promotes IL-4/IL-13-mediated differentiation of pro-

fibrotic macrophages by upregulating the expression of argi-
nase and other profibrotic phenotypic genes. Profibrotic
macrophages elicit the activation of fibroblasts to increase
extracellular matrix synthesis and secretion. The scar tissue
is reformed in the last phase by replacing friable type III col-
lagen with durable and long-lasting type I collagen by signif-
icant collagen cross-linking. These modifications are
followed by the death of active myofibroblasts and decreased
neovascularization. Adipose-derived stem cells (ASCs) are
found in the stromal vascular fraction (SVF) of subcutane-
ous fat tissue. It contains a diverse group of mesenchymal
cells. These cells can be separated further by using enzymatic
digestion to remove most of the hematopoietic cells from the
SVF cells or by combining the filtering and centrifugation
procedures as mechanical digestion. ASCs-SVFs can
enhance the fibrogenic activity of fibroblasts, which pro-
motes vascularization by enhancing fat tissue survival and
3D organization/ASCs express proangiogenic factors like
vascular endothelial growth factor (VEGF), interact with
blood vessels perivascularly, and offer physical extracellular
matrix guiding signals that lead to endothelial growth [33].

3.3.2. Hair Regrowth. To ameliorate the problem of alopecia
and enhance hair growth, hair bioengineering has risen to
the next level demonstrating new approaches for it. The mes-
enchymal stem cells are the solution to many problems and
can be used even in the treatment of these problems too.
Human intra and extradermal adipose tissue-derived hair fol-
licle stem cells (HD-AFSCs) contain hair follicle mesenchymal
stem cells (HF-MSCs), and hair follicle epithelial stem cells
(HF-ESCs) can be used for the advancement of hair growth
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TaBLE 1: Summary of studies analysed for use of MSC and their derived exosomes for SARS-CoV-2 infection.

Reference

Therapy used

Intervention

Outcome

Ciccocioppo
et al. [91]
(n=1)

Senegaglia
et al. [92]
(n=1)

Shu et al.
[75] (n=41)

Xu et al. [93]
(n=44)

Feng et al.
[94] (n = 28)

Shi et al. [95]
(1 =100)

Sengupta
et al. [96]
(n=27)

Liang et al.
[97] (n=1)

Haberle et al.
[98] (n=23)

Cell therapy

Tocilizumab and allogenic
umbilical cord-derived
mesenchymal stromal cells

Standard treatment plus
umbilical cord mesenchymal
stem cell infusion vs. standard
treatment

MSC transplantation along with
comprehensive treatment vs.
comprehensive treatment only

Human umbilical cord
mesenchymal stromal cells along
with standard treatment vs.
standard treatment

UC-MSC vs. placebo

Exosomes (ExoFlo) derived from
allogeneic bone marrow
mesenchymal stem cells

Human umbilical cord
mesenchymal stem cells

Mesenchymal stromal cells

1.1 x 10° cells/per kg body weight of MSCs

Infusion of 400 mg of tocilizumab and three
intravenous infusions of 500,000
Cells per kilogram in alternate days

2 x 10 cells/kg of MSCs suspended in
100 mL of normal saline

Three infusions totaling 9 x 107 MSCs
every other day (day 1, day 3, and day 5).
Each infusion contained 3 x 107 cells
resuspended in 500 mL saline solution

2% 10 cells/kg of MSCs suspended in
100 mL of normal saline

UC-MSC at dose 4 * 107 cells per infusion
on day, 0, 3 and 6 vs. placebo

15 mL of ExoFlo was added to 100 mL of
normal saline

Allogenic hUCMSCs given 3 times (5 * 107
cells each time) with a 3-day interval at
days 13, 16, and 19, together with thymosin
al and antibiotics daily injection

One million MSCs/kg body weight was
infused over 30 minutes, and the process
was repeated in 3 patients twice and in 2

patients 3 times

Improvement of the inflammatory,
respiratory, thrombotic, and renal
parameters was observed after 2 and 8 days
after MSC infusion

The relative viral quantification decreased
gradually from day zero and was
undetectable in day 14

CRP and IL-6 levels were significantly
lower from day 3 of infusion, the time for
the lymphocyte count to return to the
normal range was significantly faster, and
lung inflammation absorption was
significantly shorter on CT imaging in the
hUC-MSC group than in the control group.

There was a significant improvement in
dyspnea while undergoing MSC infusion
on days 1, 3, and 5. Additionally, SpO2 was
significantly improved following MSC
infusion, and chest imaging results were
improved in the experimental group in the
first month after MSC infusion.

Intravenous transplantation of hUC-MSCs
accelerated partial pulmonary function
recovery and improved HRQL, indicating
relative safety and preliminary efficacy of
this treatment for patients with severe
COVID-19

UC-MSC administration was safe and well
tolerated and exerted a trend of
improvement in whole lung lesion and
significantly increased the resolution of
lung solid component lesions compared
with the placebo.

Laboratory values revealed mean reduction
by 32% in neutrophil count, average CD3+,
CD4+, and CD8+ lymphocyte counts
increasing by 46%, 45%, and 46%,
respectively. Likewise, acute phase reactants
declined, with mean C-reactive protein,
ferritin, and D-dimer reduction of 77%,
43%, and 42%, respectively.

After these treatments, most of the
laboratory indexes and CT images showed
remission of the inflammation symptoms.
The counts of CD3+ T cell, CD4+ T cell,
and CD8+ T cell remarkably increased to
the normal level, indicating the reversal of
lymphopenia.
The MSC group had a significantly higher
Horovitz score of healthy lungs on
discharge than the control group.
Compared to controls, patients with MSC
treatment showed a significantly lower
Murray score of lung injury upon discharge
than controls.
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Reference

Therapy used

Intervention Outcome

Yilmaz et al.

[99] (n=1)
Ping et al.
[100] (n=1)
Lanzoni

et al. [5]
(n=24)
Tang et al.
[101] (n=2)
Zhang et al.
[102] (n=1)
Feng et al.
[103] (n=16
)

Adas et al.
[104] (n=25
)

Wei et al.
[105] (n=25
)

Meng et al.
[74] (n=18)

Mesenchymal stem cells

Convalescent plasma and
umbilical cord mesenchymal
stem cells

Umbilical cord-mesenchymal
stem cells

Mesenchymal stem cells

Human umbilical cord
Wharton’s jelly-derived
mesenchymal stem cells

Umbilical cord mesenchymal
stem cells

Mesenchymal stem cells

Umbilical cord mesenchymal
stem cells

Human umbilical cord-derived

mesenchymal stem cell

MSC 1st application/day 1 3 x 106/kg IV
2nd application/day 3 3 x 106/kg IV
3rd application/day 6 3 x 10/kg IV

4th application/day 9 2 x 10°/kg + 1 x 10°/
kg intravenous + intrathecal

The application of MSCs has been found to
have a healing effect on organs in this
patient with severe COVID-19 infection.

Intravenous infusion of CP and MSCs for
the treatment of severe COVID-19 patients
may have synergistic characteristics in
inhibiting cytokine storm, promoting the
repair of lung injury, and recovering
pulmonary function

6.5 x 107 MSCs along with covalescent
plasma

UC-MSC treatment was associated with a
significant reduction in serious adverse
events, mortality, and time to recovery,
compared with controls. Treatment was

associated with significantly improved
patient survival (91% vs. 42%)

The fraction of inspired O2 (FiO2)
gradually decreased while the oxygen
saturation (SaO2) and partial pressure of
MSC infusion of 100 mL regardless of dose. oxygen (PO2) improved. Additionally, the
patients’ chest computed tomography
showed that bilateral lung exudate lesions
were adsorbed after MSC infusion.

Subjects in the UC-MSC treatment group
received two intravenous infusions of 100
+20x 10% UC-MSCs each, in 50 mL
vehicle solution containing human serum
albumin and heparin.

The percentage and counts of lymphocyte
subsets (CD3+, CD4+, and CD8+ T cell)
1% 10° cells per kilogram of weight of MSC were increased, and the level of IL-6, TNF-
a, and C-reactive protein is significantly
decreased after hWJC treatment.

Oxygenation index was improved,
radiological presentations (ground glass
opacity) were improved and the
lymphocyte count and lymphocyte subsets
(CD4+ T cells, CD8+ T cells, and NK cells)
count showed recovery after
transplantation.

UC-MSCs of 1 x 10® cells once. The

patients would receive four rounds of

transplantation in total, with one-day
intervals in between.

Conventional treatment with add-on MSC
transplantation brought the cytokine storm
under control and attenuate disease
progression. MSC mediated growth and
differentiation decreased the harm too, and
accelerated the recovery of damaged organs
resulting in reduced mortality, decreased
ICU stay, and a promising safety profile.

The MSC-treated group demonstrated
improved oxygenation index, reduction in
the area of pulmonary inflammation,
restoration of CT number in the inflamed
area along with decreased IgM levels.

The conventional treatment: piperacillin-
tazobactam, favipiravir, dexamethasone,
hydroxychloroquine, enoxaparine.
Experimental group were administered 3
* 10% cell/kg MSC by intravenous infusion.

1 % 10% cells/kg of MSCs along with
conventional therapy vs. conventional
therapy

3 cycles of intravenous infusion of UC-

MSCs (3 x 107 cells per infusion) on days 0, Intravenous UC-MSCs infusion in patients

with moderate and severe COVID-19 was
safe and well tolerated

3, and 6 for treatment group along with
standard COVID treatment regimens vs.
standard treatment regimens only
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Reference Therapy used Intervention Outcome
UC-MSC recipients develop significantly
Kouroupis increased levels of plasma sTNFR2 and
et al. [106] Mesenchymal stem cells UC-MSC iv infusion significantly decreased levels of TNFa and
(n=24) TNEFp, compared to controls indicating
decrease of inflammation
USB-MSCs infusion, lymphocytes
Tao et al Umbilical cord blood-derived 1> % 10° USB-MSCs per kilogram of the increased, and renal function improved, as
(73] (n _'1) mesenchvmal stem cells patient’s weight infused intravenously every well as pulmonary static compliance
B 4 48 hours, with a total of five-time infusion. increased significantly and PaO2/FiO2 ratio
maintained stable.
Primorac . 10° cells/kg of bone marrow-derived MSC M.SC administration resulFed in a reduction
Compassionate mesenchymal in leukocyte count, D-dimer levels, and
et al. [72] on days 9, 12, and 16 days of . .
(n=1) stem cell hospitalization CRP-levels, all of which are prognostic
- P factors for COVID-19 severity.
3 intravenous infusions (200 x 10° cells)
Hashemian Mesenchvmal stem cells derived . €VerY other day for a total of 600 x 10° Significant reductions in serum levels of
et al. [60] fror?l erinatal tissues human umbilical cord MSCs (UC-MSCs; 6 tumor necrosis factor-alpha, IL-8, and C-
(n=11) P cases) or placental MSCs (PL-MSCs; 5 reactive protein.

cases).

[34]. HF-MSCs show positive staining for CD44, CD73,
CD90, and CD 105 which are the surface markers of bone
marrow mesenchymal stem cells which has the potential to
differentiate [35]. Gentile showed the HD-AFSCs show posi-
tivity for CD44, CD100, CD200, and S100A4 which represent
the early progeny of stem cells and help in the expression with
the growth of keratinocytes [34]. MSC cells express Wnt/f3-
catenin signalling molecules which have been shown as a fun-
damental factor that augments hair growth [36, 37]. There also
occurs expression of VEGF, TGF-f, IGF-1, IGFBP-1to-6, M-
CSF, M-CSFR, PDGF, PDGFR-f3/-a64, PGE2, and PGF2 «
which all contributes in the hair regrowth [38]. Dermal papilla
cells (DPCs), a part of autologous stem cells, also play role in
the regulation of hair growth and regeneration [38]. DPCs
secrete alkaline phosphate which is required in the early ana-
gen period [39]. It expresses a-smooth muscle actin and versi-
can which are the marker of the dermal papilla and helps in
the induction and maintenance of hair growth [40, 41]. It even
expresses CD133 which is a stem cell marker and promotes
hair follicle neogenesis. The application of MSCs in hair
growth would lead to a breakthrough revolution in alopecia.
More clinical trials and research are required in this field.

3.4. COVID-19 Pathophysiology. COVID-19 is a viral disease
caused by SARS-Cov-2 which appeared in Wuhan of China
around December 2019 [42]. The virus is an enveloped
single-stranded RNA virus that enters the host cell through
angiotensinogen converting receptor 2 [43]. The infection
can affect the respiratory system, both the upper and lower,
ranging from asymptomatic acute infection to subacute and
chronic infection leading to fibrosis and scars as well as the
dreadful acute respiratory distress syndrome along with
multiple organ failure. Besides the respiratory system, it
can affect multiple organs and tissues leading to complica-
tions like meningitis, encephalitis, myocarditis, acute renal
failure, venous thromboembolism, and many more [44].

The virus primarily transmits through saliva, droplets, or
respiratory secretions. It enters the cells through the ACE-
2 receptor by binding to spike glycoprotein and thus gains
entry inside the cells. The host immune system then iden-
tifies antigens of the virus, and through antigen-presenting
cells, they are presented to CD8 T cells and natural killer
cells by incorporating them into a major histocompatibility
complex. Thus, both innate and adaptive immune systems
of defence are activated. However, in some individuals, the
production and secretion of cytokines are massive leading
to cytokine storm which leads to coagulopathy and multiple
organ failure resulting in death [45]. Another hypothesis
that has been explained regarding the pathogenesis of
COVID-19 is regrading inhibition of human heme metabo-
lism. The RNA virus has been presumed to bind the beta
chain of the porphyrin moiety of red blood cells and thus
impairing heme metabolism as well as the release of iron
which needs further study to confirm [46]. Multiple cyto-
kines have been associated with COVID-19 infection like
TNF alpha, IL-1 beta, and IL-8; however, there has been par-
ticular interest in IL 6. The cytokine has been associated with
various types of tissue injury like burns, trauma as well as
septic shock, and in the case of COVID-19, it has a vital role
in the development of cytokine release syndrome [47]. This
cytokine which normally plays a role to defend against tissue
injuries and infections has also been found to be among the
highest level among cytokines associated with severe and
critical infection [48]. Thus, tocilizumab, a monoclonal anti-
body against IL-6, has a therapeutic role that decreases the
chance of reducing the combined consequence of mechani-
cal ventilation and demise [49, 50]. TNF alpha is another
cytokine that also has been widely studied for its tissue-
damaging role in cytokine release syndrome. It is produced
by different inflammatory cells like macrophages, T cells,
and epithelial cells, and it functions to recruit neutrophils
at the site of inflammation-causing airway inflammation
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and hyperreactivity [51]. Another important context to dis-
cuss regarding the pathogenesis of COVID-19 is the role of
the exosome. Exosomes, which are membrane vesicles, are
released due to the fusion of the organelle following endocy-
tosis with the plasma membrane [52]. It is believed that the
protein of SARS CoV 2 protein interacts with the Rab pro-
teins which is a component of the ESCRT (endosomal sort-
ing complex required for transport) pathway which has a
role in the synthesis of exosomes [53]. Similarly, with gangli-
oside (GM3) enrichment of the exosomes, it was found to be
related to the disease severity and probable cause for lym-
phopenia, as the cells of the immune system would prefer
exosomes with GM3 enrichment and thus leading to cellular
cytotoxicity [54]. Most viruses are believed to enter the exo-
some during the synthesis of virion particles as well as
spread to the naive host cells which are not seen in SARS
CoV 2, though the experimental studies are present to show
that the virus exists in two-layered membrane vesicles. It is
thus these extracellular vesicles and the exosomes which
might be the potential mediators for infection, reinfection,
and subsequent reactivation of the viral particles [55]. The
first virus strain that appeared in the seafood market of
Wuhan of China and the subsequent strains found in Italy
differed in terms of mutation in the spike protein, precisely
a missense mutation of aspartate for glycine at 614
(D614G) position and thus account for the difference in
demographics factor as well as the viral lethal nature [56].
Similarly, the UK variant (201/501Y.Vq) had S: N501 muta-
tion at RDB (receptor binding domain) which might result
in higher binding of spike protein to ACE2. South African
(20H/501Y.v2) strain and Brazilian (20]J/501Y.V3) strain
both had mutation S: E484 at the RDB location resulting
in a similar role as the British variation [57]. Then, Delta
variant with mutation such as E484Q, P614R, and L452R
resulting in easier binding of spikes protein to the ACE-2

receptor, which emerged in India and replaced the existing
variant of concerns, Alpha variant that was first reported
in the UK, Beta variant of South Africa, and Gamma variant
of Brazil, was associated with increased disease severity and
rate of viral transmission and was also associated with infec-
tions among the vaccinated individual [58, 59]. It is thus
important to know the viral pathogenesis and different
mutations to ensure that a proper vaccination will work
and prevent transmission among individuals to reduce the
public health issue that the virus has imposed and the global
burden of the ongoing pandemic. The process of action of
MSC on patients suffering from SARS-CoV-2 is illustrated
in Figure 3.

3.5. COVID-19 concerning MSC and Their Derived
Exosomes. MSC cells present with multiple biological prop-
erties, which include high regenerative capacities and the
ability to augment tissue repair [60], but most importantly
the cell’s ability to control and modulate immune responses
is the reason why they are currently being investigated in
several clinical diseases to establish them as cellular therapy
tools in cases of inflammatory diseases [61]. These cells do
not trigger any host responses that can lead to cell rejection
thus making them the safer option of all the other kinds of
stem cells available. Mesenchymal stem cells (MSCs) are
already being used for the treatment of autoimmune disor-
ders, type 2 diabetes, spinal cord injury, and other diseases
[62, 63]. The cells are also the suggested potential treatment
for H5N1 infection responsible for inducing acute lung
injury, similar to what is observed in COVID-19 with
inflammatory cytokines [64]. The presence of SARS-CoV2
in the lung induces an uncontrolled generalized immune
response. Various immune cells like neutrophils, T-lympho-
cytes, and macrophages are recruited to the lungs. The lead-
ing cause of mortality in COVID-19 patients is hypoxemic
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respiratory failure, which results in acute respiratory distress
syndrome (ARDS). When administered intravenously, the
cells are trapped within the lung’s capillary beds in a short
duration of action, allowing efficient delivery of MSC cells
in the lungs making it beneficial in cases of ARDS involving
COVID [65-67]. They mitigate the effect of viral disease due
to the presence of specific cytokines. MSCs can decrease
cytokine storm, replace injured alveolar epithelial cells, and
facilitate tissue repair by secreting anti-inflammatory cyto-
kines and antifibrotic growth factors, suppress and modulate
immune responses, lower inflammatory effects, and protect
the epithelial lining of alveoli during ILI and acute respira-
tory distress syndrome [68]. Therefore, the immunomodula-
tory functions of stem cells and MSC exosomes can
potentially enable us to use them as a treatment for
COVID-19 [69]. As the pandemic is pacing, it is essential
to consider various therapeutic options to treat the popula-
tion. Since the immune system is the main target of the
infection, we need to maintain a balance to prevent the exag-
gerated immune responses that eventually lead to multior-
gan failure. The cells stop pulmonary fibrosis, heal the
pulmonary circuit and alveolar epithelial lining, treat lung
collapse and SARS-CoV 2 associated pneumonia, and
improve the overall lung function [70]. Several clinical trials
reported the effectiveness and safety of MSCs sequestered
from plenty of allogeneic sources. It was noticed that after
one dose of stem cell infusion, there was considerable prog-
ress in the conditions of these patients without any damag-
ing effects. After two days of stem cell transplantation,

there was marked progress in the respiratory functioning
of these subjects [71]. During the clinical trials for the treat-
ment of severely ill patients who had COVID-19-induced
ARDS, the majority of the cases who recovered responded
substantially in about 48 to 96 hours after the initial infusion
of stem cells. The patients who survived were in good health
throughout the follow-up evaluation for 60 days. The only
adverse effect was temporary shivering and chills, which
happened initially in two patients. The shivering was not
linked with fever and COVID-19 infection, and it ceased in
an hour with the help of supportive treatment [60]. Upon
further investigation, the lab findings showed an elevated
inflammatory response accompanied by severe thrombocy-
topenia, D-dimer levels were also found to be high. There
were no known signs of pulmonary embolism in the CT pul-
monary angiography but there was a progression of bilateral
consolidations [72]. Overall, no improvement was observed
in radiological findings, CT scan images, and histological
findings after the administration of umbilical-cord blood-
mesenchymal stem cells (UCB-MSCs), but there was signif-
icant consolidation of the lungs which progressed into dif-
fuse lung fibrosis, which commonly occurs in critical
COVID-19 patients. Pulmonary fibrosis comes under the
category of increasing interstitial pneumonia that occurs
due to an exaggerated response of chronic inflammation
and healing wound. It is usually started by recurrent injury
to the epithelium [73]. MSC cells use and safety profile also
requires monitoring in patients with COVID-19 while
undergoing treatment because of the multisystem nature of
the disease associated with coagulopathy [74]. Another study
conducted in Hubei Province where patients were divided
into two groups found that of the 12 patients who were
treated with hUC-MSC, there was no need for invasive ven-
tilation. No patient progressed from severe to critical illness
as the 28-day mortality rate was found to be zero but in the
control group, the results were the opposite, in a total of four
patients. They progressed to critical illness and, as a result,
had to receive invasive ventilation out of which three
patients died; hence, the 28-day mortality was calculated to
be 10.34%. Although in comparison the differences were
not very significant, the improvement trend could be easily
traced. In light of this information, it is safe to believe that
if the sample size is large, there could be significant differ-
ences [75]. Moreover, a noninvasive treatment, hUC-MSC
therapy, is a very effective and promising method for clinical
application. Table 2 contains a summary of clinical trials
recruiting and not yet recruiting aiming to use MSC and
their derived exosomes for COVID-19 therapy.

3.6. Biomolecular Basis of AD-MSCs and Application in
COVID-19. Adipose-derived stem cells (ASCs) are a type
of mesenchymal stem cells (MSCs) that can be easily
obtained from adipose tissues. They possess regenerative
properties similar to that of other MSCs. ASCs differentiate
into multiple cell lineages, offering the potential to repair,
maintain, or enhance various tissues. They contain various
types of cells like preadipocytes, adipocytes, macrophages,
endothelial cells, and smooth muscle cells supported by con-
nective tissue and fine capillaries. ASCs have been shown to
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demonstrate the ability to proliferate in a culture medium
greater than other MSCs. Various receptor pathways regu-
late ASC proliferation and differentiation. FGFRs and the
ErbB tyrosine kinase receptor family are involved in the con-
trol of both the growth and differentiation of ASCs [76, 77].
Increased Akt activity plays a crucial role in this process, as
well as through the parallel downregulation of EGFR and
ErbB2 expression, and Erk-1 activity [78]. Also, it is known
that the degree of tissue growth and regeneration is based on
the level of formation of new blood vessels known as neoan-
giogenesis [79]. Studies suggest that neovascularization and
adipogenesis interact through paracrine signalling and occur
in a coupled manner throughout adult life. Recent studies
indicate that ASCs and MSCs are capable to promote neoan-
giogenesis through the secretion of growth factors, in partic-
ular VEGF [79-81]. Since human adipose tissue is easily
obtained in large quantities using a minimally invasive pro-
cedure, the use of autologous ASCs is promising for both
regenerative medicine and organs damaged by injury and
disease, leading to a rapidly increasing field of research.

The application of stem cells as potential therapeutic strate-
gies has shown promising results in vitro experiments and pre-
clinical studies. After bone marrow, adipose tissue is regarded as
the most estimable source for the cultivation of MSCs, with a
total estimate of 98-100% cell viability [82]. The large quantity
and facile access to the cells via liposuction procedures prove to
be of great advantage when combating COVID-19-induced
pneumonia. Thirteen such severe cases of COVID-19 consist-
ing of patients under invasive mechanical ventilation support
were administered doses of allogenic adipose stem cells. These
cases later presented favourable clinical and biological out-
comes. Another study conducted by Zheng et al. to demonstrate
the safety of intravenous administration of allogeneic ASCs in
patients with ARDS resulted in a short-term improvement of
oxygenation in the body [83]. In most clinical cases, no adverse
events were reported concerning cell therapy. The treatment
with AT-MSC showed a decrease in levels of inflammatory
parameters (C-reactive protein, IL-6, ferritin, LDH, and d-
dimer) along with an increase in lymphocytes, especially in
the patients who showed clinical improvement [84]. These
results comply with ASCs’ ability to differentiate into multiple
cell lineages along with the secretion of various cytokines, and
other immunomodulatory properties [85]. These adipose tissue
grafts typically involve a minimum of two cell type mature adi-
pocytes and stromal vascular fraction (SVF). SVF incorporates
endothelial cells, smooth muscle cells, leukocytes, mast cells,
preadipocytes, pericytes, and multipotent adipose-derived stem
cells (ASCs) coming together to form a heterogeneous cell pop-
ulation [86]. Other studies have highlighted the potential use of
AD-MSCs in regeneration of damaged tissue through the use of
exosomes and microRNAs. The excessive secretory action by
SVFs and AD-MSCs makes them a fitting vehicle for the deliv-
ery of drug molecules in the cellular microenvironment [87].
The results of antimicrobial activity of mesenchymal stem cells
carried out by Francisca A. Miranda provides credible insights
into adipocyte-secreted exosomal microRNA (A-SE-miR) func-
tion and potential use as an antiviral [88]. On this basis, ASC
treatments may reduce the demand for critical hospital
resources in COVID-19 patients.

BioMed Research International

4. Discussion

From our studies which include 22 analyzed studies with the
use of mesenchymal cells and their derived exosomes and 17
ongoing clinical trials involving the use of mesenchymal cells
in the treatment of COVID-19, significant data involving
therapeutic use of MSCs concerning COVID-19 was
extracted. Out of those analyzed studies, four studies dem-
onstrated that the use of mesenchymal cells and their exo-
somes are found to be safe and well-tolerated by patients
with COVID-19. It is to be noted that MSC exosomes are
found to be superior to MSC alone in terms of safety owing
to being smaller with a lesser immunological response which
leads to free movement in blood capillaries without clump-
ing and also cannot further divide, thus reducing the onco-
genic potential of MSC derived exosomes as compared to
MSC only [89]. Improvement in oxygenation was shown
in four studies. These oxygenation parameters are reported
in terms of improved SpO2 following infusion of MSC,
decreasing FiO2 with improved PaO2 and SaO2, PaO2/
FiO2 ratio, and oxygenation index. Six studies demonstrated
that the lungs healed with the use of exosomes compared to
how they presented initially at the hospital. MSCs are found
to increase the angiogenesis process and alveolar reepitheli-
zation, reducing markers like TNF alpha, TGF beta, and
COL I and III, reducing the growth of myofibroblasts and
increasing survivability of endothelium leading to attenuated
pulmonary fibrosis and even reversing them [90]. Similarly,
two studies focused on the improvement of renal function.
As many as eleven studies showed that there was a signifi-
cant reduction in inflammatory cells and inflammatory
markers. A review by Shetty et al. demonstrated that the
use of mesenchymal cells can increase the release of different
factors leading to protection of epithelium of alveoli with
decreased fibrosis and hence better lung physiology [60].
Such cells are responsible for decreasing inflammatory
response, with regulated immunity ultimately leading to
protection of respiratory cells at times of severity like ARDS
and acute lung injury [71]. Improvement of radiological pre-
sentation as clearing of CT findings of bilateral lung exudate
or ground-glass opacity or chest X-ray findings was demon-
strated by six studies. Two studies demonstrated that the use
of exosomes could reduce the deadly cytokine storm. With
the combined efforts of the proliferation of the epithelium,
modulated immune response, and removal of excess fluid
from alveoli, this can reduce the damage induced by the
virus in lung parenchyma as well as the body systems leading
to a reduction in the cytokine storm. As many as 12 studies
demonstrated that mesenchymal stem cells do have an
important role to improve patients’ survival and reduction
of mortality. As for ongoing registered clinical trials, four
of them will be focusing on oxygen saturation following
the use of exosomes. Six of the clinical trials will look for
treatment-emergent adverse effects during therapy.

5. Conclusion and Future Perspectives

From this review, we can conclude that the use of mesenchy-
mal stem cells or their exosomes is safe and well-tolerated in
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patients with COVID-19. It improves different parameters
of oxygenation and helps in the healing of the lungs. The
viral load along with different inflammatory cells and bio-
markers of inflammation tends to decrease. Chest X-ray,
CT scan, and different radiological tools are used to show
improvement and reduced ongoing destructive processes.
Similarly, the severe form of COVID-19 infection, ARDS,
and different complications of a cytokine storm are attenu-
ated following MSC therapy. Thus, it tends to reduce mor-
bidity and mortality leading to improved inpatient survival
and reducing the length of ICU stay. MSC and MSC like
derivatives are found to have shown promising results in
terms of safety and suitability in the early stage of initiation.
Exosomes that are released from MSCs are currently a novel
way to treat COVID-19 infection owing to their role in
immune system modulation and regenerative characteristics.
Our systemic review has several limitations like there is only
a small number of studies that have been recruited in the
review. Each study has its heterogeneity in the design of
studies and demographics of the population included. Simi-
larly, each included studies have its limitations. Further,
cohorts and randomised controlled trials with a larger sam-
ple size in this particular field of interest should be done to
uncover the reality of its effect in COVID-19. Larger cohorts
and clinical trials with greater sample sizes are required to
uncover the current findings like its efficacy, potency, and
timing of dosing with even greater consistency and accuracy.
Similarly, additional emphasis should be given to standard-
izing the treatment and building protocols to upgrade the
standard of care in the ongoing pandemic. Ongoing clinical
trials should be completed properly to add something to the
existing literature as well as in patient care.
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Objectives. To compare the clinical outcomes of using different hemostatic agents after transurethral plasmakinetic resection of the
prostate (TUPKP) in benign prostatic hyperplasia (BPH) patients. Methods. The patients were divided into 5 groups according to
the hemostatic agents used after TUPKP, including the haemocoagulase agkistrodon for injection (HCA), hemocoagulase for
injection (HC), hemocoagulase bothrops atrox for injection (HCB), ethylenediamine diaceturate injection (EDD), and
tranexamic acid (TXA). Propensity score matching was performed based on age, body mass index, prostate volume,
hypertension status, fasting blood glucose, smoking, and drinking history. The hospitalization time, bladder irrigation time,
indwelling catheterization time, the patency of urine flow, and blood transfusion records were used as outcome indicators to
compare the clinical effects of these five agents. Results. We finally matched 65 pairs receiving HCA or HC, 71 pairs receiving
HCA or HCB, 38 pairs receiving HCA or TXA, and 29 pairs receiving HCA or EDD. Compared with HC, HCA given during
the perioperative period significantly reduced the median hospitalization time [7.00 days (5.00, 8.00) vs. 9.00 days (8.00, 10.00);
p<0.001] and median catheterization time (109.00 hours [88.00, 129.00] vs. 164.00 hours [114.00, 189.00], p <0.001).
Compared with EDD, the median hospitalization time (7.00 days [6.00, 8.00] vs. 10.00 days [8.00, 11.00]; p <0.001) and
median catheterization time (113.00 hours [95.00, 143.00] vs. 160.00 hours [139.00, 168.00]; p < 0.001) were also significant
shorter in HCA group. Compared with HCB, median bladder irrigation time (45.00 hours [27.00, 71.00] vs. 49.00 hours
[45.00, 72.00]; p=0.04) was shorter in the HCA group. However, there were no statistical differences in outcomes between
HCA and TXA. Conclusions. HCA probably has an advantage over HC, HCB, and EDD in reducing the hospitalization time,
catheterization time, and bladder irrigation time among BPH patients undergoing TUPKP.

1. Introduction quality of life. In 2019, it was estimated that the incidence

of BPH was as high as 2298.45/100,000 in the age group of
Benign prostatic hyperplasia (BPH) is a common urinary  65-70 years [1]. The burden of BPH will further increase as
system disease in elderly men, often leading to lower urinary ~ global population ageing accelerates [2]. When conservative
tract symptoms (LUTS), which seriously affect the patients’  and pharmacological treatments are not effective, surgery is
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often unavoidable. Transurethral resection of the prostate
(TURP) is the preferred surgical paradigm for the treatment
of BPH. However, traditional monopolar TURP has two
main limitations [3, 4], one is water toxicity which can lead
to negative outcomes and the other is poor hemostasis. In
2011, the European Association of Urology included trans-
urethral plasmakinetic resection of the prostate (TUPKP)
in its guidelines and recommended it for the first time,
because of the benefits of less intraoperative bleeding and
fluid absorption and fewer postoperative complications
[5-7]. Even though various devices and techniques have
been developed, perioperative bleeding is still a challenge
for urologists, given that it may lead to prolonged bladder
irrigation time and hospitalization time [8].

The use of hemocoagulase, tranexamic acid, and ethyle-
nediamine diaceturate in hemostasis in TURP patients have
been reported in previous studies [9-11]. However, there
were few studies comparing the clinical prognostic effects
among these different hemostatic agents on patients under-
going TUPKP. Haemocoagulase agkistrodon for injection
(HCA) is a national first-class drug in China with a good
hemostatic efficiency and is safe when used in capillary
bleeding from abdominal incisions having few side effects
[12, 13]. Therefore, we compared the clinical prognostic
effects of HAC with other hemocoagulase drugs, tranexamic
acid (TXA), and ethylenediamine diaceturate (EDD) on
patients undergoing TUPKP.

2. Methods

2.1. Study Design and Subjects. This was a preliminary, mul-
ticenter, real-world, and propensity score-matched study.
The subjects were selected from a prospective study, the
Bladder Cancer and Benign Prostatic Hyperplasia Study in
Chinese Populations, which ran from September 2016 to
November 2018 [10, 14-19]. This study was reviewed and
approved by the Committee for Ethical Affairs of the Zhong-
nan Hospital of Wuhan University. All participants signed
written informed consent before enrollment.

Patients with confirmed BPH who had undergone
TUPKP were included, while patients with urinary malig-
nancies, urinary tract infections, and abnormal coagulation
disorders were excluded. The included patients were divided
into five groups according to the real-world data of hemo-
static agents: HCA (brand name: Suling), hemocoagulase
for injection (HC, brand name: Bangting), hemocoagulase
bothrops atrox for injection (HCB, brand name: Baquting),
TXA, and EDD; all of them were intravenously administered
after TUPKP. Each patient may have been given more than
one coagulant. When comparing two specific hemostatic
agents, patients who had been given only one specific hemo-
static agent were included in treatment groups.

2.2. Measurements and Data. Detailed demographic charac-
teristics and medical history were collected, including age
(years), body mass index (BMI, kg/m?), hypertension status,
smoking, and drinking history. Physical examination data
were recorded, including prostate volume (PV, mL), systolic
pressure (SBP, mmHg), diastolic pressure (DBP, mmHg),
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and fasting blood glucose (FBG, ng/mL). These data served
as baseline characteristics of each enrolled patient. More-
over, details of hemostatic agents received by each patient
after operation were recorded. The hospitalization time
(days), bladder irrigation time (hours), catheterization time
(hours), patency of urine flow, and blood transfusion records
served as outcome indicators to compare the clinical effects
of these hemostatic agents.

BMI (kg/m?) was calculated by dividing weight in kilo-
grams by the square of height in meters. SBP and DBP were
measured according the standard method recommended by
the American Heart Association guidelines [20]. Prostate
ultrasound was used to measure the largest anteroposterior
height (H, cm), transverse width (W, cm), and cephalocau-
dal length (L, cm) of prostate, and prostate volume (mL)
was calculated using the ellipsoid formula [21] PV = (71/6)
xHx W x L.

2.3. Statistical Analysis. Propensity score matching (PSM)
was used to reduce the bias and imbalance of confounding
variables that is present in observational studies [22]. In this
study, age, BMI, PV, hypertension status, FBG, and history
of smoking and drinking were used to estimate the propen-
sity score. A 1:1 greedy match was performed base on a cal-
iper width of 0.2 for the propensity score. Categorical
variables were expressed as frequencies (percentage), and
continuous variables were described using mean + standard
deviation or median (the first quantile, the third quantile)
based on normality test. Before and after PSM, patients’
characteristics and outcomes were compared between HCA
and the other four groups, using chi-squared tests for cate-
gorical variables and Student’s t-test (or Wilcoxon rank-
sum test) for continuous variables, as appropriate. All anal-
yses were carried out using the SAS software, version 9.4
TS1IM6 (SAS Institute Inc., Cary, NC).

3. Results

3.1. Patients’ Characteristics before PSM. Overall, 113
patients received HCA after TUPKP, while 86 patients
received HC, 99 patients received HCB, 49 patients received
TXA, and 37 patients received EDD. Compared with
patients who received only HCA or HC, the median age of
the two groups were 73 (66.00, 79.00) and 71 (66.00,
76.00) years old (p=0.14), respectively. The median BMI
of two groups were 23.36 (20.62, 25.53) kg/m® and 23.05
(20.76, 24.57) kg/m2 (p=0.49), the mean prostate volume
were 51.65mL (32.46, 81.68) and 50.31 (38.73, 71.42) for
the two groups (p=0.96). Likewise, there were no statisti-
cally significant differences between the two groups in the
SBP, DBP, FBG, hypertension status, and history of smoking
and drinking (all p > 0.05) (Table 1).

There were no significant statistical differences in base-
line characteristics between the patients receiving HCA
and those receiving HCB. There were no differences in base-
line characteristics between patients receiving HCA and
patients receiving TXA (Tables 2 and 3). However, the SBP
was significantly higher (p=0.4) in patients who had
received HCA (132.00mmHg [121.00, 142.00]) than in
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TaBLE 1: Baseline characteristics of patients used haemocoagulase agkistrodon for injection or hemocoagulase for injection before and after

propensity score matching.

Before propensity score matching
Hemocoagulase

Baseline Haemocoagulase agkistrodon

After propensity score matching
Haemocoagulase Hemocoagulase

(N=111) (N =86) p agkistrodon (N = 65) (N =65) p
71.00 (66.00, 69.00 (66.00,
Age (years) 73.00 (66.00, 79.00) 76.00) 0.14 70.00 (65.00, 77.00) 76.00) 0.86
Body mass index 23.05 (20.76,
23.42+3.82 23.01 + 3.06
(kg/m®) 23.36 (20.62, 25.53) 24.57) 0.49 0.51
5031 (38.73, 49,69 (37.35,
Prostate volume (mL) 51.65 (32.46, 81.68) 714) 0.96 54.05 (35.94, 70.01) A 0.67
Systolic pressure 130.00 (120.00, 130.00 (120.00,
(nmHg) 132.00 (120.00, 142.00) 135.50) 021  130.00 (120.00, 140.00) ™ 0.54
Diastolic pressure 77.89 +11.23 77794975 095 78.20 + 11.22 77754923 081
(mmHg)
Fasting blood glucose 5.11 (4.80, 5.60) 4.93 (4.40,5.50) 0.05 5.06 (4.75, 5.57) 4.86 (4.40,5.45) 0.09
(ng/mL)
Hypertension status
n %)) 0.38 021
Yes 12 (10.81%) 6 (7.14%) 8 (12.31%) 4 (6.15%)
No 99 (89.19%) 80 (92.86%) 57 (87.69%) 61 (93.85%)
History of smoking
(n %)) 0.34 0.51
Yes 28 (25.23%) 27 (31.40%) 18 (27.69%) 15 (23.08%)
No 83 (74.77%) 59 (68.60%) 47 (72.31%) 50 (76.92%)
History of drinking
n %) 0.57 0.55
Yes 29 (26.13%) 25 (29.76%) 19 (29.23%) 16 (24.62%)
No 82 (73.87%) 61 (70.24%) 46 (70.77%) 49 (75.38%)

patients who had received EDD (126.00 mmHg [116.00,
130.00]). In addition, the proportion of patients with smok-
ing history in the EDD group was higher than that in the
HCA group (56.76% vs. 25.66%) (p < 0.001) (Table 4).

3.2. Patients’ Characteristics after PSM. After PSM, we
matched 65 pairs who had received HCA or HC, 71 pairs
received HCA or HCB, 38 pairs received HCA or TXA,
and 29 pairs received HCA or EDD according to the propen-
sity score. Overall, there was no significant statistical differ-
ence in the baseline characteristics of the four matched
treatment groups (all p > 0.05) (Tables 1-4).

3.3. Outcome Difference of Each Matching Group. The
median time of hospitalization of the HCA group was 7.00
days (5.00, 8.00), which was significantly shorter than the
9.00 days (8.00, 10.00) of the HC group (p <0.001). The
median catheterization time was also shorter in the HCA
group (109.00 hours [88.00, 129.00]) than in the HC group
(164.00 hours [114.00, 189.00]) (p <0.001). Nevertheless,
the median bladder irrigation time (p =0.06), patency of
urine flow (p=0.68), and blood transfusion records
(p=1.000) showed no statistical differences between the
two groups. The median hospitalization time (7.00 days
[6.00, 8.00] vs. 8.00 days [7.00, 10.00]) (p < 0.001), median
bladder irrigation time (45.00 hours [27.00, 71.00] vs. 49.00

hours [45.00, 72.00]) (p =0.04), and median catheterization
time (114.00 hours [88.00, 143.00] vs. 141.00 hours
[120.00, 166.00]) (p <0.001) were significantly shorter in
the HCA group compared with the HCB group (Table 5).
No significant difference was recorded when comparing
the outcome indicators of patients receiving HCA and
patients receiving TXA (all p > 0.05). The median hospitali-
zation time (7.00 days [6.00, 8.00] vs. 10.00 days [8.00,
11.00]) (p<0.001) and median catheterization time
(113.00 hours [95.00, 143.00] vs. 160.00 hours [139.00,
168.00]) (p < 0.001) of patients who had received HCA were
significantly shorter than that of patients who had received
EDD. The median bladder irrigation time, patency of urine
flow, and blood transfusion records showed no significant
differences between the two groups (p > 0.05) (Table 6).

4. Discussion

In this propensity score matching study, we compared the
clinical effects of HCA with 4 clinically commonly used
hemostatic agents in BPH patients receiving TUPKP. Over-
all, the use of HCA for patients during the perioperative
period significantly reduced the hospitalization time and
catheterization time compared with HC and EDD. Bladder
irrigation time was also shortened when compared with
HCB. However, there were no statistical difference in all
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TaBLE 2: Baseline characteristics of patients used haemocoagulase agkistrodon for injection or hemocoagulase bothrops atrox for injection

before and after propensity score matching.

Before propensity score matching

After propensity score matching

Baseline Haemocoagulase Hemocoagulase Bothrops Haemocoagulase Hemocoagulase Bothrops
agkistrodon (N =109 trox (N =99 agkistrodon (N =71 trox (N =71
gkistrodon (N = 109) Atrox (N =99) gkistrodon (N =71) Atrox (N =71)
Age (years) 72.87 +7.31 72.81 +7.40 0.95 73.45 +7.64 73.13 +7.46 0.81
ﬁfg%’;;a“ index 336 (20.76, 25.35) 23.02 (20.86,25.34)  0.63 23.47 £3.65 22.81+3.27 0.26
f;l"Ls)tate volume 51.46 (32.46, 79.88) 5738 (37.01,76.99)  0.47  51.65 (32.46, 77.62) 58.07 (37.52, 76.66)  0.46
fr’l’f;fgg)pre““re 132.00 (120.00, 140.00)  130.00 (120.00, 143.00) 0.83 132.73 + 18.83 130.83 + 16.93 0.53
51118;15;1(-)115 PIessure 76 00 (70.00, 85.00) 80.00 (74.00, 88.00)  0.06  78.00 (69.00, 85.00) 80.00 (73.00, 84.00)  0.38
Fasting blood
ducose (ng/mL) 5.11 (4.82, 5.59) 5.14 (4.71, 6.04) 0.87  5.10 (4.75, 5.55) 5.05 (4.59, 5.56) 0.48
Hypertension
status ( [%]) 0.20 0.44
Yes 13 (11.93%) 18 (18.37%) 10 (14.08%) 7 (9.86%)
No 96 (88.07%) 81 (81.63%) 61 (85.92%) 64 (90.14%)
History of smoking
(n [%] 0.23 0.47
Yes 29 (26.61%) 34 (34.34%) 21 (29.58%) 25 (35.21%)
No 80 (73.39%) 65 (65.66%) 50 (70.42%) 46 (64.79%)
History of
drinking (n [%)) ¥ 085
Yes 27 (24.77%) 22 (22.92%) 19 (26.76%) 20 (28.17%)
No 82 (75.23%) 77 (77.08%) 52 (73.24%) 51 (71.83%)

outcome indicators between HCA and TXA. Our results
suggest that postoperative use of HCA and TAX in patients
with BPH undergoing TUPKP can effectively reduce the
patient and medical burden compared with HC, HCB, and
EDD.

TUPKP has advantages in reducing TURP syndrome,
clot retention, irrigation, and catheterization duration [23].
Nonetheless, perioperative bleeding management remains a
priority for BPH patients [8], for which increases the opera-
tion time, irrigation fluids, the risk of TURP syndrome and
sepsis, hospitalization time, catheter obstruction, and trans-
fusion [8]. Our results indicated that BPH patients using
HCA had the significantly shorter hospitalization time than
those using HC, HCB, and EDD. Reducing hospitalization
time means reducing the financial burden and improving
patient comfort, as well as facilitating the efficient use of
medical resources [24]. Previous clinical research found that
HCB can significantly shorten the hospitalization time and
prothrombin time among BPH patients undergoing TUPKP,
but this study did not compare HCB with other hemostatic
agents [10]. These results affirm the positive effect of hemo-
coagulase in BPH patients receiving TUPKP; however, HCA
significantly shortened the hospitalization time of patients
compared with HCB. We speculate that it may be related
to the single component, high purity, and high active
potency of HCA, which can significantly reduce the bleeding
time and volume without causing thrombosis [25-27].

We further compared the bladder irrigation time and
catheterization time among BPH patients using different
hemostatic agents after TUPKP. We found that HCA signif-
icantly shortened bladder irrigation time and catheterization
time than HC, HCB, and EDD, suggesting better hemostasis
effect. Although studies of HCA in patients with TUPKP are
lacking, phase II and III clinical trials of HCA have demon-
strated its effectiveness in reducing hemostatic time, bleed-
ing volume, and bleeding volume per unit area during
abdominal surgery [26, 28]. Perioperative intravenous
HCA was also found to significantly reduce blood loss and
blood transfusion in elderly fracture-related hip arthroplasty
without increasing short-term adverse event rates and
increase postoperative subacute hemoglobin and coagulation
factor levels [29]. This also demonstrates the safety of HCA
in the elderly, since patients with BPH requiring surgical
treatment are generally elderly.

The antifibrinolytics TXA was also used to reduce peri-
operative bleeding in TURP patients [30, 31]. In our study,
HCA and TXA showed no significant differences in postop-
erative indicators of concern. A meta-analysis indicated that
TXA effectively reduced perioperative blood loss compared
with placebo in patients undergoing TURP; however, there
was no significant improvement in preventing transfusions
and increasing hemoglobin [32]. The hemostatic effects of
EDD and TXA have been compared, and EDD was found
to be more effective than TXA in reducing blood loss in open
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TaBLE 3: Baseline characteristics of patients used haemocoagulase agkistrodon for injection or tranexamic acid before and after propensity

score matching.

Before propensity score matching

After propensity score matching

Baseline Haemocoagulase agkistrodon Tranexamic acid Haemocoagulase Tranexamic acid
(N=111) (N =49) p agkistrodon (N = 38) (N =38)
Age (years) 72.72+7.34 72.82+5.75 0.93 72.61 +6.97 72.11 £5.87 0.74
Body mass index 22.96 (21.40, 23.10 (21.11,
(kg/mz) 23.38 (20.62, 25.53) 2442) 0.46 23.24 (21.72, 26.61) 2477) 0.39
43.60 (30.66, 44.61 (32.65,
Prostate volume (mL) 51.65 (32.46, 82.32) 71.04) 0.43 52.38 (34.68, 79.88) Vi 0.81
Systolic pressure 133.00 (120.00,
. .00, . . 133.55+15.77 130.92 +15.63 .
(mmHg) 132.00 (121.00, 143.00) 140.00) 0.98 0.47
Diastolic pressure 80.00 (70.00,
. .00, 85. . 79.50 £ 12.24 79.63 £11.16 .

(mmHg) 79.00 (70.00, 85.00) 90.00) 0.40 0.96
Fasting blood glucose 5.12 (4.80, 5.60) 5.17 (4.42,5.60) 0.61 5.12 (4.83, 5.59) 5.07 (4.51,5.50)  0.36
(ng/mL)
Hypertension status
(n [%]) 0.08 0.53

Yes 13 (11.71%) 11 (22.45%) 5(13.16%) 7 (18.42%)

No 98 (88.29%) 38 (77.55%) 33 (86.84%) 31 (81.58%)
History of smoking
(n [%]) 0.75 0.60

Yes 28 (25.23%) 13 (27.66%) 9 (23.68%) 11 (28.95%)

No 83 (74.77%) 36 (72.34%) 29 (67.32%) 27 (71.05%)
History of drinking
(n (%)) 0.69 0.61

Yes 30 (27.03%) 11 (23.91%) 12 (31.58%) 10 (26.32%)

No 81 (72.97%) 38 (76.09%) 26 (68.42%) 28 (73.68%)

prostatectomy patients [11]. Our results showed that HCA
was more effective than EDD in reducing the hospitalization
time and catheterization time among patients undergoing
TUPKP, which may suggest that HCA is more suitable for
minimally invasive surgery than EDD. It is known that pros-
tate tissue contains a large amount of tissue plasminogen
activator, and urine flow contains high concentrations of
urokinase, which are released in large quantities during
prostatectomy to activate the fibrinolytic system [33, 34].
The HCA can antagonize this effect by promoting the syn-
thesis of fibrin, and TXA reduces the degradation of fibrin
by inhibiting the binding of fibrinolytic enzyme to fibrin.
However, EDD inhibits the fibrinolytic system by inhibiting
the synthesis of fibrinolytic enzyme, it does not directly pro-
tect fibrin from degradation or promote fibrin aggregation as
the two former drugs do. Therefore, we inferred that this
may be the reason that why HCA and TXA were more effec-
tive in reducing hospitalization time and catheterization
time than EDD in patients after TUPKP.

In addition, some urologists selectively use 5a-reductase
inhibitors (5-ARIs) before surgery to reduce intraoperative
and postoperative bleeding in patients with large prostate
volumes, hematuria, or high risk of bleeding [35]. Some
studies showed that 5-ARIs can reduce blood loss or transfu-
sion requirements in BPH patients undergoing TURP
[36-38]. However, other studies did not find significant dif-
ferences between 5-ARIs and placebo in blood loss during

surgery, excessive or severe bleeding, or retention of clots
[39, 40]. No studies compared the role of 5-ARIs and HCA
in perioperative prophylaxis or hemostasis in patients with
BPH, but the different mechanisms and ways of use deter-
mine the scope of their use. Compared with HCA, 5-ARIs
reduces prostate blood flow by downregulating vascular
endothelial growth factor, which is typically administered
before surgery for 2-4 weeks [37, 38]. On the other hand,
side effects of 5-ARIs should also be considered such as
hypaphrodisia, erectile dysfunction, ejaculatory dysfunction,
and potential depression [41].

Although the efficacy of the hemostatic agents men-
tioned above has been proved in related studies, their safety
is still a concern of urologists. Several studies have reported
that HCA did not show significant complications [25, 28, 29,
42, 43]. Moreover, it was reported that 36% to 44% of
patients undergoing TURP used anticoagulant or antiplate-
let drugs [44]. Although the safety of TUPKP for patients
receiving anticoagulant and antiplatelet drugs has been
explored, there is still an increased risk of perioperative
bleeding among these patients [45, 46]. A study found that
HCA exerted hemostatic effect without causing thrombosis
[25]; however, more clinical trials are still needed to support
the safety and effectiveness of perioperative use of hemocoa-
gulase in TUPKP patients needing oral anticoagulant drugs
or antiplatelet drugs. Recent studies have shown that topical
administration of hemocoagulase was effective in reducing



BioMed Research International

TABLE 4: Baseline characteristics of patients given haemocoagulase agkistrodon for injection or ethylenediamine diaceturate injection before

and after propensity score matching.

Before propensity score matching

After propensity score matching

Baseline Haemocoagulase Ethylenediamine Haemocoagulase Ethylenediamine
agkistrodon (N =113) Diaceturate (N = 37) P agkistrodon (N =29) Diaceturate (N =29)
Age (years) 72.73 +7.31 71.14 +£7.28 0.25 71.59 +7.41 71.69 +6.97 0.96
Body mass index 23.47 +3.83 22.51+2.68 0.11 23.54 +3.85 22.36+2.79 0.19
(kg/m?)
f;‘f)tate volume 51.65 (33.89, 81.68) 4835 (39.77, 73.58) 073 57.29 (34.80, 74.40) 46.31 (39.30, 73.89)  0.65
?Zf;;’g;)?ressure 132.00 (121.00, 142.00) 126.00 (116.00, 130.00)  0.04  133.00 (125.00, 140.00) 130.00 (116.00, 135.00) 0.08
Diastolic pressure 79 4 (70,00, 85.00)  80.00 (72.00, 86.00)  0.18 77.45+9.50 80.93£9.93 0.18
(mmHg)
Fasting blood 5.12 (4.82, 5.60) 4.97 (4.69, 5.40) 0.17 5.06 (4.75, 5.50) 4.86 (4.40,5.32) 022
glucose (ng/mL)
Hypertension 1 1
status (n [%])
Yes 13 (11.50%) 4 (10.81%) 3 (10.34%) 4 (13.79%)
No 100 (88.50%) 33 (89.19%) 26 (89.66%) 25 (86.21%)
History of smoking
(n [%] <0.001 1
Yes 29 (25.66%) 21 (56.76%) 16 (55.17%) 16 (55.17%)
No 84 (74.34%) 16 (43.24%) 13 (44.83%) 13 (44.83%)
History of drinking
(n [9%] 0.71 0.77
Yes 30 (26.55%) 11 (29.73%) 9 (31.03%) 8 (27.59%)
No 83 (73.45%) 26 (70.27%) 20 (68.97%) 21 (72.41%)

TasBLE 5: Effects of haemocoagulase agkistrodon for injection, hemocoagulase for injection, or hemocoagulase bothrops atrox for injection

on patients after transurethral bipolar plasmakinetic prostatectomy.

Outcomes Haemocoagulase Hemocoagulase Haemocoagulase Hemocoagulase Bothrops
agkistrodon (N = 65) (N =65) agkistrodon (N =71) Atrox (N=71) p
Hospitalization time 9.00 (8.00,
(daye) 7.00 (5.00, 8.00) 10.00) <0.001 7.00 (6.00, 8.00) 8.00 (7.00, 10.00) <0.001
Bladder irrigation 45.00 (23.00,
time (hours) 41.00 (21.00, 64.00) 71.00) 0.06 45.00 (27.00, 71.00) 49.00 (45.00, 72.00) 0.04
Catheterization time 164.00 (114.00,
(hours) 109.00 (88.00, 129.00) 189.00) <0.001  114.00 (88.00, 143.00) 141.00 (120.00, 166.00)  <0.001
Urination
unobstructed 0-68 0.36
Yes 63 (96.92%) 61 (93.85%) 70 (98.59%) 67 (94.37%)
No 2 (3.08%) 4 (6.15%)
Blood transfusion 1
Yes 1 (1.54%) 2 (3.08%) 1 (1.41%) 0 (0.00%)
No 64 (98.46%) 63 (96.92%) 70 (98.59%) 75 (100%)

bleeding, pain, and swelling after tooth extraction and accel-
erating the wound healing process [47, 48]. Obviously, the
drug potential of hemocoagulase remains to be developed,
and its application prospect in urology still needs more
exploration. Overall, we still need to pay attention to the
scope of application of hemocoagulases, monitor the coagu-

lation function of patients, and adjust the dosage according
to the specific conditions of patients.

Our research also had some limitations. Firstly, we chose
the hospitalization time, catheterization time, and bladder
perfusion time as outcome variables rather than the more
intuitive indicators of hemostatic effect, such as volume of
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TaBLE 6: Effects of haemocoagulase agkistrodon for injection, tranexamic acid, or ethylenediamine diaceturate injection on patients after

transurethral bipolar plasmakinetic prostatectomy.

Haemocoagulase

Outcomes agkistrodon (N = 38)

(N=38)

Tranexamic acid

Haemocoagulase
agkistrodon (N =29)

Ethylenediamine
Diaceturate (N = 29) p

Hospitalization time
(days)

Bladder irrigation
time (hours)

7.00 (6.00, 8.00)

44.75 (39.00,

44.00 (31.00, 80.00) 67.40)

Catheterization time

128.16 £ 55.94 123.57 £47.92

(hours)
Urination
unobstructed
Yes 36 (94.74%) 32 (84.21%)
No 2 (5.26%) 6 (15.79%)
Blood transfusion
Yes 0 (0.00%) 0 (0.00%)
No 38 (100%) 38 (100%)

7.00 (6.00, 9.00)
0.99 46.00 (37.00, 71.00)

0.70  113.00 (95.00, 143.00)

1 7.00 (6.00, 8.00) 10.00 (8.00, 11.00) <0.001

70.00 (45.00, 93.00) 0.10

160.00 (139.00,168.00)  <0.001

0.26 0.47

29 (100.00%) 27 (93.10%)

1 (3.45%)
28 (96.55%)

0 (0.00%)
29 (100%)

blood loss and hemoglobin reduction ratio, because we con-
sidered the heterogeneity between patients and the influence
of confounding factors. Hospitalization time and catheteri-
zation time are also more in line with the current concept
of enhanced recovery after surgery. Moreover, administra-
tion period of hemostatic agents is a factor needed to be
taken into account in future studies. Second, propensity
matching was used to make baseline characteristics more
balanced between treatment groups, but it also reduced the
sample size of each group. Thirdly, due to the limitation of
the available data, the study did not compare the health eco-
nomics outcomes of these drugs. In addition, this study was
only based on the Chinese population, and its universality
needs to be verified in other regions of the world.

5. Conclusion

In conclusion, our results indicated that HCA had an advan-
tage over other types of hemocoagulase and EDD in reduc-
ing the hospitalization time, catheterization time, and
bladder irrigation time among BPH patients undergoing
TUPKP, but such differences were not found between the
HCA and TXA. We also recommend performing more ran-
domized controlled trials with large sample sizes to confirm
these results.
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