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Background  and objective:  Blood  pressure  (BP)  is  one  of  the  four  vital  signals  that  provides  valuable  medical
information  about  the cardiovascular  activity.  In  recent  years,  extensive  studies  have  been  conducted
on non-invasive  and cuff-less  BP  estimation  using  photoplethysmography  (PPG)  signals.  PPG is  a  non-
invasive  optical  method  for  measuring  blood  volume  changes  per  pulse.  In other  words,  the PPG waveform
represents  the  mechanical  activity  of  the  heart.
Methods:  In this  paper,  a new  method  for estimating  the Mean  Arterial  Pressure  (MAP), Diastolic  Blood
Pressure  (DBP)  and  Systolic  Blood  Pressure  (SBP)  is proposed  using  only  the  PPG  signal  regardless  of  its
shape  (appropriate  or  inappropriate).  Our  proposed  algorithm  called  whole-based,  uses  raw  values  of
the  PPG  signal  at  a given  time  interval  for  estimating  the  BP. In other  algorithms  called  parameter-based,
use  features  which  are  extracted  from  PPG  signals  in time  or frequency  domain.  These  features  related
to precise  spotting  in  the form  of the  PPG  signal.  In fact,  compared  to parameter-based  methods,  our
algorithm  is independent  of  the  form  of  the  PPG  signal.
Results:  Using  the  proposed  algorithm,  our  results  are  completely  met  by  the  Association  for  the  Advance-
ment  of  Medical  Instrumentation  (AAMI)  standard  for  both  MAP  and  DBP  estimations.  The  results  are
also very  close  to  the  standard  boundary  with  an average  error  close  to zero  for  SBP  estimation.  Also,

according  to  the  British  Hypertension  Society  (BHS)  standard,  the  proposed  algorithm  for  DBP estima-
tion  got  grade  A, whereas  it got  grade  B  for estimation  of MAP  and  got  approximately  grade  C  for SBP
estimation.
Conclusion:  The  results  demonstrate  the  applicability  of  the  proposed  algorithm  in estimating  BP  nonin-

tion-
vasively,  cuff-less,  calibra

. Introduction

Cardiovascular disease is one of the most important causes of
eath in the world. According to the report of the European Heart

ournal, 4.1 million people die annually due to this disease [1].

ypertension is the main cause of cardiovascular disease. In 2014,

he prevalence of hypertension was 1.3 billion people worldwide
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as such, it is anticipated that by 2030, 1.56 billion people will suffer
from hypertension [2,3].

Blood pressure (BP) is one of the significant parameters of the
human body whose measurement provides valuable information
for physicians. Frequent BP measurement can avail early detec-
tion, control, and treatment of diseases associated with BP such as
hypotension and hypertension [4]. BP shows the resistance of the
body vessels to the movement of the blood and its amount depends
on the function of the heart and vascular features, such as elastic-
ity and thickness of the walls of the vessel [5]. The upper and lower
bounds of this pressure are called Systolic Blood Pressure (SBP) and
Diastolic Blood Pressure (DBP), respectively [6]. Another BP called

Mean Arterial Blood Pressure (MAP) can be approximated to the
following equation:

MAP  = (2DBP + SBP)/3 (1)
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Fig. 1. PPG signal for a) A health

Based on the report of National Heart, Lung, and Blood Insti-
ute (NHLBI), in Hypertension, the SBP and DBP are in the ranges
igher than 120 and 80 mmHg, respectively [7]. In health centers,
P is generally measured with cuff. Sphygmomanometer mercury

s the most common method of measuring BP [8]. Insufficient accu-
acy in BP measurement with cuff during movement, discreet BP

onitoring, excessive weight of the cuff, discomfort inflations and
eflations of the cuff in specific situations such as exercise stress
est and ambulatory blood pressure monitoring (ABPM) are some of
he important challenges of continuous BP measurement [5,9,10].
n the recent two decades, extensive studies have been conducted
o measure BP non-invasively and without the use of any cuff.

Pulse Transit Time (PTT) is one of the most commonly used
ethods for obtaining BP [11]. PTT is generally defined as the time

hat the heart beat pulse takes to propagate from the heart to the
ody peripherals. In most cases, researchers use Electrocardiograph
ECG) and Photoplethysmography (PPG) signals to measure this
arameter. The measurement of PTT can be done with one ECG sen-
or and one PPG sensor or two PPG sensors [12]. Proper recording
f the ECG signal requires at least three electrodes to be positioned
t three different points of the body. Motion artifacts and non-
ontacting of the electrode with the skin surface and the electrode
ires for long-term recording can add noise to the signal, which

re the limiting factors of BP estimation with this method [9,13].
n recording two PPG signals to estimate BP, two  distinct hardware
re needed at two different points of the body. Thus, in this paper,
stimating BP using only one PPG signal is intended.

Due to the elasticity of the human blood vessels, when the pres-
ure pulse passes through them, the diameter of the vessels and
hen the blood volume inside them changes [14]. Plethysmogra-
hy is a method for recording the change in the blood volume per
eartthrob in the body while PPG is a non-invasive optical method

or measuring blood volume change per pulse [15]. In this method,
he light is emitted to a part of the body’s tissue by a Light Emitting
iode (LED), and changes in light absorption are measured over a
eriod of time using a Photo Detector (PD) [16]. If the changes in
lood volume are accurately measured, PPG has a wave-like form
nd its frequency would be the same as the working frequency of
he heart [17]. The PPG signal can be divided into two  parts. The
pper part of the signal is related to the contraction of the heart or
he systole while the underside of the signal is related to cardiac
xpansion or diastole. In the PPG signal, there is a time-split vari-
ble between systolic and diastolic cardiac phases which is called

icrotic notch. In many recorded samples of the PPG signals from
atients with hypertension, the dicrotic notch is not detectable.
ig. 1(a) shows an example of a PPG signal and its important points
hat belong to a healthy person, whereas Fig. 1(b) indicates the PPG
idual [18] and b) A patient [19].

signal which is for a patient with hypertension. In this study, a PPG
signal is called appropriate if it is detectable in the three points
of systole peak, dicrotic notch, and diastolic peak. Otherwise, the
signal is called inappropriate.

The PPG signal is not only used for BP measurement, but also
used in many cases such as studying the cardiovascular system [20],
identifying individuals [21], extracting heart rate (HR) [22], deter-
mining the amount of oxygen-saturated blood [23], determining
the arterial stiffness [24], determining blood-glucose levels, and
measuring BP [25]. In recent years, researchers have investigated
methods for measuring BP using only the PPG signal. In 2003, the
first research in the field of BP estimation using PPG signals was
conducted by Teng & Zhang that were able to estimate BP in a group
of 15 people based on time interval and the amplitude of the PPG
signal in the time domain, with mean error (ME) of 0.21 mmHg
and standard deviation (SD) of 7.32 mmHg  for SBP, and with ME
of 0.02 mmHg  and SD of the 4.39 mmHg  for DBP [26]. Some other
works have extracted specific features in the time domain of PPG
signal and their results reveal the high correlation of the PPG signal
with BP. In 2013, Kurylyak et al. with 21 features extracted from the
PPG signal, could estimate SBP with a Mean Absolute Error (MAE)
of 3.80 mmHg  and SD of 3.46 mmHg  and could estimate DBP with
MAE  of 2.21 mmHg and SD of 2.09 mmHg  [27]. Some of these time
domain features as illustrated in Fig. 2, are Systolic Area, Systolic
Upstroke Time, Diastolic Area, Cycle Duration and Diastolic Time.

For better estimation of BP, another set of features can be defined
by the first and second derivative of the PPG signal (SDPPG) that
contains information about stiffness and aortic compliance and BP
is highly affected by these factors. In 2016, Gaurav et al. extracted
46 features from the PPG and the second derivative of PPG sig-
nals, then used six neural networks of which each had 4 hidden
layers. According to the results, DBP and SBP were estimated with
MAE  of 21.3 and 47.4 mmHg, respectively [29]. There have also been
other studies which are based on new linear and nonlinear feature
extraction of the PPG and SDPPG signal in the time domain [14].
The SDPPG consists of five waveforms called Initial Positive Wave
(IPW), Early Negative Wave (ENW), Late Up sloping Wave (LUW),
Late Down sloping Wave (LDW), and Diastolic Positive Wave (DPW)
and these waveforms are designated with ’a’, ’b’, ’c’,’ d’, and ’e’,
respectively. Fig. 3 shows some of the extracted features based on
PPG and SDPPG.

In 2000, Millasseau et al. reported a new method for feature
extraction in the frequency domain based on the generalized trans-

fer function (GTF) and Fast Fourier Transform (FFT) [30]. Also, Wang
et al. extracted features in the frequency domain but based on
discrete cosine transform (DCT) [31]. In all studies of time and
frequency domain, after the formation of the feature vector, the
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Fig. 2. Some of the time domain features in PPG signal [28].
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Fig. 3. Extraction of features

raining stages and then BP estimation are performed using dif-
erent machine learning algorithms such as regression algorithms
32], neural network [33], fuzzy logic [10], and support vector

achine [12]. This approach which is the extraction of features
ased on precise spotting in the form of a signal is called the
arameter-based approach.

In 2016, Xing et al. examined the correlation between appro-
riate and inappropriate PPG and BP values. In other words, the
ypothesis that the good PPG signal is highly correlated with BP
as been proven [34]. Correlation between BP and appropriate and

nappropriate PPG signals is shown in Fig. 4, although the appropri-
te signal which is given in this figure is not as well-shaped as the
efinition of the appropriate signal presented in Fig. 1. Accordingly,
oth Fig. 4(a) and (b) are inappropriate signals from the viewpoint
f this paper. It should be noted that in many cases, inappropri-
te PPG signals are also considered as inputs of machine learning

lgorithms. In these cases, it is anticipated that the results of the BP
stimation would have high errors.

The above-mentioned features are focused on the precise spot-
ointing on the PPG signal. As explained, in many cases, despite the
PPG and SDPPG signals [14].

fact that the PPG signal has its own  nature, its shape changes. An
example of these signals is shown in Fig. 5. Due to the possibility of
occurrence of different shapes, exact spotting in their charts is not
possible to extract the features and then to estimate the BP with
them. Therefore, the output of the BP predictor algorithms will not
be accurate enough. On the other hand, predictor algorithms pro-
vide a general equation for estimating BP. Therefore, the fitting of
the model to each person requires a calibration step, and even sev-
eral iterations on that step [35]. In general, health-care standards
do not allow any calibration step [32].

In 2016, Kiani et al. presented a new type of feature vector based
on the concept of pulse arrival time (PAT) and using ECG and PPG
signals together. In this method, part of the raw signal at a time
interval is used as a feature vector. The formation method for this
feature vector is called whole-based [32].

In this work, the solutions for two main problems are investi-

gated; the need for calibration and extracting the precise features
associated with the PPG signal. In the proposed algorithm of this
paper, after employing signal processing techniques, the feature
vector is extracted, which is based on the whole-based method but
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Fig. 4. Correlation between BP and appropriate and inappropriate PPG signals: a) An inappropriate PPG, b) Correlation between BP (Green line) and inappropriate PPG (Blue
line),  c) An appropriate PPG, and d) Correlation between BP (Green line) and appropriate PPG (Blue line) [34]. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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Fig. 5. Inapprop

y using only the PPG signal. Then, by using the nonlinear regres-
ion algorithm on these feature vectors, all three values of MAP,
BP, and DBP are estimated continuously, noninvasively, and with-
ut any cuff with a very low ME  and an appropriate SD. Based on

he dependence of PPG signal on the physiological parameters of
ach person’s body, in this algorithm, the BP estimation model does
ot require calibration and it is not dependent on whether the PPG
aveform is appropriate or not.
PG signals [32].

2. Methods

The proposed algorithm for BP estimation which uses only the
PPG signal in a non-invasive manner and without any cuff and

calibration consists of four steps:

1 Using signal pre-processing algorithms for removing the noise
from the PPG signal
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Table 1
Information about database.

Mean(mmHg) SD(mmHg) Min(mmHg) Max(mmHg)

DBP 62.2 11.10 50 117
Fig. 6. Diagram of the proposed algorithm for BP estimation.

 Extracting feature vectors
 Decreasing the dimension of the feature vectors
 Applying nonlinear regression algorithms

Fig. 6 illustrates the block diagram of the proposed algorithm.
n the following, each step is described in detail separately.

.1. Database

In this paper, in order to evaluate the efficiency of the proposed
ethod, a part of the MIMIC  II data (version 3, 2015) [36] is used as

he PPG and ABP (aorta blood pressure) data source. This database
ncludes simultaneous PPG and ABP of many patients which have

een recorded in various Intensive Care Units (ICU) in several hos-
itals. Their sampling frequency is 125 Hz, with a precision of 8
its. It should also be noted that the ABP has been recorded from
he aorta invasively and also, the PPG signal is recorded from the

Fig. 7. Histogram of the database: a) 
MAP  85.6 12.95 59 134
SBP 132.3 22.91 76 200
HR  88.8 15.17 51 125

fingertip [37]. In this work, we consider the interval of 15 s to esti-
mate BP from the PPG signal. In each 15 s section of the ABP signal,
the minimum and maximum values are considered as DBP and SBP.
Then, we calculate the MAP  according to (1).

The database includes 1323 records and belongs to at least 441
individuals, because three different intervals of 15 s from one per-
son’s data exist in the database. After checking the data, we  visually
found that almost 80% of the PPG signals are inappropriate. Table 1
gives the statistical information and Fig. 7 shows the histogram of
the DBP, MAP, SBP and HR values.

2.2. Preprocessing

Before extracting the feature from the PPG signal, signal pre-
processing algorithms are applied to reduce the effects of noise on
the PPG signal. PPG signals are affected by noise such as power line
interference, motion artifact, low amplitude of the PPG signal, and
premature ventricular contraction [38]. Although different algo-
rithms are proposed for noise reduction such as Empirical Mode
Decomposition (EMD) [39], Discrete Wavelet Transform (DWT)

[40], Infinite Impulse Response (IIR), and Fast Fourier Transform
(FFT) [34]. In this work, a FFT filter is chosen for noise removal.
Fig. 8 illustrates the block diagram for preprocessing of the PPG
signal. After transferring the signal to the frequency domain, val-

HR, b) DBP, c) MAP, and d) SBP.
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Fig. 8. Diagram of the si

es in the range of less than 0.4 Hz and more than 8 Hz are filled
ith zero values. Then, the signal is again transferred to the time

omain by the Inverse Fast Fourier Transform (IFFT) function. In the
nal stage, the normalization of the signal is accomplished by the

ollowing equation:

PGn= (PPG0–min(PPG0))/(max(PPG0)–min(PPG0)) (2)

here PPG0 indicates the original PPG signal and PPGn represents
ormalized version of PPG0.

.3. Extracting whole-based feature

Based on the whole-based method, all values of the PPG signal
t a specific distance between two consecutive R peaks in an ECG
ignal is considered as the feature vector. Each of these vectors is
n input of the applied machine learning algorithms. It should be
oted that the training algorithm is done independently for the

stimation of SBP, DBP, and MAP. The feature vectors introduced
n this paper include the values between two consecutive systolic
eak of PPG signals. In the following, the procedure for extracting
he feature vector is explained:

Fig. 9. Extraction of the whol
reprocessing algorithm.

1 At first, a zero-dimensional matrix of 4 × sampling frequency
(fs) is considered as the feature vector. According to Table 1,
the minimum and maximum of HR are 51 and 125 bpm, respec-
tively. Consequently, the maximum and minimum time intervals
between two  consecutive systolic peaks of the PPG signal are
1.17 and 0.48 s, respectively. Because the sampling frequency is
125 Hz, 125 samples are necessary to record one second of the
signal. In this way, the basic assumption for the length of the
feature vector is sufficient to record all the points between two
consecutive systolic peaks in all kinds of the PPG signals.

2 After the signal preprocessing step is applied, the systolic points
of the PPG signal are detected by using the Automatic Multi-scale-
based Peak Detection (AMPD) algorithm [41].

3 The values between the first and second successive systolic peaks
of the PPG signal, respectively, fitting from the first home of the
feature vector matrix, and the value of the end points of the
feature vector may  also be zero.

4 Resampling is done by performing an interpolation operation by
the length 5 × fs. If the values at the end points of the feature

vectors are zero, this operation may  change them, however these
changes are very small.

Fig. 9 shows the extraction and formation of the feature vectors.

e-based feature vector.
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Table 2
Performance of the BP estimator.

Learner algorithms SBP MAP DBP

Mean SD Mean SD Mean SD

Decision Tree Regression −0.247 6.736 0.050 9.594 0.021 18.543
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Support Vector Regression −0.655 7.506 

Adaptive Boosting Regression 0.187 4.173 

Random Forest Regression 0.196 4.731 

.4. Dimension reduction

In the proposed method, dimensional reduction algorithm is
sed in the whole-based method for two reasons: The lengths of
he feature vectors are large, and the values of the whole-based
eature vectors have a very high correlation with each other. Reduc-
ng the length of the feature vector in the training and evaluation
ection would reduce the amount of computing. Furthermore, the
eduction of data correlation increases the efficiency of the model
raining process. By using the principal component analysis (PCA)
lgorithm, the length of the feature vector is reduced by maintain-
ng 98% of the energy of the vectors. This step reduces the length of
he feature vectors from 625 to 43.

.5. Calibration free by non-linear regression

In this paper, the model for training and evaluating the BP
stimation values is performed by implementing 4 nonlinear
egression algorithms. Owing to the nonlinear relation between the
PG and BP signals, the linear regression algorithm is not explained.
urthermore, the results of the linear regression algorithm on the
atabase of this paper do not produce acceptable results in terms of
he criteria of the Advancement of Medical Instrumentation (AAMI)
tandard [42], and the British Hypertension Society (BHS) standard
43]. It should be noted that the proficiency of all the following algo-
ithms which have been implemented using the Scikit library in the
ython programming environment [44] is studied in this work:

A Decision tree regression: The decision tree (DT) is a model for
deciding and classifying a particular data, and is composed of a
number of nodes and branches as a tree. The most important task
in assigning the decision tree is to determine the attribute of the
data that leads to a greater resolution. Then, these attributes are
ranked for decision. When the output of a decision tree is a real
number, the method is called decision tree regression (DTR) [45].

B Support vector regression: Support vector machine (SVM) is
one of the techniques of machine learning. An important feature
of the SVM is its structural risk minimization; unlike algorithms
such as linear regression which operate by minimizing the abso-
lute magnitude of the error or the second power of the error.
Because of this, SVM does not encounter the local minima asso-
ciated with the error function. It also avails making nonlinear
decisions using nonlinear kernels. The Support vector regression
(SVR) algorithm is used by processing kernels such as radial basis
function (RBF) in the SVM algorithm for nonlinear regression
problems [46].

C Adaptive Boosting regression: Adaptive Boosting Regression
(AdaboostR) generates the estimation function using a large
number of weak estimators. However, each of the estimators
alone produces a poor result in reaching the target value, their
weighted composition can produce a favorable result. In this
algorithm, DTR is usually selected as a weak estimator. The

AdaboostR in contrast to complex models does not have much
chance of over fitting. Due to the large number of DTR estima-
tors, it requires a high memory capacity to store the final model. It
should also be noted that the training algorithm is implemented
−0.597 9.055 −0.903 16.717
0.067 4.911 −0.050 8.901
0.196 5.714 0.155 10.683

sequentially. In other words, estimating coefficients in each step
requires the estimated results of the previous step. This opera-
tion causes the algorithm’s learning process to be slowed down
[47]. In this paper, the AdaboostR algorithm is implemented with
500 DTR estimators.

D Random Forest regression: In a standard tree, each node of a
decision is broken at the best point to create the highest res-
olution, but in Random Forest (RF), each node is broken down
based on the best point, which is a point of the range of attributes
that are randomly selected at the node level. The Random For-
est regression (RFR) falls into a class of algorithms that estimate
the result in a group method and the final result is the average
result of simple estimators. In this algorithm, DTR is evaluated as
a weak estimator like in AdaboostR. The RFR model also needs a
large amount of memory to store the final model, but due to the
parallel training of trees, in the entire model, the training process
is faster than AdaboostR [48].

3. Results

As mentioned previously, extracted feature vectors are used as
inputs to nonlinear regression algorithms. In each of the four non-
linear regression models, estimation of each of the BP values (DBP,
MAP, SBP) is done by separating training and testing data with the
10 fold cross validation algorithm. Table 2 shows the performance
of nonlinear models of the BP estimator with whole-based feature
vectors. The results are based on the ME  of estimating the BP with
the actual value of BP and the SD of these errors.

A model is selected as a best estimator if it contains the mini-
mum ME  and SD in the results. The low average error in the results
of the learning algorithms is around the least standard deviation
of the error. However, ME  is the most important parameter to
compare the accuracy of the algorithms, its values for different
algorithms are very close to each other; thus, the best algorithm
is selected with the lowest SD. In this way, the best estimator algo-
rithm is AdaBoostR. Based on the results, the time intervals of two
consecutive systolic peaks of PPG signals are enough for BP estima-
tion.

Figs. 10 and 11 show the histogram of the estimation error in
the AdaBoostR model for all three values of BP. The errors in the BP
estimation in all three histograms are distributed normally around
zero. According to the histogram of the error, the dispersion of the
estimated error of SBP is approximately twice the DBP and MAP. The
results of the AdaboostR algorithm in Table 2 prove the correctness
of this observation.

Figs. 12 and 13 present the linear regression and the Bland
Altman plot for all three BP values, respectively. All three linear
regression forms support the claim that the nonlinear AdaBoostR
algorithm estimates the BP accurately with a near-zero error. There
are also three Bland Altman charts which most of the error of the
predicted values are less than 5 mmHg.

In the AAMI standard, based on the ME  and SD, the validity of

the proposed algorithm is examined. The results of the AdaboostR
algorithm’s evaluation based on the AAMI standard are presented
in Table 3. According to this standard, if the algorithm is executed
at least on 255 separated samples, the results are reliable. Also,
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Fig. 10. The error histograms of the BP estimations for a) DBP and b) MAP.
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algorithm based on the BHS standard are shown in Table 5. In accor-
Fig. 11. The error histog

ased on this standard, up to 3 times samples from each person is
ermissible; therefore, at least 85 individuals must participate in
he experiment. Based on this standard, the validity of an algorithm
s confirmed if the ME  of measurements is less than 5 mmHg  and
he SD of errors is less than 8 mmHg.

In this research, the non-linear algorithm of AdaboostR is per-
ormed on 1323 samples. According to Table 3, the results of the
daboostR algorithm in the DBP and MAP  estimation are fully

ccepted by the AAMI standard; but the model in the SBP estima-
ion despite its acceptable ME,  its SD value is slightly greater than
he maximum permissible range of the standard.

able 3
he comparison of the results of this paper with the AAMI standard.

MEAN(mmHg) SD(mmHg) Subject

Our Results DBP 0.187 4.173 441
MAP  0.067 4.911 441
SBP −0.050 8.901 441

AAMI [42] BP ≤5 ≤8 ≥85
 of the SBP estimations.

Moreover, the accuracy of the proposed algorithm is checked
from the viewpoint of the BHS standard, which reports on the accu-
racy of the algorithm in three categories based on the percentage
of the cumulative error. In this standard, at least 85 people must
be studied, which is similar to the AAMI standard. The accuracy of
an algorithm is graded according to the percentage of cumulative
error of the results detailed in Table 4. The results of the AdaBoostR
dance with this standard, the AdaBoostR algorithm is classified in
category A and B for the estimation of DBP and MAP, respectively.
For SBP estimation, in the range less than 15 mmHg, if 1% of error

Table 4
Bhs grading standard.

Cumulative Error Percentage

≤5 mmHg ≤10 mmHg ≤15 mmHg

Grade A 60% 85% 95%
Grade B 50% 75% 90%
Grade C 40% 65% 85%
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Fig. 12. Linear regression for BP values: a) DBP, b) MAP, c) SBP.

Table 5
The comparison of the results of this paper with the BHS standard.

Cumulative Error Percentage

≤5 mmHg ≤10 mmHg  ≤15 mmHg  Total

d
a

4

c
m
a
d
s
n

DBP 1118 (84%) 1227 (92%) 1295 (97%) 1323
MAP  1055 (79%) 1166 (83%) 1236 (93%) 1323
SBP  953 (71%) 1027 (77%) 1113 (84%) 1323

ue to the high volume and variety of data can be ignored, the
lgorithm for SBP estimation falls in category C.

. Discussion

According to statistics, hypertension which is one of the major
auses of cardiovascular diseases is on the increase. The continuous
easurement of BP is one of the most basic methods of controlling
nd treating this type of disease. In today’s world, high-speed living
oes not allow people to constantly go to health centers for BP mea-
urement. The availability of BP measurement devices with cuff is
ot always possible at any time and at any place. On the other hand,
Fig. 13. Bland-Altman for BP values: a) DBP, b) MAP, c) SBP.

due to the further development of mobile-health technologies, the
development of high-reliability algorithms for implementing an
application of mobile phones seems to be essential for comput-
ing BP. Nowadays, all mobile phones are almost equipped with a
PPG signal sensor. The PPG signal is easily recorded from the wrist
and fingertip, and PPG signal recording does not require a special
ability and skill. Also, the PPG signal recording hardware is of very
low cost.

In our previous study, we estimated BP by using only the ECG
signal, which is useful in many cases such as an exercise test and
ECG Holter devices, but the challenges of the correct ECG signal
recording and its related hardware are limiting factors in this algo-
rithm development in any place and at any time [49]. In this paper,
our aim is providing an effective algorithm for the BP estimation
noninvasively, without cuff and without calibration, by the appro-
priate and inappropriate PPG signal. In some cases, the shape of the
PPG signal changes, which makes it impossible to extract the use-
ful features of the signal. The proposed algorithm for whole-based

feature vector extraction is based on raw signal values, but does not
depend on its shape.

In the following, the results of this work are compared to other
studies based on BP estimation by using only the PPG signal. The
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results of each of these studies have been reported based on spe-
cific criteria such as root mean square error (RMSE), ME, MAE, and
SD related to each of them. To perform a fair comparison, all algo-
rithms should be executed in the same database in terms of the
number and type of data; however, it is not possible in the consid-
ered studies. Table 6 includes the results of this study along with
the data obtained from other works which have estimated BP based
on only the PPG signal.

Overall, the proposed method in this paper has acceptable
results in terms of accuracy compared to other studies; but due
to the fact that the size of data used in [34] is approximately 1

19
times that of the amount of data in this study, their results are
better. It should be noted that the used database in this work con-
tains patient data from ICU sections of hospitals, but the research
data from [51] and [53] have been collected from healthy peo-
ple. Undoubtedly, the results of the proposed method would be
greatly improved by adding data of healthy individuals to the
database and involving them in the training and testing section
of this research. PPG signals related to a person are highly corre-
lated with each other, and then the frequent use of one person’s
signals in the database can improve the estimated results, but
the level of the algorithm’s generalizability decreases. According
to AAMI, an individual’s data can be used up to three times in
the database. This research, considering this limitation, includes
at least 400 people and unless it has fewer records compared to
studies such as [12] and [35], it has a better accuracy. In many
studies, calibration has been used to improve the results, but the
results of this work are without calibration. Additionally, the fact
that 80% of the studied database includes inappropriate PPG sig-
nals and the proposed method’s success in accurate estimation
of BP validates that the proposed method for BP estimation is
independent of the form of PPG signals. In contrast, the results of
parameter-based methods are not as accurate as the whole-based
method.

5. Conclusion

In this paper, a new approach based on using only the PPG
signal is proposed for BP estimation which is noninvasive, cuff
less, calibration-free, and continuous. In this study, the problem
of conventional feature extraction methods including their lack of
accuracy in the conditions that the PPG signal is inappropriate is
solved.

The proposed algorithm is based on the non-linear relationship
between BP and the PPG signal of a person. The results demonstrate
the potential of the proposed algorithm for accurate BP estimation.
According to the estimated results, in both parts of the DBP and
MAP, the conditions are met  to comply with the AAMI standard
requirements and in SBP estimation with a ME  close to zero and
SD close to the standard AAMI limit. This achievement is due to the
high number and variety of data used in the implementation of the
algorithm. Also, according to BHS standard, learning algorithms in
DBP and MAP  estimation achieve grade A and B, respectively and
for SBP estimation, by ignoring the 1% error, it can be categorized
as grade C.

As a future work, in order to improve the accuracy of the BP
estimation, data from healthy people are recommended to be used
for data training of the proposed method.
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