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Abstract: Arterial blood pressure is not only an important index that must be measured in routine
physical examination but also a key monitoring parameter of the cardiovascular system in cardiac
surgery, drug testing, and intensive care. To improve the measurement accuracy of continuous blood
pressure, this paper uses photoplethysmography (PPG) signals to estimate diastolic blood pressure
and systolic blood pressure based on ensemble empirical mode decomposition (EEMD) and temporal
convolutional network (TCN). In this method, the clean PPG signal is decomposed by EEMD to
obtain n-order intrinsic mode functions (IMF), and then the IMF and the original PPG are input into
the constructed TCN neural network model, and the results are output. The results show that TCN
has better performance than CNN, CNN-LSTM, and CNN-GRU. Using the data added with IMF, the
results of the above neural network model are better than those of the model with only PPG as input,
in which the systolic blood pressure (SBP) and diastolic blood pressure (DBP) results of EEMD-TCN
are —1.55 + 9.92 mmHg and 0.41 + 4.86 mmHg. According to the estimation results, DBP meets the
requirements of the AAMI standard, BHS evaluates it as Grade A, SD of SBP is close to the standard
AAMI, and BHS evaluates it as Grade B.

Keywords: blood pressure; PPG; temporal convolutional networks; ensemble empirical
mode decomposition

1. Introduction

Globally, hypertension and cardiovascular diseases have been affecting the healthy
life of human beings, causing millions of deaths every year and increasing the risk of other
diseases [1]. Due to the recent epidemic situation, the cardiovascular status of COVID-
19-infected people has attracted people’s attention. Evidence shows that no matter how
severe the symptoms of patients in COVID-19 are, more than ordinary people will suffer
from cardiovascular problems, and those who recover from COVID-19 may have long-term
cardiovascular consequences [2]. Therefore, arterial blood pressure is one of the foremost
imperative parameters to characterize the health of the cardiovascular system, and a real-
time, dynamic, continuous, and accurate long- and short-range monitoring method is
more important [3].

Sleeveless continuous blood pressure measurement belongs to an indirect method of
measuring human blood pressure, which has no harm to the human body and is more
suitable for being widely used in daily life. At present, the concept of non-contact mea-
surement is getting more and more popular. Continuous monitoring of blood pressure
can also provide abundant waveform information, which has important scientific research
and clinical value for understanding the influence of external and internal factors on blood
pressure and evaluating vascular parameters [4].

The waveform amplitude and shape of PPG contain much important physiological
information of the heart and cardiovascular system [5]. A large number of studies have
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shown a close relationship between blood pressure and PPG, which has led to non-invasive
continuous blood pressure estimation methods based on PPG [6-10], including pulse
transmission time (PTT) and the method based on the characteristic parameters of the
PPG waveform. PTT is ordinarily characterized as the time required for the pulse beat to
proliferate from the heart to the fringe of the body. In most cases, PTT can be acquired
by one ECG sensor and one PPG sensor or two PPG sensors [11,12]. The PPG waveform
parameter method is mainly based on PPG signal waveform and personal information
features and uses a machine learning method to establish blood pressure model. This
method involves manual extraction and selection of PPG waveform features. After feature
engineering, the machine learning method is used to model [13-15]. However, whether
it is a continuous blood pressure prediction method based on PTT or PPG waveform
parameters, the shape of the PPG signal will not only change with aging and some diseases
but also the artificially selected feature has great individual differences. This usually leads
to poor generalization performance of the model, and it is often necessary to model and
calibrate the model individually for individuals. In addition, because the physiological
parameters of the human body will change with time, the calibrated model can only keep
its accuracy in a short time, so it needs to be calibrated regularly [16,17].

Compared with conventional machine learning, the deep learning method can learn
the abstract and complex features of the signal and can fully mine the useful information
contained in the signal, which is very suitable for constructing a complex nonlinear model
of the blood pressure estimation model [18,19]. In recent years, models using convolution
neural networks (CNN), recurrent neural networks LSTM and GRU, and hybrid neural
networks CNN-LSTM and CNN-GRU have been applied to the continuous measurement
of blood pressure and accomplished great results [20-25]. However, traditional CNN has
not been able to combine PPG information in the past. Although RNN has great advantages
in dealing with time series problems, the RNN model parameters are complex, and the
forward transfer of the next time step can only be carried out after the end of the forward
transfer of the previous time step, so the model training not only takes a large amount of
time but also consumes a large amount of memory [26]. Recently, a special CNN-Temporal
convolutional network (TCN) is compared with many RNN structures, and it is found
that TCN can reach or even surpass the RNN model in many tasks [27-30]. Because of the
combination of the parallel feature processing of convolutional neural network (CNN) and
the time series modeling ability of recurrent neural network (RNN), the features of input
signals can be extracted comprehensively.

Therefore, in this paper, we utilize the TCN model to predict SBP and DBP values from
PPG signals. In much of the literature, to predict BP better, the original PPG signal and its
first derivative and second derivative signals were used as the input of the model and the
performance was improved [31-33]. Inspired by this idea, we take the modal components
after the PPG signal EEMD as the input of the model so that the model can extract more
features and improve the accuracy of the model.

The content of this paper can be summarized as follows:

e  Only PPG signals are used to predict blood pressure, and a single PPG signal is easier
to obtain, and the PPG is segmented with overlapping periods.
TCN was used as a non-invasive model for continuous blood pressure estimation.
EEMD is used to expand the input of the model so that the model can extract more
features containing PPG information.

The second part of this paper introduces the related work. The third part introduces
the related theories and the proposed methods. The fourth part introduces the experimental
results. Finally, the fifth part summarizes this paper.

2. Related Work

The blood pressure measurement method based on the PPG signal can be divided
into two categories according to whether the features need to be extracted manually or not.
One is to extract features manually in advance and then establish a regression algorithm to
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predict SBP and DBP. Among these methods, the PPT method and PPG parameter method
have been widely studied in recent years. Moreover, the rapid development of machine
learning provides a new idea for the research of continuous blood pressure monitoring.
Viunytskyi et al. believe that the blood pressure measurement method based on the machine
learning algorithm is more flexible and can reduce the error of blood pressure monitoring
results [34]. Montemoreno et al. have done some research on the use of machine learning
technology in blood pressure estimation. They have applied 14 methods, including linear
regression, neural network, SVM, random forest, and the final result meets the B standard
of BHS [35]. Khalid et al. extracted five different features from a PPG signal segment and
trained and tested them by using multiple linear regression, support vector machine (SVM),
and regression tree. In general, tests suggest that the blood pressure monitoring algorithm
based on the regression tree has the highest precision [36]. Attarpour et al. proposed
a monitoring method of SBP and DBP based on wrist and fingertip pulse signals and
established a two-layer artificial neural network to monitor SBP and DBP through PWV
and PTT features [9]. Hu et al. applied an ensemble machine-learning algorithm to estimate
SBP and DBP [37].

The other method uses deep-learning-based technology to end-to-end with PPG signal
segment as model input and corresponding SBP and DBP as labels. The deep neural
network can automatically extract the fundamental features without any complex feature
engineering [38]. Along with the development of computing power, many researchers
have begun to establish different continuous blood pressure monitoring models based on
deep neural networks. Baek et al. took the time domain and frequency domain forms of
PPG signal as input, and successfully estimated SBP and DBP values using a single CNN
architecture [39]. El-Hajj and PA Kyriacou used bidirectional long- and short-term memory,
bidirectional gated cycle unit, and attention mechanism to estimate SBP and DBP with
PPG signal pairs [40]. Wang et al. used a mixed neural network model of CNN and GRU
to estimate SBP and DBP [41]. Esmaelpoor et al. proposed a multilevel model based on
CNN-LSTM, which combined the dynamic relationship between SBP and DBP to improve
the accuracy [16].

TCN has accomplished great results in time series forecasting. Zhao et al. proposed a
deep learning framework based on the TCN model for short-term city-wide traffic fore-
casting, and the experimental results show that TCN achieves state-of-the-art performance
in short-term traffic flow forecasting [42]. Song et al. proposed a TCN-based heat load
forecasting algorithm that has performance advantages [43]. The combination of EEMD
and deep neural networks is applied in many fields, such as Lan et al. In the field of
weather prediction, EEMD is utilized to decompose the initial data into subsequences with
different frequencies [44]. These subsequences are used as inputs of the SOM-BP network.
Chen et al. proposed a short-term wind speed forecast system based on the EEMD-GA-
LSTM strategy [45]. Therefore, it is worth trying to use TCN combined with EEMD for
continuous blood pressure estimation.

3. Methods
3.1. Empirical Mode Decomposition

Empirical Mode Decomposition (EMD) is a multi-scale signal decomposition method
appropriate for non-stationary and nonlinear signals. It can adaptively decompose a
signal into the sum of several intrinsic mode functions (IMF); each IMF has a unique
frequency component [46]. EMD is decomposed based on the data itself, so it is suitable for
arbitrary data. However, there are some problems and shortcomings in this method, mainly
that the intrinsic modal function gotten by EMD decomposition has the phenomenon of
modal aliasing.

Huang et al. studied the EMD decomposition of white noise [47] and found that
EMD decomposition is similar to binary filter, and the energy of white noise is uniformly
distributed in its spectrum, so an improved EMD method based on noise-aided analysis,
namely EEMD, was proposed. By adding different white noises with the same amplitude
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each time, the extreme point characteristics of the signal are changed, and then the corre-
sponding IMF obtained by EMD many times is averaged to offset the added white noises,
thus effectively suppressing the occurrence of modal aliasing. EEMD decomposition steps
are as follows.

Step 1: Set the average total number m;

Step 2: A white noise n;(t) with a standard normal distribution is added to the original
signal x(t) to generate a new signal: x;(t) = x(f) + n;(t). Where n;(t)i =1, 2, ---, m
represents the white noise sequence added for the i— h time;

Step 3: The signal x;(t) added with white noise is decomposed by EMD to obtain each
IMF component;

Step 4: Repeated EMD decomposition for each group of signals with white noise
xj(t)i =1, 2, ---, m to obtain m groups of IMF components and m groups of residual Res;

Step 5: Average the IMF population obtained each time as the final result, that is, the
J-th modal component IMF; = Lym, IMFj;, Res = Ly Res;.

The original signal can be expressed as:

]
x(t) = ) IMF,; + Res
i=1

In the above decomposition process, because the added white noise has the random
characteristics that the mean value is 0 and the variance is equal, the overall mean value
of all EMD decomposition is taken as the ultimate decomposition result of the EEMD
deterioration IMF component, which disposes of the impact of white noise.

3.2. Temporal Convolutional Network

The temporal convolutional network is a new type of time series forecasting algorithm.
The TCN architecture includes dilated causal convolution and residual modules [48].
Compared with LSTM and GRU, TCN has the advantages of low memory occupation,
stable gradient, good parallelism, and flexible receptive field.

3.2.1. Causal Dilation Convolution

Causal convolution is a strict time constraint model, for the value of the moment on a
layer of t only depends on the next layer of t moment and its previous value. TCN uses
causal convolution to enable the output of the current time to mine the information of a
period before that time. Basic causal convolution still has the issue of the conventional
convolutional neural network, i.e., the modeling length of time is constrained by the size of
the convolution kernel. On the off chance that one might need to catch longer dependencies,
it would be preferable to stack numerous layers linearly. To unravel this issue, researchers
put forward the dilation convolution. The dilation convolution increments the receptive
field of the convolution kernel while keeping the number of parameters unaltered, and at
the same time, it can guarantee that the size of the output feature map remains unchanged.

We illustrate the structure of causal dilated convolutions with an example, as shown in
Figure 1, which depicts dilated causal convolutions with dilation coefficients d of 1, 2, and 4
and convolution kernel k of size 2. The input sequence is x = x1, - - - , xg and the result of
each layer at time t = 8 depends on the value before time t = 8 of the previous layer. Each
layer extracts the information of the previous layer, all in the form of interval sampling.
The layer-by-layer expansion coefficient increases exponentially by 2, and finally, yg can
extract the information of the x sequence. TCN can obtain a large receptive field with fewer
layers. In theory, causal dilated convolutions can accept data at any time step as input.
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Figure 1. Causal dilation convolution structure.

3.2.2. Residual Connections

In general, the expressive ability of neural networks gradually increases with the
increase of network depth, but the increase of network structure depth may lead to a series
of problems such as gradient disappearance and gradient explosion. To further deepen the
network depth and improve the ability of the model to learn time-series information, TCN
uses a residual module instead of a convolution layer [49]. One residual module consists
of two layers of causal dilation convolution layer and nonlinear transformation layer, and
regularization technology is used to reduce the risk of over-fitting.

Dropout means that in the process of neuron propagation, the activation value of a
neuron will stop working with a certain probability, thus enhancing the generalization of the
model; Relu is used as the activation function of the neural network; WeightNorm means
normalization of weight value; DilatedCausalConv represents the dilation convolution
layer. In some cases, the input and output dimensions are different, so one can also
add 1*1 convolution to reduce the dimension of the input, so that the input and output
dimensions are the same and can be added together.

Figure 2 shows the overall structure of TCN, which consists of a stack of TCN residual
modules and a fully connected layer. The field of view of TCN depends on the network
depth n, filter size k, and expansion factor d. The TCN residual module tackles the issue
of network depth development, so TCN can make the model have better generalization
ability by stacking residual modules.

3.3. Proposed BP Estimation Method of EEMD-TCN

The method proposed in this study is based on the frequency decomposition algorithm
EEMD and TCN model. Figure 3 shows the method proposed in this paper. First, we
decompose the first PPG signal segment into n IMF by EEMD, construct a potential feature
set, and then input each group of subsequences and the original PPG signal segment into
the TCN prediction model as channels, so that the model can extract more PPG information.
The feature set constructed in theory is dynamic, and we can determine which IMF and
original PPG are selected to constitute the feature set through experiments, to minimize the
error of the model.
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Figure 3. Structure diagram of EEMD-TCN prediction model.

4. Results
4.1. Dataset

In this paper, we use the blood pressure data set in the machine learning repository.
This is the pre-processed clean data from MIMIC-II released by Kachuee et al. [50]. The data
set includes PPG, arterial blood pressure (ABP), and ECG signals recorded from fingertips,
which were sampled at a frequency of 125 Hz. The MIMIC data set provides subjects of
different age groups and genders from hospital ICU, and their blood pressure ranges may
be different. We randomly selected 150 samples longer than 8 min, extricated SBP and
DBP from invasive blood pressure waveform, and utilized them as target values within
the estimation handle. In addition, we removed the sequences of abnormal SBP and DBP
values (SBP > 180, DBP > 130, SBP < 80, DBP < 60).

To obtain the SBP and DBP values in invasive continuous blood pressure and the
corresponding PPG signals, it is necessary to detect the peaks and valleys of ABP and PPG
to segment the signals. There are many ways of signal segmentation, and the conventional
segmentation method is fixed-length segmentation or one-to-one segmentation according
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to the period. However, due to the particularity of signals in MIMIC, there may be a time
delay between signals, and the one-to-one segmentation method will lead to the wrong
matching between PPG and ABP, which will lead to larger errors. The long segmentation
method is easy to operate, but it is easy to destroy the periodic characteristics of the signal.
Therefore, this paper adopts a multi-period sliding segmentation method, that is, each
segment of the segmented signal contains multiple periods, and some periods overlap
between segments. Here, the number of periods of each signal segment is nine, and there
are seven periods of overlap between segments. We obtained 11,226 segments, then we
scrambled the data, using 80% of the data as the training set and the rest as the test set.
In the subsequent experiments, the TCN model accepts the input of signal segments with
different lengths, while other deep neural network models need to make each segment
equal in length. The feasible ways include zero complements and resampling. In this
selection, through resampling, each segment of PPG and ECG is 625 points. The final
histogram of blood pressure data distribution is shown in Figure 4. Table 1 shows the
statistics of the final data set.

800 T T T T 1200
ol = 1000

600 -
I 800

400

200

0 B0 0 O -

80 100 120 140 160 180 60 70 80 80 100 110 120 130

(a) (b)

Figure 4. Histogram of blood pressure distribution: (a) is the data distribution of SBP; (b) is the data
distribution of DBP.

Table 1. Statistics of SBP and DBP in data set.

Statistics Min (mmHg) Max (mmHg) Mean (mmHg) STD (mmHg)
SBP 83.035 179.99 136.17 22.394
DBP 60 126.55 68.0473 8.201

4.2. Prediction Results of the Original PPG as Input

In this paper, the standard deviation (SD), mean absolute error (MAE) and mean error
(ME) on the test set are used as evaluation indexes to verify the performance of the model.

Because the length of each piece of PPG data is less than 1000 when SBP is used as
the label, we use TCN of the four-layer network, the convolution kernel size is five, and
the dilation rate increases exponentially with the number of layers, which is one, two, four,
and eight, respectively. When DBP is used as the label value, due to the data distribution
of DBP, we adopt TCN of the three-layer network, with a convolution kernel size of nine
and dilation rates of one, two, and four respectively. In this way, TCN can ensure that
the information of the PPG signal segment can be completely extracted. In addition, we
compare the experimental results of CNN, CNN-LSTM, and CNN-GRU models with those
of the TCN model. It can be seen from Table 2 that the MAE of the TCN model is 7.36 mmHg
(SBP) and 3.85 mmHg (DBP), respectively, which is superior to other depth models in both
SBP and DBP prediction. Considering the timing information, CNN-LSTM and TCN are
better than CNN, but the advantages of CNN-GRU are not reflected.
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Table 2. Results and comparison of each model.

SBP DBP
MAE ME SD MAE ME SD
CNN 8.97 —2.04 12.09 4.90 1.43 6.82
CNN-LSTM 8.31 —0.25 11.25 4.28 —0.21 6.38
CNN-GRU 12.42 —1.57 16.51 512 1.34 7.06
TCN 7.36 -1.21 10.32 3.85 -0.23 5.66

4.3. Model Results of EEMD Extended Dataset

Firstly, the PPG signal segment is decomposed by the EEMD method, and 8 groups of
IMF and a group of residual components can be obtained by sequential separation. The
decomposition result is shown in Figure 5:
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Figure 5. EEMD decomposition of PPG.

In order to improve the training efficiency of the deep neural network prediction
model, it is necessary to normalize each subsequence. The deviation standardization
formula is selected for data normalization:

Xi — Xmin
Yi=

Xmax — Xmin
where: x5y and x,,;,, are the maximum and minimum values in the sample sequence
respectively, and y; is the normalized data.

Input the original PPG sequence and the IMF subsequences obtained after EEMD into
the model for feature extraction. To better demonstrate the advantages of the expanded
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data set, CNN, CNN-LSTM, CNN-GRU, and TCN models with the same parameters are
still used. The neural model results of each depth of the data set expanded by EEMD are
shown in Table 3.

Table 3. Results of each model on the dataset augmented with EEMD.

SBP DBP
MAE ME SD MAE ME SD
CNN 7.32 0.8 9.28 441 0.26 6.02
CNN-LSTM 7.87 -1.73 10.95 448 1.42 6.43
CNN-GRU 8.53 —0.68 11.72 5.19 0.74 7.3
TCN 7.25 —1.55 9.92 3.55 0.41 4.86

From Tables 2 and 3, we can see that in the prediction of SBP, the expanded data
set improves the performance of the four models, and the prediction result of TCN
7.25 4+ 9.92 mmHg is still better than the other three models. In the prediction of DBP,
the MAE of the CNN and TCN models is only reduced using the EEMD augmented
dataset, and the model result of TCN is 3.35 + 4.86 mmHg is also stronger than the other
three models.

4.4. Model Performance Analysis and Evaluation
4.4.1. TCN Model Performance Analysis

In the experiment, to study the correlation between the estimated values of SBP and
DBP and the true values of the test set, the author carried out the Bland-Altman consistency
test and scatter plot analysis for the estimated values.

The Bland-Altman diagram is a key method to evaluate the consistency between
two measurement methods. The 95% confidence interval boundary is set to [mean-1.96sd,
mean + 1.96sd], where mean here represents the mean of the difference between the esti-
mated value and the true value, and sd represents the standard deviation of the difference
between the true value and the estimated value. The results of the consistency analysis of
SBP and DBP are shown in Figure 6, the average errors between the estimated and target
values are —0.48 mmHg and —0.41 mmHg, respectively.

100 120 140 160

Figure 6. Cont.
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Figure 6. Bland—Altman diagram of true value and estimated value; (a) SBP (b) DBP.

It can be seen from Figure 6 that within the confidence interval, both SBP and DBP
show very superior performance. Under the 95% confidence interval, the statistical ranges
of SBP and DBP are [—20.99, 17.97] and [—9.94, 9.12], respectively. Figure 7 presents a
scatterplot of the true-predicted values of SBP and DBP. As can be seen, the correlation
coefficients estimated by SBP and DBP are 0.9 and 0.81, respectively. This shows a solid
positive correlation between the blood pressure target value and the estimated value.

4.4.2. Evaluation of Model Performance Based on AAMI and BHS Standards

The AAMI standard requires that the ME and SD of blood pressure estimation
and measurement equipment are less than 5 mmhg and 8 mmhg respectively. In the
method proposed in this paper, the ME and SD of SBP and DBP estimation errors are
—1.55 £ 9.92 mmHg and 0.41 &+ 4.86 mmHg, respectively. The SD of SBP is 9.92, slightly
higher than the AAMI standard, and the SDy of DBP meets the AAMI standard, which
indicates that the estimation performance of DBP is good.
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Figure 7. Regression diagram of SBP (a) and DBP (b).

The British Hypertension Association Standard (BHS) requires that the blood pressure
estimation and measurement equipment should be graded according to the cumulative
frequency error percentage of the estimated result value, which is Grade A (60% < 5 mmHg;
85% <10 mmHg; 95% < 15 mmHg), Grade B (50% < 5 mmHg; 75% < 10 mmHg;
90% < 15 mmHg), grade C (40% <5 mmHg; 65% < 10 mmHg; 85% < 15 mmHg). See Table 4
for the standard evaluation of the BHS. The sample errors of 68.69% SBP and 78.31% DBP
estimates are less than 5 mmHg, which means that they meet the Class A standard of BHS.
However, when the threshold is 15, only 91.84% of SBP samples are less than 15 mmHg, so
SBP meets the B standard of BHS. Similarly, the prediction of SBP by CNN and the hybrid
neural networks CNN-LSTM and CNN-GRU has reached the B-level standard of BHS, and
DBP has reached the A-level standard, but the overall effect of TCN is better. The data in
UCI comes from the intensive care unit, and these abnormal data may affect the overall
accuracy of the model.

Table 4. Model performance evaluation based on BHS standard.

Cumulative Error Percentage

<5 mmHg <10 mmHg <15 mmHg

TCN SBP 68.69% 85.00% 91.84%

DBP 78.31% 96.48% 98.53%
CNN SBP 74.07% 87.35% 93.49%

DBP 69.93% 92.07% 97.10%
CNN-LSTM SBP 68.15% 82.58% 90.11%

DBP 68.41% 90.78% 95.10%
CNN-GRU SBP 68.77% 82.58% 90.82%

DBP 60.89% 88.23% 95.32%
BHS A 60% 85% 95%

B 50% 75% 90%

C 40% 65% 80%

5. Conclusions

This paper proposes a continuous blood pressure estimation method based on TCN
and uses PPG and decomposed IMF to train the model. This method explores the realization
of high-precision daily continuous blood pressure monitoring. Using the IMF-added dataset
allows the model to dig deeper into the original sequence characteristics, while the TCN
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model can effectively capture the internal correlation characteristics of the sequence, and
then track the sequence change trend with high precision. In the dataset used in this paper,
the estimates of SBP achieve a B grade and DBP a grade of A according to the BHS standard.
Among the selected depth models of CNN, CNN-LSTM, and CNN-GRU, the prediction
error of the TCN model is the lowest. Compared with EEMD-CCN and EEMD-CNN-RNN
prediction models, the prediction error of EETCN is lower, and after joining IMF, the above
four models have improved the accuracy of SBP prediction, and the two convolution neural
network models in DBP prediction have better results. The results prove the potential of the
proposed method in BP estimation. In future research, the deep neural network model can
be trained on high-quality data sets; for example, data with higher sampling rates, signals
of normal samples, and waveform signals can contain richer information. In addition, for
the IMF decomposed by EEMD, it is possible to select the best IMF of M order and input
the best IMF and PPG into the constructed deep neural network model to progress the
forecast precision of the BP monitoring model.
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