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Abstract: According to the WTO, there were 1.13 billion hypertension patients worldwide in 2015.
The WTO encouraged people to check the blood pressure regularly because a large amount of patients
do not have any symptoms. However, traditional cuff measurement results are not enough to repre-
sent the patient’s blood pressure status over a period of time. Therefore, there is an urgent need for
portable, easy to operate, continuous measurement, and low-cost blood pressure measuring devices.
In this paper, we adopted the convolutional neural network (CNN), based on the Hilbert-Huang
Transform (HHT) method, to predict blood pressure (BP) risk level using photoplethysmography
(PPG). Considering that the PPG's first and second derivative signals are related to atherosclerosis
and vascular elasticity, we created a dataset called PPG+; the images of PPG+ carry information
on PPG and its derivatives. We built three classification experiments by collecting 582 data records
(the length of each record is 10 s) from the Medical Information Mart for Intensive Care (MIMIC)
database: NT (normotension) vs. HT (hypertension), NT vs. PHT (prehypertension), and (NT + PHT)
vs. HT; the F1 scores of the PPG + experiments using AlexNet were 98.90%, 85.80%, and 93.54%,
respectively. We found that, first, the dataset established by the HHT method performed well in
the BP grade prediction experiment. Second, because the Hilbert spectra of the PPG are simple and
periodic, AlexNet, which has only 8 layers, got better results. More layers instead increased the cost
and difficulty of training.

Keywords: blood pressure; photoplethysmography; derivatives of PPG; convolutional neural net-

work; ensemble empirical mode decomposition

1. Introduction

Patients with chronic hypertension will experience serious consequences if it is left
untreated, including a range of cardiovascular diseases affecting the heart [1]. But most
patients have no obvious symptoms in the early stages of the disease, so it is important to
check BP level regularly.

The traditional method of BP measurement uses a cuff-link-type BP meter. The “white
coat effect” refers to patients taking it in a medical setting with even less accurate BP than
when they take it at home [2,3]. Therefore, a single measurement datum is not enough to
reflect the human condition. Continuous measured BP is more accurate than single measured
BP [4]. In view of the shortcomings of clinical invasive continuous BP measurement, which
is difficult to perform and may cause serious harm to patients, noninvasive continuous BP
measurement is of great significance.

With increases in age and changes in the physical condition of human beings, the
elasticity of the blood vessel wall will decrease. When the resistance of blood flowing in
blood vessels increases, blood pressure will increase accordingly. This is the pathogenesis
of hypertension. Currently, there are three most commonly used noninvasive continuous
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BP detection methods. The first is the pulse transit time (PTT) theory method, which
refers to the time difference of the diffusion of pulse waves between two arteries in a
cardiac cycle. When BP in the blood vessels increases dramatically, the vascular tension
and speed of arterial pressure waves will increase, leading to shortened PTT [5]. However,
obtaining the time difference requires both electrocardiogram (ECG) and pulse wave
signals. It is also difficult to acquire the ECG. The second detection method is based on the
morphological theory of PPG [4,6,7]. The most common way to obtain the PPG signal is
to use a photoelectric sensor to detect changes in light transmitted or reflected by human
skin vessels [8]. PPG represents the change of human blood volume and characterizes the
systolic and diastolic processes of the heart, which are linked to BP. PPG's first and second
derivative signals are related to atherosclerosis and vascular elasticity, which are factors
that influence BP. Luo Zhichang et al. [9] found that the tidal wave of the pulse wave signal
of high blood pressure will gradually approach the main wave, finally merge with it, and
even exceed the main wave. Therefore, the main wave of the PPG signal with hypertension
looks more rounded and curved than that of normotension. Thus, PPG is closely related to
BP. Therefore, PPG signal is increasingly applied to predict BP, blood oxygen, respiration
rate, and other data [10-12]. The third method combines the characteristic points of the
ECG and PPG signals to predict BP [13-15]. The reason for the rise of this method is that,
although PPG signals feature points that contain information related to SBP (systolic blood
pressure), it is not easy to determine the relationship between PPG and DBP (diastolic
blood pressure). Therefore, using PPG alone is bound to lead to inaccurate BP predictions.
Accuracy is improved by adding the ECG signal [16]. However, obtaining the ECG signal
remains a challenge in research because of current technology limitations.

Among the many studies on PPG signals, research on the derivatives of PPG has
attracted our attention. Figure 1 shows PPG and its first and second derivatives. Qawqzeh
et al. [17] analyzed the relationship between the first and second derivatives of PPG and
atherosclerosis. The second derivative of PPG (SDPTG) was found to be closely related to
atherosclerosis and could be used as an assistant technology to detect the disease. There
are many factors causing atherosclerosis in the human body, among which hypertension is
the most common one. Hypertension and arteriosclerosis cause and affect each other and
exist together. Based on this, Mengyang Liu et al. [18] used PPG and its second derivatives
to predict noninvasive BP. They retrained the experiment by adding 14 SDPTG features
based on the 21 time-scale PPG features, and the experimental results showed that SDPTG
can improve the accuracy of BP prediction. However, in real life, the morphological charac-
teristics of PPG and SDPTG vary from person to person, and there are certain difficulties in
the calibration and measurement of features, which bring great difficulty to the research.
Considering the difficulty mentioned above, many scholars have innovatively used CNN
to indirectly identify and extract feature points without manual calibration [19,20], which
greatly reduced the time-cost. The self-adaptability of the network structure to extract
feature points improves the universality of the experiment and makes the results more
convincing. In addition, Liang et al. [21] found that the method using CNN has a higher
accuracy than the method using PPG feature point fitting.
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Figure 1. PPG (photoplethysmography) and its first derivative (°PPG’) and second derivative (PPG”). The data comes from

the MIMIC database.
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The purpose of our paper was to use PPG and its first and second derivative signal to
predict BP level using a deep learning method. First, we segmented the PPG, extracted
the baseline, and regularized the signal. Then the Hilbert-Huang Transform method was
used to process the segmented signal and the generated image, and the corresponding BP
value of the signal was taken as the label. Finally, the CNN was used to train the dataset.
We looked at three questions; the first is to determine whether the training results of the
dataset established by the HHT method are good enough on the network. The second is
to explore whether more layers in the network are better for our datasets. The third is to
know whether the first and second derivatives of PPG carry BP-related information.

2. Materials and Methods
2.1. Dataset Source

Both the PPG and the ABP (arterial blood pressure) data used in this paper come
from the MIMIC database. Each signal has 10 s length and a sampling frequency of
125 Hz. In order to improve the generalization performance of the training frame and the
generality of the experiment, in addition to the continuous and stable signal, the continuous
unstable signal, and the noisy signal were retained. We divided the two signals into 2 parts
for 5 s each. After signal processing—including using 0.4-8 Hz Butterworth filter as
filtering, normalization, and baseline drift removal—the maximum values of systolic and
diastolic blood pressure were extracted from each segment of the ABP signal, and the
BP level corresponding to this segment of signal was determined by the 7th Report of
the Joint National Committee on Hypertension Prevention, Detection, Evaluation and
Treatment (JNC7). By analyzing the values of systolic and diastolic blood pressure (Table 1),
JNC7 classifies blood pressure into three categories: normotension (NT), prehypertension
(PHT), and hypertension (HT). The BP level shown by the ABP serves as the label for the
corresponding segment of the PPG signal.

Table 1. Blood pressure classification according to JNC7.

e Systolic Blood Pressure Diastolic Blood Pressure
Classification
(mmHg) (mmHg)
normotension <120 and <80
prehypertension 120-139 or 80-89
hypertension >140 or >90

2.2. Signal Processing

PPG is a time-domain, nonlinear, and unstable human physiological signal. Therefore,
processing the signal can not only retain as much information as possible contained in
the original signal but can also provide images that meet the requirements for the deep
learning model required by the experiment, which is the main problem we studied in
this section.

Slapnicar et al. [22] converted PPG and its first and second derivative signals into
spectrum diagrams and input three types of spectrum diagrams into the ResNet network
for training. This method required a good PPG signal, otherwise the derivative signals
would become seriously deformed. Liang et al. [21] used the features of PPG to convert
each segment of 5 s signal into a scalogram by using continuous wavelet transform (CWT).
CWT is based on the basis function pair, which lacks adaptability and is not easily used
to comprehensively describe the complex physiological characteristics of PPG, which is
nonlinear and nonstationary. To make up for the shortcomings of previous studies, we
decided to use the Hilbert-Huang Transform (HHT), which has the following advantages:

The nonlinear and nonstationary problems of signals can be solved.
The motion artifact is effectively removed from the signal.
Spectra, after transformation, have specific physical meaning related to human physi-

ology.
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e  One-dimensional signals are converted into two-dimensional signals to facilitate deep
learning.

2.3. HHT Based on Ensemble Empirical Mode Decomposition

The Hilbert-Huang Transform was proposed by N. E. Huang [23], who added the
empirical mode decomposition (EMD) method on the basis of the Hilbert Transform (HT).
EMD (the algorithm flow chart shown in Figure 2) can decompose nonstationary complex
signals into intrinsic mode functions (IMFs). Huang et al. believed that any signal is
composed of several IMFs; by filtering out the IMF components represented by the high-
frequency noise signal and motion artifacts, EMD can realize the smoothing processing
of nonstationary signals. By this method, the problem of morphological malformation of
the PPG’s derivative signals caused by motion artifacts of PPG could be alleviated [24,25].
The IMF components of different frequencies of the decomposed PPG signal represent
different physiological meanings. Previous studies have confirmed that different frequency
ranges of decomposed IMFs represent different physiological activities. Mitali et al. [26]
obtained surrogate respiratory signals at 0.2 Hz to 0.33 Hz. Chuang et al. [27] obtained
the related information regarding heart rhythm at 0.4 Hz to 0.9 Hz. IMFs contain the local
characteristics of the original signal at different time scales, so they can retain as much of
the original information and characteristics of a signal as possible. Since the basis function
is obtained by the EMD decomposition of the data itself, compared with the short-time
Fourier transform and wavelet decomposition, the EMD method is adaptable, and the
signal becomes more direct and intuitive after the Hilbert transform (Figure 3). Hilbert
transformation can be performed on the decomposed IMFs to obtain spectra as inputs to
the network.

‘ Original PPG signal r = p(t),n = 1 ‘

‘ Find the local extremum of p(t) ‘

Fitting the upper envelope e,;,4,(t) and lower envelope e, (t)of p(t) ‘

]
‘ Find the mean m = (enfax(t)+ emin(t))/2 ‘ @E

‘ New PPG signal h(t) = p(t) —m

f h(t) meet the IMF’s no
conditions or not?
yes
n=n+1.c,=h(@),r =p(t)—cp pt)=r
Is r the monotonous no

Figure 2. EMD (empirical mode decomposition) processing algorithm. IMF (intrinsic mode function)
conditions: (1) In the entire time range, the number of local extreme points and zero points of the
function must be the same or differ by one at most. (2) At any point in time, the average value of
the envelope of the local maximum of the function (upper envelope) and the envelope of the local
minimum (lower envelope) must be zero.
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Figure 3. Process of processing PPG signal and its derivatives by the HHT (Hilbert-Huang transform) method.

However, when processing noise signals and intermittent signals, the EMD method
will lead to the phenomenon of mode mixing, which seriously affects the accuracy of signal
decomposition. To remedy this disadvantage, Huang et al. [28] added white Gaussian
noise into the whole time-frequency space for several amounts of time, and several mean
values of IMF components were obtained as the final result, which was called EEMD
(ensemble empirical mode decomposition). The mode aliasing phenomenon was effectively
suppressed by the EEMD method. Besides, this method could be used to remove the motion
artifact of PPG signals effectively. To improve the generalization performance of the model,
in addition to the serious baseline drift of some PPG signals, we selected some signals with
high noise. Therefore, in this paper, we adopt the EEMD method, because this method is
better than the EMD method to deal with noisy signals.

The signal processed by the EEMD method is still a one-dimensional vector. Compared
with this data format, the features of the signal shown by the two-dimensional image are
more prominent. Combining the advantages of convolutional neural networks in the field
of image recognition and its own characteristics, images with more prominent feature
points require fewer layers, fewer calculations, and less complexity. Furthermore, the
spectra of the PPG signal after HHT are related to the time-instantaneous frequency—energy
distribution map. Observing the spectra of normotension and hypertension samples
(Figure 4b), we found that the instantaneous frequency of the energy distribution in the
spectra of the latter is higher than that of the former. Such significant information cannot
be obtained using a one-dimensional vector to represent the PPG signal. Therefore, we
used a two-dimensional signal as the input of the convolutional neural network.

We built the PPG+ dataset [29]; the PPG’s Hilbert spectrogram is the red channel of
the RGB image. The spectrograms of the PPG's first and second derivatives are the other
two channels (Figure 3) to improve the information dimension and enhance the image's
extractable features. These three channels combine to form an RGB image with resolution of
1247 x 770 (Figure 4c); the image length is 5 s (0-5 s), and the width is 13 Hz (0-13 Hz). The
sampling quality of the images is 24 bytes, which is 8 bits for each channel and 256 levels.
As the input to the network, HT spectra require preprocessing such as random aspect
ratio cropping, random flipping, and center cropping before entering the network. This
approach is important to enhance the data. Then, we normalized the processed image, and
the image size became 3 x 224 x 224. Furthermore, the control experiment’s inputs were
only the PPG signals’ spectrograms.
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Figure 4. HHT spectrograms of three patients in different time periods. (a) PPG signals. (b) HHT spectra of PPG signals.
(c) RGB images of PPG and its first and second derivative (PPG+) spectrogram combination. No. 408, No. 230 and No. 224
are the numbers of the patients.

2.4. Model Fine-Tuning

Transfer learning is a branch of machine learning. The aim is to deal with a new
problem by transferring it to a problem that has been resolved. Transfer learning can
greatly reduce the experimental costs and training time of deep learning models and also
can be applied to the problem of small datasets. Many studies have shown that transfer
learning can improve the generalization ability of models [30].

Fine-tuning is a widespread practice in transfer learning, and it is suitable for small
datasets. One common practice is to remove the last layer of the pretrained network and
replace it with a new softmax layer, which relates to a specific problem. Considering the
characteristics of the model’s inputs, we used the AlexNet [31], ResNet18 [32], ResNet34
and GoogLeNet to train the data. AlexNet has five layers of convolutional layers and three
layers of fully connected layers. The ReLU, as the activation function, solves the gradient
dispersion problem. ResNet adds a residual block through a short-circuit mechanism
between every two layers of the ordinary network, transforms the difficult identity mapping
problem into a residual problem, solves network performance degradation with increasing
depth, and effectively alleviates the gradient dispersion or gradient explosion phenomenon
of deep neural networks. GoogLeNet has 22 layers. It connects multiple inception blocks in
series with other layers to improve the expressive ability of the network. Compared with
other networks, GoogLeNet has fewer training parameters and faster convergence speed.
The input size of GoogLeNet is 3*299*299, which is different than the other three networks.

In our work, the fine-tuning method removed the last fully connected layer when
training with AlexNet, added Dropout to ignore some neurons to prevent the model from
overfitting randomly, and finally added a fully connected layer with two outputs. When
it came to ResNet18 and ResNet34, the specific method was to reinitialize the last fully
connected layer and a linear layer with 512 input features and two output features. The
parameters did not need to be trained from scratch but only fine-tuned based on the
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original model parameters, which dramatically improved the training efficiency and saved
on training costs. Figure 5 shows the preprocessing of the signal and the classification
experiment.

_______________________________________________________________________________________________________________________________
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Figure 5. PPG signals processing procedure and the classification experiment (AlexNet).

2.5. Classification Experiment

We built three classification experiments by collecting 582 data records from the
MIMIC database: HT (hypertension) vs. NT (normotension), HT vs. PHT (prehyperten-
sion), and (HT + PHT) vs. NT. Two datasets, PPG and PPG+, were trained on the following
networks with different layers: AlexNet, ResNet18, GoogLeNet, and ResNet34. Three
two-classification experiments were performed on each dataset for every network. We
designed the experiment for three purposes: First, to explore whether using our dataset to
predict blood pressure levels could get better results. Second, to verify whether the PPG+
dataset containing the information of the PPG itself and its first and second derivatives
was better than the PPG dataset for blood pressure prediction. Third, to consider whether
the higher the number of layers, the better the prediction results would be.

The programming language used for the experiment was Python; the library used
to call the model structure was PyTorch, and the model was trained on Anaconda. Code
was run using a desktop with an Intel i5-8500 as the CPU, 8GB RAM, and AMD Raden
R5 430 as the graphic card. After testing and optimizing the model many times, we chose
Adam as the optimizer of the model, and the learning rate parameter of the optimizer was
set to 0.001. Since our dataset was relatively small, we divided all data into training sets
and test sets in to the ratio 7:3. To improve the generalization performance of the model
and get more accurate results, we applied k-fold cross-validation to train the dataset and
averaged the results. Taking into account the limitations of computer performance and the
time-cost required for cross-validation, the value of k here was 5. We performed 25 epochs
for each fold. The fine-tuned AlexNet used a total of 57.01M parameters, and the amount
of calculation (floating point operations) was 0.71 GMAC (Memory Access Cost). After
testing, the model worked best when the dropout value was set to 0.6 (for AlexNet).

3. Results

In this paper, we randomly selected 582 data records of ABP and PPG from the MIMIC
database; each record was 10 s in length. We divided the 2 signals into 2 segments of
5 s each. Then the signal was filtered with a 0.4-8 Hz Butterworth filter and normalized.
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The EEMD method was used to remove the signal’s motion artifacts and baseline drift.
According to the blood pressure classification standard from JNC7, the ABP of each segment
was analyzed and then classified as the label of the corresponding PPG signal. Then we
performed Hilbert processing on the PPG and made two datasets of PPG and PPG+. The
images of the PPG+ dataset contain the first and second derivatives of PPG in addition to
the signal itself. Finally, we put these two datasets into four different layers of network
models for training. The results (Table 2) are represented by the F1 score, TPR (true positive
rate), and TNR (true negative rate).

Table 2. Classification performance of the proposed deep learning method. TPR stands for true positive rate and refers to

the sensitivity of the model. TNR is short for true negative rate and refers to the specificity of the model.

PPG PPG+
CNN Layers Trail
F1 Score TPR TNR F1 Score TPR TNR
NT vs. HT 96.33% 94.69% 97.93% 98.90% 99.27% 98.31%
AlexNet 8 NT vs. PHT 80.35% 78.98% 84.08% 85.80% 95.26% 71.88%
(NT + PHT) vs. HT 90.79% 90.39% 91.36% 93.54% 95.32% 91.74%
NT vs. HT 93.94% 94.51% 93.17% 94.09% 95.36% 92.33%
ResNet18 18 NT vs. PHT 82.34% 82.85% 82.89% 84.37% 84.51% 84.59%
(NT + PHT) vs. HT 87.35% 90.06% 84.62% 88.52% 88.87% 88.92%
NT vs. HT 89.48% 88.79% 90.61% 89.24% 90.19% 88.26%
GoogLeNet 22 NT vs. PHT 78.05% 77.73% 79.95% 80.03% 80.79% 77.47%
(NT + PHT) vs. HT 84.04% 81.51% 88.30% 83.46% 83.76% 83.14%
NT vs. HT 93.04% 93.04% 93.41% 94.01% 93.85% 94.26%
ResNet34 34 NT vs. PHT 81.33% 81.75% 82.75% 84.77% 83.71% 86.34%

(NT + PHT) vs. HT 86.76% 88.00% 83.23% 88.39% 87.15% 90.19%

We reached the following conclusions from the table:

e  Our dataset performed well on convolutional neural networks, especially AlexNet. In
the NT vs. HT experiment, the F1 score was close to 99%, followed by (NT + PHT) vs.
HT, and the training effect was the worst in the NT vs. PHT. The two datasets showed
similar results on all the mentioned CNNs.

e  When it came to the same network on the different datasets, the CNN performed
better on the PPG+ dataset than on the PPG dataset. The improvement of the F1 score
was evident in the NT vs. HT experiment of AlexNet.

e Compared to the results of different CNNs on the same experiment on the PPG+
dataset, we found that, although AlexNet has the least number of layers, the F1 score
was the highest on the experiment of NT vs. HT and (NT + PHT) vs. HT. As the
number of convolutional layers increased, the result did not improve but did decrease.
For NT vs. HT, the effect of ResNet34 of 34 layers was improved compared with
ResNet18 of 18 layers, but only a little.

From the results, the F1 score of AlexNet for our dataset was high: 98.90%. In the NT
vs. HT experiment of AlexNet by using the PPG+ dataset as an example, TPR refers to the
sensitivity of the model, which means that the number of normal blood pressure samples
predicted by the model accounting for 99.27% of the actual normal blood pressure samples.
TNR refers to the specificity of the model, which presents the sample size of hypertension
predicted by the model to be 98.31% of the actual sample size of hypertension.

The ROC (receiver operating characteristic) curve (Figure 6) characterizes the gener-
alization ability of the learner from the perspective of threshold selection. The closer it
is to the upper left corner, the lower the classification error rate of the model, the better
the threshold at this time, and the fewer false positives and false negatives there are. We
found that the ROC curve of the experiment of NT vs. HT is closest to the upper left corner,
which means our network performed best on it.
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Figure 6. The ROC (receiver operating characteristic) curve of the three classification trials of AlexNet.

Comparing the classification accuracy of AlexNet on the training set and the test set
(Figure 7), we found the epoch_accuracy curve of the training set and the test set were
very close, which means that the model performed well on our dataset, and there was
neither overfitting nor underfitting. The accuracy curves of NT vs. HT and (NT + PHT)
vs. HT were close to stable, indicating that the two have converged and the number of
training epochs was sufficient. The accuracy of NT vs. PHT on the test set fluctuates greatly,
and it has not converged yet, indicating that 25 epochs is not enough for this experiment.
However, through the performance on the training set, we can basically infer the future
trend of the accuracy curve of the test set. Therefore, upgrading hardware equipment and
increasing the number of epochs in the experiment to improve the training effect is part of
our future work.
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Figure 7. The diagram of epoch and accuracy (referred to as acc in the figure) of the NT vs. HT (a),
NT + PHT vs. HT (b) and NT vs. PHT (c) in AlexNet.

4. Discussion

We used a convolutional neural network to predict blood pressure levels using PPG
and its first and second derivative signals. The HHT method was applied to remove the
baseline and motion artifact of PPG signals, and then we converted the one-dimensional
signal into spectra as the input of the network. The blood pressure level represented by
ABP was used as the label of each spectrum. According to the information contained in
spectra, we established two datasets. One was called PPG+, which contained PPG itself and
its first and second derivative signals. The other one was called PPG, which only contained
the information in the PPG signal itself. Three binary classification experiments for each
dataset were trained on four network models with different layers, AlexNet, ResNet18,
GoogLeNet, and ResNet34. This study found that, although AlexNet had a small number
of layers, the training results were still the best on both datasets. The fine-tuned AlexNet
performed well in the NT vs. HT experiment, with an F1 score of 98.90%. The result
of experiments confirmed that the first and second derivatives of PPG could improve
training accuracy.

We noticed that the model performed best in NT vs. HT and performed poorly in NT
vs. PHT. ROC showed that NT vs. HT was closest to the upper left corner; the distributions
of these two types of data were far apart and easier to separate. The model performed
poorly in the HT vs. PHT experiment because the two types of data distribution were much
closer. In comparison, we also found that the PPG+ dataset had better performance than
the PPG dataset in the BP classification model, especially in the NT vs. HT experiment.
This confirmed that the first and second derivatives of the PPG signals carry information
about BP.

The first derivative of the PPG signal represented the blood flow velocity in the aorta,
and the second derivative signal represented the change in blood flow velocity (Figure 4c),
which is decided by the blood viscosity and elasticity of the blood vessel wall. The
hypertensive patients’ blood pressure is high, so when the aortic valve opens, blood flows
into the aorta quicker. If the blood vessel elasticity is lacking, the PPG signal’s descending
branch will be steeper than in ordinary people. The second derivative of the PPG signal
happens to reflect this. This is the reason that adding PPG derivative information to the
dataset can improve the accuracy of BP prediction.

In order to improve on the weak points of previous studies (Table 3), this paper
adopted the EEMD method to process signals. The resulting HHT spectra contained the
physical meaning of a particular PPG signal. The PPG signal represents the change of blood
volume in human blood vessels, and the derivatives of PPG signal contain information
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related to blood flow. Therefore, we added the first and second derivative signals of PPG
signals to the model to train on simultaneously.

Table 3. Comparison with well-established related work in terms of data source, feature, signal
processing, and method.

Author Data Source Feature Signal Process Method
Slapnicar et al. MH.VHC
(510 subjects over ~ PPG, PPG/, PPG”  Spectro-temporal ResNet
[22]
700 h)
MIMIC
Liang etal. [21] (121 data records for PPG CWT GoogLeNet
120 s each)
MIMIC
Our work (582 data records for  PPG, PPG’, PPG” EEMD AlexNet
10 s each)

The purpose of converting a one-dimensional signal into a spectrum was not only to
satisfy the input format of the network model but also to make the information contained
in the PPG signal more prominent. The experimental results showed that the smaller the
number of layers, the better the training effect on our dataset. This result proved our
approach: the feature points become more obvious after the PPG one-dimensional signal
is converted into spectra, and better results can be learned without too many layers of
convolutional neural networks. This can reduce the cost of model training. Compared
with image recognition and classification problems such as cats and dogs, the input images
in this paper had fewer feature points and lower complexity. This might be one of the
reasons that the accuracy decreased or remained unchanged with more network layers in
the experimental results.

Since the dataset mentioned in the paper [21,22] was not available, we used GoogLeNet
to train the dataset for comparison. The F1 score of NT vs. HT in the PPG+ dataset was
89.24%. Although the result was poor compared with previous research, this result could
not be evaluated arbitrarily because of the different datasets. What was certain, however,
was that this result again confirmed our point that our dataset performed better on a net-
work with fewer layers. AlexNet with only eight layers performed better on both datasets
than some other networks with more layers. On the contrary, GoogLeNet, which has many
layers and many complex inception blocks, did not perform well on our datasets.

5. Conclusions

In this paper, we used the HHT method to establish a new dataset. The fine-tuned
AlexNet performed well on our dataset. The F1 score of the NT vs. HT binary classifica-
tion experiment can reach 98.90%. The signals processed by HHT have specific physical
meanings and obvious feature points, which were conducive to the learning of neural
networks. By comparing the performance of blood pressure classification experiments in
different network models, our study proved that the derivatives of PPG carry important
information on blood pressure, which means that PPG and its derivatives can be used to
replace the combination of ECG and PPG for blood pressure prediction. We also found that
a network structure with fewer layers had a better performance on our dataset. This can
reduce the amount of calculation and the time-cost of network training. We combined the
EEMD method with deep learning, providing new ideas for modern medical health testing
while providing a noninvasive, fast, and low-cost BP level assessment method for families
and low- and middle-income countries. However, this technology still has lots of room
for improvement. Our next target will focus on how to improve the classification accuracy
and how to predict BP values through deep learning and will explore more information
related to physiological activities from PPG and its derivative signals.



Biosensors 2021, 11, 120 12 of 13

Author Contributions: X.S. did validation, formal analysis, project investigations, data curation,
writing-original draft preparation, graphic visualization and code writing. X.S. and S.C. reviewed
and edited the manuscript together. X.S., S.C. and L.Z. collected resources. Z.L. and L.Z. are the
project administrators. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
number 61805275.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to all data are collected from open-downloadable datasets.

Informed Consent Statement: Patient consent was waived due to all data are collected from open-
downloadable datasets which written informed consent should be already obtained by sharing
institution and all participant agreed to disclose their data to research.

Data Availability Statement: The signal data in the MIMIC database were downloaded from the
following website: https://archive.physionet.org/cgi-bin/atm/ATM. The dataset we created is
available at the following link: http:/ /figshare.com/articles/figure/Blood_pressure_classification_
experiment /13498422 /1.

Conflicts of Interest: The authors declare no competing financial or nonfinancial interest.

References

1.

10.

11.

12.

13.

14.

Mills, K.T.; Stefanescu, A.; He, J. The Global Epidemiology of Hypertension. Nat. Rev. Nephrol. 2020, 16, 223-237. [CrossRef]
[PubMed]

Wang, X.; Shuai, W.; Peng, Q.; Li, J.; Li, P.; Cheng, X.; Su, H. White Coat Effect in Hypertensive Patients: The Role of Hospital
Environment or Physician Presence. J. Am. Soc. Hypertens. 2017, 11, 498-502. [CrossRef]

Feitosa, A.D.M.; Mota-Gomes, M.A.; Barroso, W.S.; Miranda, R.D.; Barbosa, E.C.D.; Pedrosa, R.P.; Oliveira, P.C.; Feitosa, C.L.D.M.;
Brandao, A.A ; Lima-Filho, J.L.; et al. Blood Pressure Cutoffs for White-Coat and Masked Effects in a Large Population Undergoing
Home Blood Pressure Monitoring. Hypertens. Res. 2019, 42, 1816-1823. [CrossRef]

Yang, S.; Zhang, Y.; Morgan, S.; Cho, D.S.-Y.; Correia, R.; Wen, L. Cuff-Less Blood Pressure Measurement Using Fingertip
Photoplethysmogram Signals and Physiological Characteristics. In Proceedings of the Optics in Health Care and Biomedical
Optics VIII, Beijing, China, 23 October 2018; Luo, Q., Li, X, Tang, Y., Gu, Y., Eds.; SPIE: Ningbo, China, 2018; p. 116.

Smith, R.P.; Argod, J.; Pepin, J.-L.; Levy, P.A. Pulse Transit Time: An Appraisal of Potential Clinical Applications. Thorax 1999, 54,
452-457. [CrossRef] [PubMed]

Teng, X.F.; Zhang, Y.T. Continuous and Noninvasive Estimation of Arterial Blood Pressure Using a Photoplethysmographic
Approach. In Proceedings of the 25th Annual International Conference of the IEEE Engineering in Medicine and Biology Society,
(IEEE Cat. No.03CH37439), Cancun, Mexico, 17-21 September 2003; Volume 4, pp. 3153-3156.

Goudarzi, R.H.; Somayyeh Mousavi, S.; Charmi, M. Using Imaging Photoplethysmography (IPPG) Signal for Blood Pressure
Estimation. In Proceedings of the 2020 International Conference on Machine Vision and Image Processing (MVIP), Qom, Iran,
18-20 February 2020; pp. 1-6.

Elgendi, M.; Fletcher, R.; Liang, Y.; Howard, N.; Lovell, N.H.; Abbott, D.; Lim, K.; Ward, R. The Use of Photoplethysmography for
Assessing Hypertension. NPJ Digit. Med. 2019, 2, 60. [CrossRef] [PubMed]

Luo, Z. Engineering Analysis and Clinical Application of Pulse Wave; Science Press: Beijing, China, 2006; ISBN 978-7-03-017048-4.
Reiss, A.; Schmidt, P.; Indlekofer, I.; Van Laerhoven, K. PPG-Based Heart Rate Estimation with Time-Frequency Spectra: A Deep
Learning Approach. In Proceedings of the 2018 ACM International Joint Conference and 2018 International Symposium on
Pervasive and Ubiquitous Computing and Wearable Computers—UbiComp "18, Singapore, 8-12 October 2018; ACM Press:
Singapore, 2018; pp. 1283-1292.

Pereira, T.; Tran, N.; Gadhoumi, K.; Pelter, M.M.; Do, D.H.; Lee, R.J.; Colorado, R.; Meisel, K.; Hu, X. Photoplethysmography
Based Atrial Fibrillation Detection: A Review. NP] Digit. Med. 2020, 3, 1-12. [CrossRef] [PubMed]

Haneishi, H.; Nishidate, I.; Nakano, K.; Niizeki, K.; Aizu, Y.; McDuff, D.J. Evaluation of Arterial Oxygen Saturation Using
RGB Camera-Based Remote Photoplethysmography. In Proceedings of the Optical Diagnostics and Sensing XVIII: Toward
Point-of-Care Diagnostics, San Francisco, CA, USA, 27 January—1 February 2018; Coté, G.L., Ed.; SPIE: San Francisco, CA, USA; p.
35.

Zhang, Q.; Zhou, D.; Zeng, X. Highly Wearable Cuff-Less Blood Pressure and Heart Rate Monitoring with Single-Arm Electrocar-
diogram and Photoplethysmogram Signals. Biomed. Eng. Online 2017, 16, 23. [CrossRef] [PubMed]

Senturk, U.; Yucedag, I.; Polat, K. Repetitive Neural Network (RNN) Based Blood Pressure Estimation Using PPG and ECG
Signals. In Proceedings of the 2018 2nd International Symposium on Multidisciplinary Studies and Innovative Technologies
(ISMSIT), Ankara, Turkey, 19-21 October 2018; pp. 1-4.


https://archive.physionet.org/cgi-bin/atm/ATM
http://figshare.com/articles/figure/Blood_pressure_classification_experiment/13498422/1
http://figshare.com/articles/figure/Blood_pressure_classification_experiment/13498422/1
http://doi.org/10.1038/s41581-019-0244-2
http://www.ncbi.nlm.nih.gov/pubmed/32024986
http://doi.org/10.1016/j.jash.2017.06.006
http://doi.org/10.1038/s41440-019-0298-3
http://doi.org/10.1136/thx.54.5.452
http://www.ncbi.nlm.nih.gov/pubmed/10212114
http://doi.org/10.1038/s41746-019-0136-7
http://www.ncbi.nlm.nih.gov/pubmed/31388564
http://doi.org/10.1038/s41746-019-0207-9
http://www.ncbi.nlm.nih.gov/pubmed/31934647
http://doi.org/10.1186/s12938-017-0317-z
http://www.ncbi.nlm.nih.gov/pubmed/28166774

Biosensors 2021, 11, 120 13 of 13

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Singla, M; Sistla, P.; Azeemuddin, S. Cuff-Less Blood Pressure Measurement Using Supplementary ECG and PPG Features
Extracted Through Wavelet Transformation. In Proceedings of the 2019 41st Annual International Conference of the IEEE
Engineering in Medicine and Biology Society (EMBC), Berlin, Germany, 23-27 July 2019; pp. 4628-4631.

Liang, Y.; Chen, Z.; Ward, R.; Elgendi, M. Hypertension Assessment via ECG and PPG Signals: An Evaluation Using MIMIC
Database. Diagnostics 2018, 8, 65. [CrossRef] [PubMed]

Qawqzeh, Y. Assessment of Atherosclerosis in Erectile Dysfunction Subjects Using Second Derivative of Photoplethysmogram.
Sci. Res. Essays 2012, 7. [CrossRef]

Liu, M.; Po, L.-M.; Fu, H. Cuffless Blood Pressure Estimation Based on Photoplethysmography Signal and Its Second Derivative.
IJCTE 2017, 9, 202-206. [CrossRef]

Yan, C; Li, Z.; Zhao, W.; Hu, |.; Jia, D.; Wang, H.; You, T. Novel Deep Convolutional Neural Network for Cuff-Less Blood Pressure
Measurement Using ECG and PPG Signals. Available online: https://pubmed.ncbi.nlm.nih.gov/31946273/ (accessed on 18
January 2021).

Mansouri, S.; Lowe, A.; Hosseini, H.; Baig, M. Blood Pressure Estimation from Electrocardiogram and Photoplethysmography
Signals Using Continuous Wavelet Transform and Convolutional Neural Network. In Proceedings of the CONF-IRM 2019
Proceedings, Auckland, New Zealand, 27-29 May 2019.

Liang, Y.; Chen, Z.; Ward, R.; Elgendi, M. Photoplethysmography and Deep Learning: Enhancing Hypertension Risk Stratification.
Biosensors 2018, 8, 101. [CrossRef] [PubMed]

Slapnicar, G.; Mlakar, N.; Lustrek, M. Blood Pressure Estimation from Photoplethysmogram Using a Spectro-Temporal Deep
Neural Network. Sensors 2019, 19, 3420. [CrossRef] [PubMed]

Huang, N.E,; Shen, Z.; Long, S.R.; Wu, M.C,; Shih, H.H.; Zheng, Q.; Yen, N.-C.; Tung, C.C.; Liu, H.H. The Empirical Mode
Decomposition and the Hilbert Spectrum for Nonlinear and Non-Stationary Time Series Analysis. Proc. R. Soc. Lond. A 1998, 454,
903-995. [CrossRef]

Pang, B.; Liu, M.; Zhang, X,; Li, P.; Chen, H. A Novel Approach Framework Based on Statistics for Reconstruction and Heartrate
Estimation from PPG with Heavy Motion Artifacts. Sci. China Inf. Sci. 2018, 61, 022312. [CrossRef]

Raghuram, M.; Madhav, K.V,; Krishna, E.H.; Komalla, N.R.; Sivani, K.; Reddy, K.A. HHT Based Signal Decomposition for
Reduction of Motion Artifacts in Photoplethysmographic Signals. In Proceedings of the 2012 IEEE International Instrumentation
and Measurement Technology Conference Proceedings, Graz, Austria, 13-16 May 2012; pp. 1730-1734.

Ambekar, M.R; Prabhu, S. A Novel Algorithm to Obtain Respiratory Rate from the PPG Signal. Int. J. Comput. Appl. 2015, 126,
9-12. [CrossRef]

Chuang, S.-Y; Liao, ].-].; Chou, C.-C.; Chang, C.-C.; Fang, W.-C. Spectral Analysis of Photoplethysmography Based on EEMD
Method. In Proceedings of the 2015 IEEE International Conference on Consumer Electronics, Taipei, Taiwan, 6-8 June 2015; pp.
224-225.

Wu, Z.; Huang, N.E. Ensemble Empirical Mode Decomposition: A Noise-Assisted Data Analysis Method. Adv. Adapt. Data Anal.
2009, 1, 1-41. [CrossRef]

Sun, X. Blood Pressure Classification Experiment 2020. Available online: http:/ /figshare.com/articles/figure/Blood_pressure_
classification_experiment/13498422 /1 (accessed on 19 March 2021).

Fuzhen, Z; Ping, L.; Qing, H. Survey on Transfer Learning Research. ]. Softw. 2015, 26, 26-39.

Krizhevsky, A.; Sutskever, I.; Hinton, G.E. ImageNet Classification with Deep Convolutional Neural Networks. Commun. ACM
2017, 60, 84-90. [CrossRef]

He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the 2016 IEEE Conference on
Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA, 27-30 June 2016; pp. 770-778.


http://doi.org/10.3390/diagnostics8030065
http://www.ncbi.nlm.nih.gov/pubmed/30201887
http://doi.org/10.5897/SRE11.477
http://doi.org/10.7763/IJCTE.2017.V9.1138
https://pubmed.ncbi.nlm.nih.gov/31946273/
http://doi.org/10.3390/bios8040101
http://www.ncbi.nlm.nih.gov/pubmed/30373211
http://doi.org/10.3390/s19153420
http://www.ncbi.nlm.nih.gov/pubmed/31382703
http://doi.org/10.1098/rspa.1998.0193
http://doi.org/10.1007/s11432-017-9168-2
http://doi.org/10.5120/ijca2015906263
http://doi.org/10.1142/S1793536909000047
http://figshare.com/articles/figure/Blood_pressure_classification_experiment/13498422/1
http://figshare.com/articles/figure/Blood_pressure_classification_experiment/13498422/1
http://doi.org/10.1145/3065386

	Introduction 
	Materials and Methods 
	Dataset Source 
	Signal Processing 
	HHT Based on Ensemble Empirical Mode Decomposition 
	Model Fine-Tuning 
	Classification Experiment 

	Results 
	Discussion 
	Conclusions 
	References

