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Abstract: As an essential physiological indicator within the human body, noninvasive continuous
blood pressure (BP) measurement is critical in the prevention and treatment of cardiovascular disease.
However, traditional methods of blood pressure prediction using a single-wavelength Photoplethys-
mographic (PPG) have bottlenecks in further improving BP prediction accuracy, which limits their
development in clinical application and dissemination. To this end, this study proposed a method
to fuse a four-wavelength PPG and a BP prediction model based on the attention mechanism of a
convolutional neural network and bidirectional long- and short-term memory (ACNN-BiLSTM).
The effectiveness of a multi-wavelength PPG fusion method for blood pressure prediction was
evaluated by processing PPG signals from 162 volunteers. The study compared the performance
of the PPG signals with different individual wavelengths and using a multi-wavelength PPG fu-
sion method in blood pressure prediction, assessed using mean absolute error (MAE), root mean
squared error (RMSE) and AAMI-related criteria. The experimental results showed that the ACNN-
BiLSTM model achieved a better MAE + RMSE for a systolic BP and diastolic BP of 1.67 & 5.28 and
1.15 & 2.53 mmHg, respectively, when using the multi-wavelength PPG fusion method. As a re-
sult, the ACNN-BiLSTM blood pressure model based on multi-wavelength PPG fusion could be
considered a promising method for noninvasive continuous BP measurement.

Keywords: multi-wavelength PPG; feature fusion; blood pressure prediction; deep learning

1. Introduction

Blood pressure (BP) is an essential physiological parameter in the human body and
refers to the BP against the walls of blood vessels. BP allows us to assess the function
of heart and blood vessels [1]. Maintaining normal BP levels helps reduce the risk of
heart disease and prevents diseases such as atherosclerosis and stroke [2]. Hypertension
is a prevalent health problem worldwide, with an estimated 1.28 billion people aged
30-79 years suffering from the disease. Hypertension has become a common chronic dis-
ease, with its prevalence increasing every year, and one of the leading causes of premature
death in humans. Hypertension is also closely related to obesity, high blood cholesterol and
diabetes, etc. Maintaining a high BP for a long time may cause substantial damage to the
heart, kidneys and other organs and lead to myocardial infarction, stroke and other serious
consequences [3]. However, about 46% of patients have no visible symptoms and do not re-
alize they have high BP. For this reason, the World Health Organization encourages people
to take regular BP measurements to note changes in BP for early prevention and treatment.
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Traditional noninvasive BP measurement methods are susceptible to many limitations.
For example, cuff sphygmomanometers need to be appropriately worn, need to be kept
at rest during measurement, and are accessible to external interference that can affect
the results. In addition, specific individuals, such as children, pregnant women and the
obese may not be suitable for traditional BP measurement methods [4]. To overcome
these limitations, scientists are developing more advanced noninvasive BP measurement
technologies, such as contactless BP measurement and wearable BP monitors. These
new technologies provide a more accurate, convenient, and continuous way to monitor
BP and are expected to improve the effectiveness and convenience of BP monitoring.
Ambulatory BP monitoring is a medical method of continuously measuring an individual’s
BP value over 24 h. Mobile BP monitoring is achieved by wearing a portable monitor that
automatically measures BP at specific intervals, including daytime and nighttime [5]. As BP
changes with different activities and sleep states, ambulatory monitoring can provide more
accurate and comprehensive BP data, which is more helpful in assessing a hypertension
status and monitoring the effectiveness of treatment. It also reveals the fluctuation of a
patient’s BP, helping doctors to more accurately formulate a personalized treatment plan
and promoting the efficacy and safety of hypertension management.

A PPG is a biomedical signal that refers to blood flow pulsation signals. PPG signals
can be measured using photoplethysmography sensors placed on the skin’s surface. These
sensors measure the minor fluctuations caused by blood flow beneath the skin, making
it an excellent physiological signal for predicting BP. In recent years, many researchers
have fed PPG signals into deep-learning models to predict BP [6-8]. Magsood et al. [9]
compared different machine learning methods and different feature extraction techniques
for BP estimation using PPG signals and concluded that deep learning algorithms can
achieve better results on time domain features. Zhong [10] proposed a BP estimation
model based on a hybrid attentional gating U-Net (MAGU), which utilizes PPG signals
and incorporates a hybrid attentional gating mechanism to enhance feature extraction in
deep networks. Bernard [11] used PPG signals for BP estimation and evaluated different
machine-learning algorithms. Rong et al. [12] developed a deep learning model consisting
of a signal pre-processing module and an MTFF neural network module. H. Ankishan [13]
developed a mathematical model and system that uses physiological signals and voice
messages to calculate systolic blood pressure (SBP) and diastolic blood pressure (DBP). Hu
et al. [14] proposed a global hybrid multi-scale convolutional network to obtain multi-scale
information by summing three branches over attention weights on multiple scales. Ali [15]
developed a hybrid LSTM-ANN model for BP prediction and deployed it on the STM32
microcontroller for actual time prediction.

Researchers have shown an increasing interest in studying multi-wavelength photo-
plethysmography (MWPPG) in recent years. While a traditional single-wavelength PPG
measurement primarily focuses on parameters such as BP and heart rate, an MWPPG mea-
surement offers a wealth of additional information, including indicators of cardiac function,
blood flow velocity, and vascular elasticity. The propagation speed and characteristics of a
PPG in different tissues can be measured by utilizing multiple light sources with different
wavelengths. The advantage of this approach lies in its ability to acquire a more comprehen-
sive and detailed biological signal, aiding researchers in gaining a deeper understanding
of cardiovascular health and the underlying mechanisms of related diseases. Sirkia [16]
developed an MWPPG sensor that combines an external pressure generation system and a
sensing system to detect different skin depths and extract information about various blood
vessels in the skin. Lu et al. [17] developed a method to assess systemic vascular resistance
(SVR) based on the small artery pulse transit time (aPTT) of an MWPPG. Liu et al. [18]
proposed a PCA-based MWPPG cuffless BP measurement algorithm. Slapni¢ar [19] used a
modified RGB camera to estimate BP by measuring the PTT between different skin layers.
Jukka-Pekka Sirkid [20] developed a device that can receive signals from different depths
of the cutaneous vasculature, proposed that PPG signals with longer wavelengths are more
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sensitive to pressure-induced vasodilatation than PPG signals with shorter wavelengths,
and emphasized the potential of the MWPPG for BP prediction.

In this paper, we combine the continuous wavelet transform (CWT) into a multi-
wavelength PPG fusion algorithm to overcome the limitations of single-wavelength PPG
signals in cuffless BP monitoring. After filtering the MWPPG signals and removing outliers,
the pre-processed four-channel data are individually CWT transformed and added to the
dataset as images. We applied the method of fusing the four-channel CWT images into a
12-channel array for inputting into the deep learning model, which achieved better results
than simply feeding the CWT-transformed images of the single-wavelength PPG signal
to the deep learning model. Finally, we verify the effectiveness of the proposed MWPPG
fusion-based BP prediction algorithm on a self-constructed dataset and discuss the reasons
why better results can be achieved.

2. Materials and Methods
2.1. Data Collection

In the experiment, we recruited volunteers for PPG signal acquisition. A self-designed
multi-wavelength PPG detection device was used [21]. The acquisition wavelength and
depth are shown in Figure 1. The detailed information of the monitoring device is as follows:
a 200 Hz sampling rate; a DCMO08 sensor module for data collection whose wavelengths
are 660 nm (Channel 1), 730 nm (Channel 2), 850 nm (Channel 3) and 940 nm (Channel 4);
an ADPD4100 multi-mode sensor front-end module; and a STM32F411 microprocessor
module with a core of ARM Cortex-M4 of 100 MHz. The device acquires PPG signals from
each volunteer’s fingertip at a sampling rate of 200 Hz, with a duration of 1 min for each
acquisition, and the collected data is saved as a txt file. This study was approved by the
Biomedical Ethics Committee of Guilin University of Electronic Science and Technology
(GUET-20220301-001). After the volunteers signed the informed consent form, the PPG
data collection started.
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Figure 1. Schematic of reflective MWPPG collection.

The data collection process for this experiment has the following requirements:

1. Before data collection, the subject is required to clean the fingertip area to avoid
contamination affecting the test results;

2. Before data collection, the subject should sit quietly and remain calm for 15 min to
ensure the accuracy of the measurement results;

3. During data collection, the subject is to naturally extend the index finger of the left
hand and lightly press it on the sensor, keeping it still;
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4. Immediately after acquiring the PPG signal, the BP of the volunteer was measured;
the device used to measure BP was the Omron HEM-7201, and the estimated BP was
used as a label for constructing the model.

We ultimately retained 1 min of an appropriate PPG signal from each of the 180 volunteers
for the following study. Individual samples with missing or incomplete wavelength
signals were discarded during the collection process to facilitate subsequent studies of
the performance of MWPPG feature fusion. The final data collected for analysis included
162 volunteers, 66 of whom were diagnosed with hypertension (SBP > 130 mmHg or
DBP > 90 mmHg) [22].

2.2. Data Processing

After data filtering to remove anomalous signals, a 0.5-8 Hz Butterworth second-order
bandpass filter is used for filtering. This filter effectively removes shallow and high-
frequency noise signals, leaving the filtered signal smoother and more stable. In practical
signal processing applications, bandpass filters usually improve the signal-to-noise ratio
and effectively remove interference noise.

In some previous related studies, single-channel PPGs were directly used as model
inputs. However, this requires rigorous data pre-processing, such as filtering low-quality
data noise and other operations. However, due to the temporal nature of the PPG, multiple
noise-filtering processes may lead to the loss of beneficial information in the signal, which
may negatively affect the model’s performance. Another part of the study transforms the
PPG into a 2D CWT image form before using it as model input.

The wavelet basis function is defined as a translation followed by a scale transforma-
tion of the function in the basic function ¥ (¢) as follows:

bt = 7= (=) )

The fundamental functions a and b are both constants while 2 > 0. Suppose the
constants 2 and b are varied continuously in a certain interval. Many fundamental functions
satisfying the conditions can be obtained in that case, called wavelet bases. In any space
L"2 (R), if there is a signal sequence x(t) square productive and x(t) € L"2 (R), the continuous
wavelet transform of the signal x(t) is given by:

t—b
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There are many kinds of commonly used wavelet basis functions, and the same type
of wavelet basis includes a variety of wavelet bases with different parameters. And each
wavelet basis has a different effect, highlighting the importance of selecting a wavelet basis.
With the increasing types of wavelet bases, the number of wavelet functions that can realize
specific functions is also increasing, and researchers can choose the wavelet function that
can achieve the best experimental results according to the requirements of the scientific
research. After many experiments, it is found that the use of the “cgaul” wavelet basis
function for the continuous wavelet transform to generate a two-dimensional scale map is
the best effect, so the length of 5 s sliding 1 s each time in the window on the PPG to take
the value. In batches, the continuous wavelet transform of “cgaul” is applied to the PPGs
of 5 s segments.

3. Experience
3.1. Deep Feature Learning
3.1.1. Local Feature Learning

Convolutional layers are inspired by the human eye’s experience in recognizing
images: the human eye usually recognizes from parts to the whole, and parts of an image
are not well related. Each node of the convolutional layer is connected to some of the
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previous layer’s nodes to learn the output image’s local features. By defining multiple
convolutional kernels, multiple feature maps of the image to be processed can be obtained,
where each pixel point corresponds to the output of a node in the convolutional layer.
Since the filters of feature maps are shared, the convolutional layer essentially reduces the
training parameters and time while the number of required feature maps can be increased.
The channel attention mechanism, mainly used in Convolutional Neural Networks (CNNs),
works by learning each channel’s weights to dynamically modify each channel’s importance,
thus improving the network’s ability to recognize specific features. The channel attention
mechanism usually consists of two steps: firstly, the importance scores of each channel
are computed by introducing global information; secondly, these scores are applied to the
original feature maps to re-weight the feature maps to enhance the feature channels with a
higher importance.

3.1.2. Global Feature Learning

Recurrent Neural Networks (RNNs) are a common choice when dealing with sequen-
tial data. RNNs are helpful for situations where the input data are of varying lengths and
require global processing, such as physiological signals or voice characters. Traditional
neural networks do not handle such situations well, mainly because of the substantial time
dependence of the data and the need for the network to have the ability to process globally.
The most commonly used recurrent neural network is the Long Short-Term Memory Neu-
ral Network (LSTM). Compared with the traditional RNN, the LSTM introduces a gating
mechanism to solve the long-term dependency problem.

And in this study, a Bidirectional Long Short-Term Memory neural network (Bidirec-
tional LSTM) was used. Unlike traditional LSTMs, Bi-LSTM can consider information in
forward and backward directions when processing sequence data. A Bi-LSTM network
consists of two LSTM networks: one processes the input sequence in sequential order,
which is called forward LSTM, and the other processes the input sequence in backward
order, which is called backward LSTM. After the input sequence passes through both
forward and backward LSTMs, the output of each moment contains the integration of the
information before and after that moment. The advantage of Bi-LSTM is that it can catch the
dependencies between the before and after information. This is important for information
understanding and feature extraction in sequence data. Since Bi-LSTM can consider both
past and future information, it is able to better catch the contextual information in the
sequence, which improves the representation ability of the model.

3.2. Feature Fusion Methods

In this paper, in order to improve the accuracy of BP prediction, we have used images
generated from the continuous wavelet transform of 5 s PPG form data in an RGB three-
channel form as the model’s input.

As shown in Figure 2, an innovative approach to incorporate a four-wavelength PPG
is proposed. In this method, the four wavelengths of PPG data are converted into RGB
images by first applying CWT processing to each wavelength of the PPG. Since the PPG
data for each wavelength is converted to one RGB image, four RGB images can be obtained.
The four RGB images were then combined using the stacking method. By stacking the
RGB channels of the four images in the depth direction, the four three-channel data are
stacked into one twelve-channel array. This stacking method keeps the information from
each channel and provides more details for further network inputs. Ultimately, this twelve-
channel RGB array is fed into the network as input. In this way, we could fully utilize
the four wavelengths of PPG data and convert them into richer image representations to
provide better features for subsequent experiments.



Bioengineering 2024, 11, 306

6 of 15

Epidermis [

(0.7-1.4um)

Dermis
(0.5-3mm)

Subcutis
(3-50mm)

oy

- 660nm

730nm = 850nm

Four-wavelength PPG acquisition

—
B > ey oyl o
[.é ’-L — )-LJ |ChanneI1 N

940nm

based CNN
IChanneIZ

:Channels *

|Channel4

Attention-
based CNN

Attention-
based CNN

Attention-

Trial 2 based CNN
L _ - - _ _—  —— _— _— ____1
5 1
g Attention-based Bi- Z |55
v%*-’Bpl
b
L Trial 3 & |I
S | —_— - __

PPG preprocessing and prediction
Figure 2. Schematic of reflective MWPPG collection.

3.3. ACNN-BILSTM BP Prediction Modeling

This paper uses the ACNN-BILSTM (Attention-based CNN-BiLSTM) model to predict
BP values based on PPG data. The structure of the model for deep learning is shown in
Figure 3. The model consists of multiple independent sets of 2D CNN, Bi-LSTM and fully
connected neural networks with added-channel attention mechanisms. Among them, the
input of the network is the CWT image after pre-processing the PPG, and the image features
are obtained after the convolution operation by multiple sets of cascaded 2D CNNs with
an added-channel attention mechanism, which is then inputted into the Bi-LSTM neural
network for prediction. As the Attention-based CNN-BiLSTM model adds the channel
attention mechanism, it can discover the relatedness between input data channels and
extract more features between channels.

Input ACNN block LSTM Fully Connected  Output
,/’ x7 Y
— I Y }r— — ) Yy )
|
| |
Z
& | m| 8 |
g |2 B
= U 3 B | & = | 2 z| 2
Al i il B -
O (S el &l & |=& a a
o | S R
> ' §lS| |
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— _,l\ Y 1 __J S D

Figure 3. Schematic structure of the ACNN-BiLSTM BP prediction model.

This study inputs the pre-processed PPG signals into a 2D convolutional layer in an
RGB form after CWT transformation. A channel attention layer is inserted between the 2D
convolutional layers to enhance the extraction efficiency of channel-to-channel features.
Batch normalization (BN) alleviates the gradient dispersion problem and improves the
convergence speed. Then, the self-activation function is utilized to realize the nonlinear
transformation of the features. This activation function can further improve the convergence
speed of the network and prevent the gradient explosion using its self-normalization ability.
The two-layer Bi-LSTM neural network is then utilized to achieve global feature learning
through the forward and backward processing of the features. Since the BP prediction
problem is a regression problem, we finally use two fully connected layers to receive the
tensor from the output of the Bi-LSTM implicit layer and the output the BP prediction. In
the experiment, the data was divided into two parts in the ratio of 0.8:0.2. The data in the
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ratio of 0.8 was used for training and 10-fold cross validation and the data in the ratio of
0.2 was used to come to the evaluation of the model. Meanwhile, we chose Adam as the
optimizer for training the model, with the learning rate set to 0.001 and the loss function
set to MAE.

In this experiment, the network model is trained on a deep learning workstation with
the following hardware facility details: a CPU with a 14-core Intel (R) Xeon (R) CPU E5-2690
v4 @ 2.60 GHz, a GPU graphics card with a quad Nvidia Titan Xp of 12 G display memory,
and a RAM with 192 GB.

3.4. Performance Metrics

Before evaluating the performance of the BP prediction of the PPG measured at dif-
ferent wavelengths, it is first necessary to determine the evaluation metrics. For the field
of BP measurement, this paper refers to the standards of the Association for the Advance-
ment of Medical Instrumentation (mean error (ME) < £5 mmHg, standard deviation of
Error (SD) < £8 mmHg); in addition, this paper also cites other commonly used regression
evaluation indexes, which are the coefficient of determination (R?), the mean absolute error
(MAE), and the root mean squared error (RMSE), and the formulas for the five evaluation
indexes are as follows:

T (et () — i)

RP=1- 5 (3)
L (Vprea () — Einie (1) )
ME = 13 (vpea(i) — (1)) @

i=1

- ¢ 3 2 (1)~ E (1) = yrl) ) 9

n

1
MAE:EZ

ypred(i) - ytrur?(i)’ (6)

RMSE = \/ii (]/pred(i) - ]/true(i))z (7)

4. Results

The pre-processing stage of this paper takes the method of the simultaneous four-
wavelength cutting of PPG signals to ensure the same number of samples within each
wavelength PPG dataset. Meanwhile, to remove the influence of dataset division on the
results, the same random seed is set for each wavelength PPG dataset when randomly
dividing the dataset to ensure that the samples’ order in the training set and test set
of each wavelength PPG dataset is the same. This treatment aims to ensure that no
additional bias is introduced into the dataset during the division process, thus ensuring the
representativeness and consistency of the samples in the training and test sets. The ten-fold
cross-validation method is used in this paper to evaluate the BP prediction performance of
individual single-wavelength PPG signals or four-wavelength PPG signals in the study.

4.1. Performance of BP Prediction Base on Single-Wavelength PPG

After pre-processing operations such as filtering, abnormal segment rejection and
normalization, this study targets the single-wavelength PPG signal for further analysis.
Firstly, the one-dimensional signal was converted into a two-dimensional image using
CWT, and it was input into the ACNN-BiLSTM model in the form of an RGB three-channel.
In this paper, several sets of experiments were conducted to evaluate the BP prediction
performance of PPG signals at different wavelengths. The specific results are shown in
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Table 1. Through Table 1, we learn that, in the case of using a single wavelength, the best
BP prediction is achieved using the PPG signal acquired by Channel 4. Compared with the
PPG signal obtained by Channel 2 on the SBP prediction, the R? improves from 0.82 to 0.89,
the MAE decreases from 4.17 mmHg to 3.57 mmHg, the RMSE decreases from 9.78 mmHg
to 7.72 mmHg, and the AAMI criteria were satisfied.

Table 1. A comparison of the BP prediction performance using different channels” data in Trial 1.
Channel 1 is the result of BP prediction using Channel 1 (660 nm) data; Channel 2 is the result of BP
prediction using Channel 2 (730 nm) data; Channel 3 is the result of BP prediction using Channel 3
(850 nm) data; Channel 4 is the result of BP prediction using Channel 4 (940 nm) data.

SBP (mmHg) DBP (mmHg)
R? ME + SD MAE RMSE AAMI R? ME + SD MAE RMSE AAMI
Channel 1 0.85 0.58 + 8.72 3.44 8.74 No 0.88 1.18 +4.40 2.29 4.55 Yes
Channel 2 0.82 0.01 £9.78 417 9.78 No 0.90 0.21 +4.15 1.66 4.15 Yes
Channel 3 0.87 0.89 + 8.16 3.18 8.21 No 0.87 —0.66 &= 4.58 2.16 4.62 Yes
Channel 4 0.89 0.90 £+ 7.66 3.57 7.72 Yes 0.90 —0.32 +4.07 1.70 4.08 Yes

In a performance analysis of blood pressure prediction using data from different
wavelength channels in the first trial, we found that data using the 940 nm wavelength
(Channel 4) performed the best in predicting systolic blood pressure (SBP), with a coefficient
of determination (R?) as high as 0.89, a mean absolute error (MAE) of 3.57 mmHg, and a root
mean squared error (RMSE) of 7.72 mmHg, all of which were superior to the other channels
and met the standards of the American Association for the Advancement of Medical
Instrumentation (AAMI). In contrast, the data using the 730 nm wavelength (Channel 2)
had the lowest error in predicting diastolic blood pressure (DBP), and although it did not
have the highest R? value, it had a small mean error, suggesting that it was more accurate
in DBP prediction and also met the AAMI criteria. Data from other channels such as those
of 660 nm (Channel 1) and 850 nm (Channel 3) performed relatively poorly in predicting
blood pressure and did not meet the AAMI criteria. In summary, Channel 4 demonstrated
the highest prediction accuracy and goodness of fit in this trial and was the optimal choice
for predicting blood pressure.

The PPG data collected by Channel 4 using the 940 nm wavelength performed well in
predicting blood pressure, which may be attributed to the superior ability of the 940 nm
wavelength to penetrate skin and tissues, as well as its high absorption of hemoglobin
and deoxyhemoglobin, which makes the PPG signal more sensitive to changes in blood
flow dynamics. In addition, this specific wavelength may provide a better signal-to-noise
ratio of the signal, helping to accurately extract the signal of blood pressure changes from
background noise. Physiological and biochemical factors may also have different effects on
different wavelengths of light, and the 940 nm wavelength may find the optimal balance
among these factors.

4.2. Performance of BP Prediction Base on Four-Wavelength PPG

As shown in Figure 2, two experiments on the WMPPG aiming at BP prediction using
four-wavelength PPG signals are conducted in this paper. Trial 2 was used as a comparison
experiment to expand the ACNN part of the deep learning model into four side-by-side
branches. The structure of each branch is the same as that of the input single-channel PPG
signal, and all use RGB three-channel inputs. Thanks to the four ACNN branches, the
model can input one to four channels of PPG at the same time. Then, the features extracted
from the CNNs of the four branches are spliced, and the spliced features are input into the
Bi-LSTM network in the next part. In Trial 3, only the 3-channel input of the CNN part
is converted to a 12-channel input to process the previously mentioned 12-channel data
obtained by fusing the four-wavelength PPG signals.
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Subsequently, this paper conducted a comparative experiment between multi-wavelength
PPG signals and single-wavelength BP prediction. It evaluated the effect of using four-
wavelength PPG signals to predict BP, and the results are shown in Table 2. Table 2 shows
that for the signals that were more challenging to predict SBP with, the results of Trial 2
improved the R? from 0.89 to 0.94, the MAE from 3.57 mmHg to 1.88 mmHg, and the RMSE
from 7.72 mmHg to 5.0 mmHg. The results of Trial 3 compared with those of the Trial 2
experiments showed that the R? improved from 0.94 to 0.95, MAE from 1.88 mmHg to
1.67 mmHg, and RMSE from 5.66 mmHg to 5.28 mmHg compared with the results of Trial 2.

Table 2. Comparison of the performance of the two feature fusion methods for predicting BP.

SBP (mmHg) DBP (mmHg)
R? ME + SD MAE  RMSE AAMI R? ME =+ SD MAE  RMSE AAMI
Trial 2 0.94 —0.36 + 5.65 1.88 5.66 Yes 0.93 0.67 &+ 3.29 1.46 3.35 Yes
Trial 3 0.95 0.22 +5.28 1.67 5.28 Yes 0.96 0.71 +2.43 1.15 2.53 Yes

In order to further compare the BP prediction performance of Trial 2 and Trial 3, the
British Hypertension Society (BHS) Programs [23] were used in this paper to evaluate the
two experiments separately. According to the British Hypertension Society’s recommended
rating criteria for blood pressure measurement equipment, grade A is given if 60% of
measurements are differing from the true value by less than 5 mmHg, 85% of measurements
are differing from the true value by less than 10 mmHg, and 95% of measurements are
differing from the true value by less than 15 mmHg. The percentage of instruments with
smaller prediction errors is definitely smaller than the percentage with larger prediction
errors. Therefore, we can see in Table 3 that the percentage of prediction errors less than
5 mmHg, the percentage of prediction errors less than 10 mmHg, and the percentage of
prediction errors less than 15 mmHg increase in that order. The specific evaluation results
are shown in Tables 3 and 4. Regarding SBP and DBP, both Trial 2 and Trial 3 achieved the
A-level scores of the BHS index. Regarding predicting SBP, 94% of the Trial 3 data had a
prediction error of less than 5 mmHg, while 89% of the Trial 2 data had a prediction error
of less than 5 mmHg. Regarding predicting DBD, the proportion of prediction errors less
than 5 mmHg in Trial 3 is even higher than 95%, while the ratio of prediction errors less
than 5 mmHg taken in Trial 2 is 92%.

Table 3. Comparison of the two feature fusion methods on BHS schemes in predicting SBP.

. Probability (%)
Experience
<5 mmHg <10 mmHg <15mmHg
Trial 2 89 94 96
Trial 3 94 96 97
Grade A 60 85 95
Grade B 50 75 90
Grade C 40 65 85

Table 4. Comparison of the two feature fusion methods on BHS schemes in predicting DBP.

. Probability (%)
Experience
<5 mmHg <10 mmHg <15 mmHg
Trial 2 92 97 98
Trial 3 95 98 99
Grade A 60 85 95
Grade B 50 75 90

Grade C 40 65 85
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Bland-Altman for DBP prediction using Channel4

And, to further demonstrate the advantages of validating Trial 3 in predicting blood
pressure, we show the Bland—Altman plots of the Trial 3 and Channel 4 experiments with
the best performance in single-wavelength PPG. The Bland—Altman plot is an effective
tool for assessing the consistency of two measures, favored for its intuitive graphical
representation and low requirement for assumptions about data distribution. The plot
makes it straightforward to identify a systematic bias and assess the level of consistency by
showing the difference in the mean values of the two measurements and the consistency
bounds of the difference. In addition, it reveals trends in differences with measurements
and allows for the clinically meaningful assessment of the data. The Bland—-Altman plot is
also suitable for reproducibility assessment and subgroup analysis, enhancing its ability to
analyze data under different conditions. Thanks to the support of a wide range of statistical
softwares (Python 3.7, matplotlib 3.3.3), producing and analyzing Bland—Altman plots is
fast and easy, making them widely used in medicine, biostatistics, and other scientific fields.
As shown in Figure 4, the 95% confidence intervals of SBP and DBP for Trial 3 are in the
range of [-10.129, 10.560] and [—4.052, 5.474]. The mean difference between the predicted
and true values of SBP and DBP are 0.216 and 0.711. This indicates that Trial 3 can predict
blood pressure with a high accuracy.

Bland-Altman for DBP prediction via Trial 3
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Bland-Altman for SBP prediction using Channel4

Bland-Altman for SBP prediction via Trial 3
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Figure 4. Bland —Altman plots for SBP (top) and DBP (bottom). The middle dotted line indicates the
mean error between the predicted and true values. The upper and lower dotted lines indicate the
upper and lower limits of the 95% consistency bounds. (a) Bland-Altman for DBP prediction using
Channel 4; (b) Bland—-Altman for DBP prediction via Trial 3; (¢) Bland—Altman for SBP prediction
using Channel 4; (d) Bland—Altman for SBP prediction via Trial 3.
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5. Discussion

The PPG signal, which can be easily collected using a photoelectric sensor placed on
the skin’s surface, is widely used in physiological monitoring, health diagnosis, medical
monitoring, and other fields. However, studies utilizing multi-wavelength PPG signals to
estimate BP are relatively rare. In this study, we explored the feasibility and effectiveness
of fusing four-channel PPG data through theoretical and experimental analyses and pro-
posed the ACNN-BiLSTM model for BP prediction. We compared the performance of BP
prediction using different single-wavelength PPG signals and using four-wavelength PPG
signals. It is shown that the BP prediction model based on the ACNN-BiLSTM model with
four-wavelength PPG signals has a higher accuracy and generalization ability.

5.1. Comparison of BP Prediction Using Single-Wavelength PPG Signals

In terms of predicting SBP, through Table 1, we can see that in the case of BP prediction
using single-wavelength PPG signals, the best results were achieved using Channel 4
PPG signals for BP prediction which reached the AAMI criterion. This may be because
Channel 4 has a wavelength of 940 nm, which can irradiate to a deeper depth than the rest
of the channels and can acquire richer physiological information. This is precisely because
more information about vascular reflexes and BP changes can be obtained. This advantage
makes the scheme using Channel 4 achieve excellent performance in BP prediction. In
addition, the experimental results also reveal the limitations exhibited by the other three
channels. The wavelengths of these channels may not be able to reach the deeper tissues,
as Channel 4 channel does, and therefore, do not fully capture the subtle differences in
vascular reflexes and BP changes. Lacking this vital information, these channels exhibit
relatively low levels of accuracy and reliability in BP prediction.

In terms of DBP prediction, there was no significant difference in DBP prediction using
the PPG signals of the four channels, and all met the AAMI criteria. However, the PPG
signal using Channel4 still showed a slight advantage. This is due to the more straightfor-
ward prediction of DBP relative to SBP. DBP requires less physiological information in the
prediction process, so even if some of the channels are illuminated at shallow depths and
do not have access to deeper physiological information under the skin, the DBP can still be
predicted well by relying only on the physiological information from the more superficial
layers of the skin surface. This result also demonstrates that the prediction of DBP relative
to the prediction of SBP relies less on deeper physiological information. In contrast, the
prediction of SBP requires more comprehensive and accurate physiologic information to
achieve better results.

5.2. Advantages of Using Multi-Wavelength PPG Signals over Single Wavelengths

According to the observations in Tables 1 and 2, BP prediction using four-wavelength
PPG signals can significantly improve the accuracy of BP prediction compared to single-
wavelength PPG signals. This is because when using four-wavelength PPG signals for BP
prediction, more physiological information can be obtained to improve the accuracy of BP
prediction compared to single-wavelength PPG signals. The four-wavelength PPG signal
contains different wavelengths, each corresponding to a different tissue depth. In this way,
by comprehensively analyzing the PPG signals of different channels, the prediction model
can catch the characteristics of BP changes more thoroughly and accurately. Meanwhile,
the advantage of using multi-wavelength PPG signals is that more physiological infor-
mation about the blood vessels under the skin can be obtained. PPG signals of different
wavelengths can be absorbed and reflected in tissues at different depths, providing a more
comprehensive range of vascular reflexes and hemodynamic features. This integrated
multichannel approach helps compensate for missing information or limitations with a
single channel. In addition, using a four-wavelength PPG signal allows for better handling
of interfering factors. Since different wavelengths have different absorption and scattering
properties of light, the effect of some interfering signals on the prediction can be eliminated
by comparing PPG signals of different wavelengths. By combining data from multiple chan-
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nels, the prediction model can understand and analyze BP changes more comprehensively,
thus improving the accuracy of BP prediction.

In Trial 3, better BP prediction can be achieved by the fused 12-channel array of four-
wavelength PPG signals being directly input into the network model compared to Trial 2.
This is because, through the fused array, the network model can simultaneously analyze and
understand the relatedness and interactions between different channels. On the one hand,
by fusing the four-wavelength PPG signals into a 12-channel array, the network model
can more comprehensively access physiological information. Each channel represents a
different depth of tissue information so that the whole 12-channel array can provide more
prosperous and diverse features of BP changes. In this way, the prediction model can
more accurately learn and understand the relatedness between different channels, thus
improving the accuracy of BP prediction.

On the other hand, only the Bi-LSTM part of Trial 2 started to process the PPG signals
of the four channels simultaneously. In contrast, Trial 3 was simultaneously processing four
channels of data in both the CNN and the Bi-LSTM parts. This means that Trial 3 utilizes
all channels of data more comprehensively and consistently throughout the prediction
process. This unified processing may help improve the network model’s understanding and
learning of the relatedness between the different channel signals, improving BP prediction.

5.3. Performance Comparison with Previous Studies Using Only PPG Waveforms for BP Estimation

This study presents a method for predicting BP using a four-wavelength PPG signal
fusion method designed to predict BP by exploiting potential information between wave-
lengths. The fused four-wavelength data can be used to build BP estimation models that
are fast, simple, robust, and do not require manual feature engineering to capture rapid,
intermittent BP changes.

Table 5 compares our proposed method with PPG-based BP estimation studies pub-
lished in the last few years, including the estimation dataset used, the length of the PPG
signal used, and the model, mainly containing results from ME, SD, or MAE. Fair quantita-
tive comparisons are difficult because of the differences in datasets, method implementation,
and validation procedures among the studies. In addition, comparisons should be made,
considering the trade-offs between performance, speed, and computational complexity
metrics. Following this, we discuss the advantages offered by our proposed method.

Table 5. Performance comparison with previous studies.

(ME + SD)

Performance
Reference Dataset Signal Length Model
SBP (mmHg) DBP (mmHg)
. 3.39 &£ 5.47 1.79 + 3.72
Ali et al. (2023) [15] MIMIC-II \ LSTM-ANN (ME £ SD) (ME £ SD)
Zhou et al. (2023) [24] MIMIC-II 1024}3251% MultiResUNet3+ 5.81 (MAE) 4.05 (MAE)
—0.00+ 8.46 —0.04 £ 536
Wang et al. (2022) [25] UCI 2s AlexNet (ME + SD) (ME + SD)
Leitner et al. (2022) [26] MIMIC-III 55 CRNN-Transfer 3.52 (MAE) 2.20 (MAE)
Rong et al. (2021) [12] uCI 680;2$ihng MTFF 5.59 (MAE) 4.48 (MAE)
El-Hajj et al. (2021) [27] MIMIC-T 75 Atter‘lt{‘;rl‘\}based 2.58 (MAE) 1.26 (MAE)
. 3.79 +7.89 2.89 + 534
Mahardika T et al. (2023) [28] MIMIC-III 5s CNN-LSTM (MAE + SD) (MAE + SD)
De Oliveira et al. (2024) [29] MIMIC-III 7s NeuBP 5.02 (MAE) 3.11 (MAE)
Bossavi et al. (2023) [30] MIMIC-II 20's CNN 4.7 (MAE) 2.1 (MAE)
Attivissimo et al. (2023) [31] MIMIC-III 2s XGBoost 5.67 (RMSE) 3.95 (RMSE)
This work Self-prepared 5s ACNN-BILSTM 0.22 +528 0.71 42.43

(ME + SD)
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5.4. Advantages and Disadvantages

This study aims to compare the effectiveness of BP prediction using PPG signals
acquired at four different wavelengths and to provide a reference for wearable device man-
ufacturers. At the same time, we propose a novel method of fusing multi-wavelength PPG
signals and inputting them into a network model for BP prediction, significantly improving
prediction accuracy. However, it should be pointed out that the performance of the neural
network model relies heavily on a large amount of high-quality, noise-free PPG signal data,
and the quality of the PPG signal is also affected by the acquisition environment. In this
paper, the PPG signals were acquired in a quiet environment with suitable temperature and
humidity, and the subjects were sedentary. Therefore, the feasibility and accuracy of this BP
prediction method still need to be further evaluated for those cases where the acquisition
environment is poor, or the subjects are in an active state.

In the current study, the validation of the model was limited to a relatively small group
of hypertensive patients, which does limit our ability to assess the validity and generaliz-
ability of the model to a wider range of hypertensive patients. A hypertensive subgroup of
only 66 participants may not fully capture the diversity of different hypertensive stages,
ages, genders, lifestyles, and other variables that may influence model performance. To
overcome this limitation, future studies should expand the sample size to include a larger
number of hypertensive patients, which would allow for a more comprehensive assessment
of the model’s performance in predicting and treating hypertension.

6. Conclusions

In this study, we propose a new scheme of fusing multiple wavelengths of PPGs and
feeding them into a network model for BP prediction. Meanwhile, we verified the perfor-
mance of different wavelength PPG signals and the simultaneous use of four-wavelength
PPG signals in BP prediction. Through experimental analysis, especially in the prediction
of SBP, the four-wavelength PPG signal data fusion designed in this paper can significantly
improve the performance of the model for BP prediction after being input into the model.
In this way, we can fully utilize the four-wavelength PPG data to provide better features for
subsequent tasks. This study is not only of practical significance for developing wearable
devices but it is also an essential contribution to BP prediction technology. Our findings pro-
vide valuable insights for future development in related fields and offer new possibilities
for more accurate BP monitoring.
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