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ABSTRACT

The PPG signal presents considerable promise as a non-invasive technique across various applica-
tions. However, effectively utilizing this signal in real-world scenarios demands meticulous han-
dling to identify and rectify disturbances within the photo-plethysmography (PPG) signal. Among
the methodologies explored, integrating time-frequency spectra with a hybrid deep learning
model, such as convolutional — long short term memory neural network model (CNN-LSTM), has
emerged as a promising approach. Yet, prevalent methods often rely on Fourier-based algorithms
for extracting time-frequency spectra, which are prone to energy leakage issues. To surmount this
limitation, decomposition methods like Variational Mode Decomposition (VMD) coupled with the
Hilbert transform offer a compelling solution. In this study, we propose a novel algorithm lever-
aging VMD and Hilbert transform to extract time-frequency spectra as features for a convolutional
neural network model (CNN). Unlike studies employing Fourier-based time-frequency spectra and
the hybrid CNN-LSTM model, this approach adopts a simpler architecture, relying solely on a CNN
model. This simplicity owes to the efficacy of VMD and Hilbert transform in feature extraction,
streamlining the computational process without sacrificing accuracy. Remarkably, our method
yields high-performance outcomes, achieving accuracy, precision, and recall of 0.91, 0.95, 0.88, re-
spectively on the MIMICIII dataset. These results underscore the robustness and effectiveness of
our proposed methodology, offering promising avenues for enhanced utilization of the PPG signal
in diverse biomedical applications. By amalgamating advanced signal processing techniques with
deep learning models, our approach contributes to the advancement of non-invasive biomedical

signal processing, potentially healthcare monitoring and diagnosis.
Key words: photo-plethysmography, photo-plethysmography signal processing

INTRODUCTION

Photoplethysmography (PPG) is a non-invasive tech-
nique that is used to detect blood volume variations
through an infrared light sensor placed on the sur-
face of the skin . Correct identification of the PPG
waveform and its main features is essential in order to
extract several biomarkers, such as heart rate, blood
pressure, cardiac output, and blood oxygen satura-
tion, when the red and infrared light are used si-
multaneously *. However, the practical application
of PPG encounters difficulties as this signal is eas-
ily influenced by users’ movements. Consequently,
the identification and removal of disturbed PPG seg-
ments within the overall signal are crucial.

The initial and most basic technique for assessing the
PPG signal involves the Signal Quality Index (SQI).
This approach partitions the PPG signal into multiple
segments, subsequently computing the SQI for each
segment. A segment is deemed to be of high qual-
ity if its SQI value exceeds a predefined threshold®.
The foundation of this method relies on the obser-
vation that PPG signal waveforms undergo periodic

changes, consequently, the SQI associated with these
signals is expected to exhibit a specific distribution
pattern”. Figure 1 indicates the disparity in kurtosis
and skewness distribution between quality and poor-
quality PPG signal. However, a drawback of the SQI
method lies in the multitude of proposed quality in-
dices. Despite Elgendi’s survey,® favoring “skewness”
as the optimal index, establishing a universal thresh-
old for these indices remains challenging.

The application of deep learning models can address
the limitations of the SQI method by employing a
deep model to learn the distinguishing features of
high-quality PPG signals. Li et al.” utilized the Dy-
namic Time Warping (DWT) technique and a multi-
layer perceptron model to evaluate PPG signal. This
method was proposed to address physiological blood
flow variations, leading to changes in the morphology
of PPG signals. Esgalhado et al.® conducted a sur-
vey on deep learning models to eliminate poor-quality
PPG signal segments. The study compared Long
Short-Term Memory (LSTM), Bidirectional LSTM,
and Convolutional Neural Network (CNN) models.
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Figure 1: Sample clean (a-b) and corrupted (c-d) ear-PPG segments applied with linear (a, ¢) and 32nd order poly-
nomial detrends (b, d) are shown along with their respective histograms and calculated kurtosis (K) and Shannon
entropy (SE) values. The higher-order polynomial detrending is critical to enhance the specificity in the presence
of physiological baseline drift (a) and the sensitivity in the presence of artifacts (c), .

Besides, they also considered about the input data
for the model. The research findings indicated that
the CNN-LSTM algorithm, with Synchrosqueezed
Fourier Transform (SSFT) input, demonstrated the
highest performance with accuracy, 0.894. To explain
the effectiveness of their approach, the authors ex-
plained that applying a time-frequency transform to
the signals before classification provided the model
with an expanded feature set. This extended dataset
also facilitates signal projection from the time to the
time-frequency domain, where non-stationary com-
ponents may be better represented. Similar stud-
ies utilizing comparable deep learning models can be
found in”.

It can be seen that deep learning model with a time-
frequency input is a good choice for detecting and
removing non-quality part in PPG signal. However,
Fourier based method like SSFT representations has

drawbacks regarding “energy leakage”!?. 'This is a

phenomenon where energy regions of the signal have
low concentration density, leading to some errors in
CNN model processing. This drawback can be over-
come by a method using VMD and Hilbert transform
to create combined time-frequency spectra with CNN
networks to identify and eliminate PPG signal seg-

ments affected by user motion.

MATERIALS-METHODS

Generating time - frequency spectrum

Instead of employing SSFT as in prior research, this
study utilized VMD to decompose the raw PPG signal
into sub-signals known as Intrinsic Mode Functions
(IMFs). Subsequently, dominant IMFs were selected
to generate a time-frequency spectrum by using the
Hilbert transform. VMD, introduced by Dragomiret-

skiyi et al. 1 decomposes a signal into signals, called
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Intrinsic Mode Functions (IMFs) in form:
IMF (t) = A(t).cos(¢(t)) (1)

where A(t) is the amplitude over time, ¢(t) is the fre-
quency over time.

VMD determine the central frequency band of each
IMF and proceed to analyze the original signal into
IMFs with frequency domains around the central fre-
quency. By pre-defining the number k of IMFs that
the signal can have, computing the IMF channels is
performed by a recursive loop:

In the (n+1)" iteration, the k' IMF is computed as
follows:

g = -
X(N) Sk U (f) = ZiskUL () + 5

1+2a {2 (f - fp) )
U,?“ (f) is the Fourier transform of the k' IMF in

the (n+1)"" iteration.
Along with that, the central frequency and the La-

GO RC)

grange multiplier are also updated.
k' central frequency, f]:H'l:
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Lagrange multiplier:

AL = A+ (X () - S ()

where 7 is the update rate of the coefficient Larrange.
When the algorithm satisfies the following condition,
the loop stops:

1
[l ™t (1) — i (1) |13
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(4)

In this work, the PPG signal was decomposed into
IMF channels through the VMD, with the algorithm’s
parameters as follows:

Number of IMF channels

The number of IMF channels used in this study does
not fix. Instead, for each PPG signal, the number of
IMF channels is automatically adjusted based on the
independence of IMF channels from each other us-
ing the covariance matrix !>, When the determinant
of the matrix is above 0.8, the parameters are selected.
Stopping criteria parameters

€,=5.107°
5
{ & =5.10"3 )

The IMFs which were decomposed from the raw PPG
signal will be used to generate time-frequency spec-
trum by using Hilbert transform. This transform de-
fines an analytic signal as:

(1) =x(0) +iy (1) ©)

Where x(t) is the IMF, y(t) is the Hilbert transform
of x(t), P is the Cauchy principle. Then the time-
frequency spectrum is:

H (fo,10) = X1 1) = foai (10) (8)

For each coordinate (tg,fp) in the spectrum, the spec-
trum value is the sum of all amplitudes of all IMFs at
time to with the respective frequency equal to f.
Where ft are frequency and time point of interest, a(t)
is the instantaneous amplitude at time, t, f(t) is the in-
stantaneous frequency at time, t. The instantaneous
amplitude and frequency of each IMF are calculate as
follow:

The instantaneous amplitude

a(t) =/x* (1) +y*(1) ©

The instantaneous frequency

_1d y(t)
@)= md {arctan %}

Another advantage in implementing VMD and

(10)

Hilbert transform is to filter out frequency band noise
of signal without affect to the purity of original sig-
nal. This is conducted via chosen IMFs with central
frequency regions ranging from 0.5Hz to 3Hz. The
central frequency region is determined based on the
mean and standard deviation of the instantaneous fre-
quency of that IMF, specifically.

The average instantaneous frequency

_ 1 (T
f:?/o f@)dr (11)

Standard deviation of the instantaneous frequency

1T -\2
S=1/— — 12
5 \/T/O (f(t) f) di (12)
Then the central frequency range will be
(7 —5,f+ E) )
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Figure 2: The pineline of the proposed method

Proposed method

As mentioned earlier, the proposed methodology in
this study relied on VMD and the Hilbert transform
in conjunction with a CNN model. The pipeline illus-
trating the entire process is depicted in Figure 2.
Given the typical requirement of approximately 10
seconds of data length for most PPG signal applica-
tions, the raw PPG signal was segmented into 10-
second segments with 1-second padding at both the
start and end. Each segment underwent decomposi-
tion into Intrinsic Mode Functions (IMFs) using Vari-
ational Mode Decomposition (VMD). The mean and
standard deviation of the instantaneous frequency of
each IMF were computed to establish the central fre-
quency range. An IMF exhibiting a central frequency
range between 0.5Hz and 3Hz was selected as the
dominant IMFE. The dominant IMFs were utilized to
construct a time-frequency spectrum via the Hilbert
transform. Subsequently, the 1-second padding at the
spectrum’s beginning and end was removed to miti-
gate the end effect’ inherent in the Hilbert transform.
The resulting spectrum was reshaped into a image.
This image served as input for a CNN model designed
to assess the quality of the PPG signal. The architec-
ture of this model is detailed in Table 1. The entire
method was implemented using the PyTorch frame-
work and Python programming language.

Dataset

This study obtained PPG data from a cohort of sub-
jects sourced from the open source MIMIC-III wave-

form database '*. Each PPG signal in the dataset was
segmented into 10-second segments with 1-second
padding and labeled as either “good” or “not good”
via the criteria from study of Elgendi et al.°. Figure 3
dispicts the classcify of PPG signal.

The training process utilized data from only 80% of
the PPG segments in the MIMIC-III dataset. A de-
tailed statistical description of the data is presented in
Table 2.

METRIC

The model is evaluated based on its precision, accu-
racy, and recall, as most studies in this field have em-
ployed. The calculation formulas for these criteria are

as follows:
Precision
TP
Pre= ———— 13
"= TP{FP (13)
Recall
TP
Re= —— 14
“T“TPYFN (14)
Accuracy
TP+TN
Acc = + (15)
FP+TP+TN+FN

TP: The number of samples that are correctly classified
as positive instances (i.e., the model predicts positive
and the actual class is positive).

TN: The number of samples that are correctly classi-
fied as negative instances (i.e., the model predicts neg-
ative and the actual class is negative).
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Table 1: Structure of the model

Layer
1

10

11

Type

CNV

LeakyReLU

MAX

CNV

LeakyReLU

MAX

CNV

LeakyReLU

MAX

CNV

LeakyReLU

MAX

CNV

LeakyReLU

MAX

CNV

LeakyReLU

MAX

CNV

LeakyReLU

MAX

Fully connected layer
Fully connected layer
Fully connected layer

Output

Kernel

5%9

5x9

5%9

5x9

5x9

5%9

5x9

5%9

3x5

3x5

1x3

3x5

1x3

3x5

Strike

1

Channels Shape

8

128 x512x3

128 x512x8

128x512x8

128 x512x8

128 x512x8

128x512x8

64x256x8

64x256x16

64x256x16

64x256x16

64x256x16

64x256x16

32x128x16

32x128x16

32x128x16

16x64x16

16x64x16

16x64x16

8x32x16

8x32x16

8x32x16

6 1024

256

150

2

Table 2: Statistical description of the data.

MIMIC

Total segment

Training set
Validation set

Test set

140 subjects

3500 segments

Quality

912

316

354

Non - quality
1187
383

346
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acceptable as quality signal

unacceptable as
non-quality signal

-

Figure 3: The classification criteria for PPG signals adhere to the methodology outlined by Elgendi et al.®.

FP: The number of samples that are incorrectly classi-
fied as positive instances (i.e., the model predicts pos-
itive but the actual class is negative).
FN: The number of samples that are incorrectly classi-
fied as negative instances (i.e., the model predicts neg-
ative but the actual class is positive).

RESULT

The training process consists of 45 epochs with a batch
size of 512, learning rate of 0.0001. Figure 4 and Fig-
ure 5 illustrate the training and validation accuracy
for each epoch. It is evident that the loss and accuracy
values for both datasets are closely aligned, indicating
the absence of overfitting.

The identification results for the test set demonstrate
high performance. As shown in Table 3, the confu-
sion matrix indicates an accuracy 0f 091, a precision
of 0.95, and a recall of 0.88.

DISCUSSION

Compared to other time-frequency spectrum and
deep model-based approaches, the proposed method
achieves similar high performance with a simpler
deep model. This advantage contributes to its imple-
mentation for applications on edge devices. Esgal-
hado et al.® utilized a hybrid CNN-LSTM model with

—— train_loss
—— val_loss

loss.

0.4

0.2

0.0

[ 10 20 30 40
epoch

Figure 4: Loss value in training process.

SSFT time-frequency spectrum input and achieved
performance with accuracy 0.89, precision 0.92, and
recall 0.91. In contrast, the proposed method only
employed CNN and demonstrated comparable per-
formance in terms of accuracy 0.91, precision 0.95,
and recall 0.88. This disparity can be attributed to
differences in time-frequency spectrum generation
methods. Fourier-based methods, such as SSFT used
in®, exhibit energy leakage phenomena. This leads
to less dense spectra, necessitating more complex
models to enhance sparsity at each layer for accu-
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Table 3: Confusion matrix of the propsed method’s result on test set.

Confusion matrix

Predicated class Positive

Negative

True class

Positive Negative
TP =339 FP =15
FN =44 TN =302

°
g

[

Frequency [Hz]

N
B

0 200 400 600 800

(A)

T

Frequency [Hz]

1000 1200 1400 0 200 400 600

800 1000 1200 1400
Time [sec]

(8) (©

600 800 1000 1200 1400
Time [sec]

Figure 6: Time-frequency spectrums of a PPG signal (A) generated by SSFT (B) and VMD-Hilbert (C) respectrively

0.8 /

\

accuaracy

o
>

0.2

— train_acc
— val_acc

0.0 T T T T T
0 10 20 30 40
epoch

Figure 5: Accuracy value in training proces.

rate processing. Conversely, time-frequency spectra
from VMD and Hilbert transform offer denser spec-
tra, enabling simpler models to handle them more
effectively. Figure 6 illustrates time-frequency spec-
tra of the same PPG signal generated by SSFT and
VMD-Hilbert methods, respectively. Upon initial
inspection, the signal exhibits two disturbance seg-
ments around sample 200 and sample 1200, both
of which are clearly depicted in both spectra with
chaotic frequency zones at the respective samples.
Moreover, there is a significant difference between
the two spectra, influencing their effectiveness as
model inputs. The spectrum generated by the VMD-
Hilbert method features three distinct frequency
modes around 0.84Hz, 1.56Hz, and 2.27Hz. In con-
trast, although also depicting two frequency modes
around 0.84Hz and 1.56Hz, the spectrum from SSFT

exhibits significant energy leakage with numerous
frequency zones, rendering the frequency mode at
2.27Hz nearly indistinct. The explanation for this
disparity lies in the VMD method, which decom-
poses the signal into individual modes, each repre-
senting a specific frequency zone while preserving
the signal’s non-linear and continuous instantaneous
frequency characteristics. Due to its ability to sep-
arate frequency modes distinctly, it becomes easier
to eliminate unrelated components, such as those in-
duced by environmental noise, based on the central
frequency range mentioned earlier. This process en-
sures that the final spectrum retains only the domi-
nant frequency modes, revealing the essential aspects
of the signal. In contrast, the SSFT analyzes the entire
signal directly from the raw data. While the imple-
mentation of a bandpass filter can mitigate this issue,
it risks eliminating crucial signal features, as noted
in'4. Additionally, employing the Hilbert transform
for each IMF enhances independence between indi-
vidual IMFs. This independence contributes to the
density of the spectrum compared to SSFT, which an-
alyzes data along sliding windows without consider-
ing the independent nature of each frequency mode.

CONCLUSION

This paper presents a method for identifying and re-
moving disturbed PPG segments. The algorithm’s
key feature is based on the exceptional non-stationary
analysis capabilities of VMD and the Hilbert trans-
form. Despite the utilization of a deep model, it re-
mains simple enough to be applied in practice with

edge devices.
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Open Access Full Text Article Bai nghién ciiu

Loai bé nhiéu tin hiéu PPG théng qua phén giai ché dd bién ddi va
bién doi Hilbert

Thai Thanh Trung, Luu Thanh Tung®, Phan Khanh Duy

TOM TAT

Tin hiéu PPG cho thay nhiéu trién vong nhu mét ky thuat khéng xam lan trong cac tng dung khac
nhau. Tuy nhién, dé strdung hiéu qua tin hiéu nay trong cac tinh huéng thuyc té, can phai x ly can
than dé nhan dién va khdc phuc céc nhiéu trong tin hiéu photo- plethysmography (PPG). Trong s6
c4c phuong phéap da dugc kham pha, viéc tich hop phd thai gian-tan s6 véi mé hinh hoc sau ket
hop, chéng han nhu mé hinh mang no-ron tich chap — bd nhé dai ngén han (CNN-LSTM), d& néi
lén nhu moét phuong phap day hia hen. Tuy nhién, cac phu’ong phap pho bién thudng dua vao
céc thuat toan Fourier @€ trich xuét phd thai gian-tan s6, vén dé gap van dé ro rf nang luong. Dé
khéc phuc han ché nay, cac phuong phap phan giai nhu Phan Giai Ché Do Bién DEi (VMD) két hop
véi bién déi Hilbert cung cdp mot gidi phap hap dan. Trong nghién cliu nay, ching toi dé xudt
mot thuat toan mdi st dung VMD va bién d6i Hilbert @€ trich xuat phd thai gian-tan s6 lam dac
trung cho moé hinh mang no-ron tich chap (CNN). Khéng giéng nhu cac nghién ctu st dung phd
thai gian-tan s6 dua trén Fourier va mé hinh két hop CNN-LSTM, céch tiép can nay dp dung mét
kién tric don gian hon, chi dua vao mé hinh CNN. Su don gian nay nhd vao hiéu qua ctia VMD va
bién déi Hilbert trong viéc trich xuét dc trung, gidp qué trinh tinh toan trd nén tinh gon ma khéng
gidm do6 chinh xac. Dang chuy, phuong phap clia ching téi dat dugc két qua hiéu suat cao, véi do
chinh xac, d chinh xac va d6 nhé tuong tng la 0.91, 0.95, 0.88 trén bd di liéu MIMICHI. Nhimng két
qud nay nhan manh tinh bén viing va hiéu qua clia phuong phap dé xudt clia ching téi, mé ra cac
hudng di day hiia hen cho viéc st dung tin hiéu PPG trong cac ing dungy sinh hoc da dang. Bang
cach két hop cac ky thuat xtr ly tin hiéu tién tién véi cac mé hinh hoc sau, cach tiép can ctia ching
t6i gop phan vao su tién bo clia xU ly tin hiéu y sinh khéng xam 1an, co tiém nang trong giam sat
va chén doén stc khoe.
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