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Conv layer 4 Conv layer3
4 filters 32 filters
Filter size = 25

Filter size =25

Batch normalization
Relulayer

Fully Connected Average Pooling __

Regression Layer T
4 channels

32 channels

32 channels

16 channels

Conv layer2 Convliayer1
16 filters 8 filters
Filter size = 25 Filter size = 25

Batch normalization Batch normalization
Relulayer Relulayer —

Average Pooling Average Pooling
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1PTT (Pulse transient time)

2PPG (Photoplethysmogram)

3 Tanveer

4LSTM (Long short term memory)

5 Hajj

6 RQA (recurrence quantification analysis)
7 RP (recurrence plot)

8 Complex networks

9 Convolutional Neural Networks

10Batch normalization

11 Relu activation function

12 Average pooling

13 Max pooling

14SGDM (Stochastic gradient descent with momentum)
15 Hand crafted features
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Abstract

Estimation of blood pressure (BP) non-invasively through peripheral signals, including
electrocardiogram (ECG) and photoplethysmogram (PPG) signals, is one of the most critical issues
in the field of medical signal processing. Major studies focus on extracting various handcrafted
features from peripheral signals and estimating BP using computational intelligence-based models.
In this study, a novel framework based on deep convolutional neural networks (CNN) is introduced
in which the PPG sequences and their nonlinear features are adopted to create high accuracy in
estimating BP. These nonlinear features are the chaotic properties of signals in phase space called
recurrence quantification analysis (RQA) which are utilized alongside the PPG waveform samples
as the CNN input. The proposed framework was evaluated on data extracted from the benchmark
MIMIC-II dataset. The results showed that this combination could provide high accuracy in
estimating systolic blood pressure (SBP) and diastolic blood pressure (DBP). Precisely, in SBP and
DBP monitoring, the Pearson’s correlation coefficient (R) for the proposed method was obtained to
be 0.93916 and 0.93357, respectively. The model was also evaluated according to the standards of
the British Hypertension Society (BHS) and the Association for the Advancement of Medical
Instrumentation (AAMI). According to BHS standard, this method had a quality grade of A in
estimating both systolic and diastolic BPs. Also, the mean and standard deviation of the estimation
error for DBP and SBP are 0.45+3.5 mmHg and 0.48+6.69 mmHg, respectively, which are under the
requirements of the AAMI standard. Compared with the existing methods, this algorithm could
create a high generalizing capability in estimating both SBP and DBP.

Keywords: Signal Processing, convolutional neural networks, deep learning, chaos theory,
recurrence quantification analysis.



