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ARTICLE INFO ABSTRACT
Keywords: Centrifugal blood pumps are important devices used to treat heart failure. However, they are
Centrifugal blood pump prone to high-risk suction events that pose a threat to human health when operating at high

Suction detection
Suction suppression
LSTM

speeds. To address these issues, a normal suction detection method and a suction suppression
method based on the FFT-GAPSO-LSTM model and speed modulation were proposed. The inno-
vation of this suction detection method lies in the application of the genetic particle swarm
optimisation (GAPSO) and the fast Fourier transform (FFT) feature extraction method to the long-
term and short-term memory (LSTM) model, thereby improving the accuracy of suction detection.
After detecting signs of suction, the suction suppression method designed in this study based on
variable-speed modulation immediately takes effect, enabling the centrifugal blood pump to
quickly return to its normal state by controlling the speed. The suction detection method was
divided into four steps. First, a mathematical model of the coupling of the cardiovascular system
and the centrifugal blood pump was established, and a real-time blood flow curve was obtained
through model simulation. Second, the signal was preprocessed by adding Gaussian white noise
and low-pass filtering to make the blood flow signal close to actual working conditions while
retaining the original characteristics. Subsequently, through fast Fourier transform (FFT) analysis
of the processed curve, the spectral characteristics that can characterise the working state of the
centrifugal blood pump were extracted. Finally, the parameters of the LSTM model were opti-
mised using the GAPSO, and the improved LSTM model was used to train and test the blood flow
spectrum feature set. The results show that the suction detection method of the FFT-GAPSO-LSTM
model can effectively detect whether centrifugal blood pump suction occurs and has certain
advantages over other methods. In addition, the simulation results of the suction suppression
were excellent and could effectively suppress the occurrence of suction. These results provide a
reference for the design of centrifugal blood pump control systems.
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Abbreviations

LSTM long-term and short-term memory
GAPSO  genetic particle swarm optimisation

FFT fast fourier transform

FA fireworks algorithm

DR diabetic retinopathy

RNN Recurrent neural networks
CA colony algorithm

GA genetic algorithm

PSO particle swarm algorithm

kNN k-Nearest Neighbor

1. Introduction and literature review
1.1. Introduction

According to the clinical data, heart failure has a high mortality rate and is currently the most threatening disease [1-3]. A cen-
trifugal blood pump is the main device employed for treating heart failure. It can assist a damaged heart in pumping blood, thereby
solving the problems of insufficient blood pressure and inadequate systemic blood flow perfusion in patients with heart failure [4,5].
However, a fatal flaw can easily occur in the application of centrifugal blood pumps, such as suction [6]. First, we must explain suction.
Currently, most centrifugal blood pumps use a constant speed-control method. Notably, in clinical applications, the physiological
conditions of patients with heart failure constantly change. When the heart pump speed exceeds the critical speed required for
physiological perfusion, the left ventricular pressure decreases and even negative pressure occurs, which is the suction phenomenon.
Suction can significantly harm a patient’s physical health [7]. Therefore, avoiding suction has become a focus of research on cen-
trifugal blood pumps.

Suction is an instantaneous event without any signs, making it difficult to accurately detect the suction status and respond
promptly. However, if not addressed on time, it can have a significant impact on patients with heart failure and even threaten their
lives. The suction detection problem of centrifugal blood pumps belongs to state classification, which is the real-time detection of
whether the centrifugal blood pump is in a normal or suction state. Therefore, suction detection in centrifugal blood pumps can be
achieved using feature extraction and pattern-recognition methods. Suction detection and inhibition are complementary, and only by
effectively completing these two tasks can we solve the suction problem of centrifugal blood pumps. As the suction phenomenon is
caused by a sudden abnormal high speed of a centrifugal blood pump, suction suppression can be achieved by controlling the speed.
For example, using a variable speed strategy, when suction is detected, the speed is quickly reduced until the centrifugal blood pump
returns to normal, after which the speed remains unchanged. This variable-speed strategy requires a quick response.

Currently, artificial intelligence is a popular research topic worldwide. Various fields are attempting to employ artificial intelli-
gence. Implantable medical devices, such as classification and recognition technologies in artificial intelligence, can effectively solve
the problem of suction detection in centrifugal blood pumps [8,9]. A BP neural network is a multilayer feedforward network trained
based on an error-backpropagation algorithm, which is the most widely used algorithm for classification recognition and prediction
[10]. This can achieve nonlinear mapping, has self-learning ability, and can be generalised. However, the shortcomings of BP neural
networks are also evident, such as slow speed, possibility of entering local minima and training failure, and susceptibility to under-
learning or overlearning. A support vector machine (SVM) is also a common classification and recognition algorithm that uses kernel
functions instead of high-dimensional mapping, which can propose larger samples, and therefore has less robustness [11]. The
disadvantage of the SVM is that it cannot easily implement large-scale training and has great difficulties in solving multiple classi-
fications. Recurrent neural networks (RNNs) are a type of artificial intelligence that possess a self-learning ability, high memory ca-
pacity, and the ability to quickly train and optimise [12,13]. Moreover, RNNs have significant advantages in training the nonlinear
features of sequences and image processing. Coincidentally, when a centrifugal blood pump is used for suction detection, many blood
flow images and nonlinear features must be trained. Therefore, compared to BP neural networks and SVM, RNNs are more suitable for
suction detection in centrifugal blood pumps. For suction detection in centrifugal blood pumps, the sample feature size can be
calculated using a fast Fourier transform (FFT) and then trained and tested using an RNN [14]. However, traditional RNNs have the
disadvantage of long-term dependence, which can lead to a low accuracy of suction detection. The generation of long-short-term
memory (LSTM) compensates for the aforementioned shortcomings [15]. LSTM is an improved recurrent neural network (RNN) al-
gorithm. Because of its strong training ability and high accuracy, it is widely used in state detection and classification recognition.

Owing to many parameters in the LSTM model, it is often difficult to achieve global optimisation or even overfitting, owing to
improper parameter selection. Intelligent optimisation algorithms can effectively compensate for the aforementioned shortcomings by
optimising the parameters. The commonly used optimisation algorithms include the artificial ant colony algorithm (CA) [16], genetic
algorithm (GA) [17], firework algorithm (FA) [18], and particle swarm optimisation (PSO) algorithm [19]. The PSO algorithm has a
simple structure and good optimisation performance. Therefore, the PSO algorithm is widely used in various applications. Genetic
algorithm PSO (GAPSO) is an improved PSO algorithm that combines the advantages of the GA and PSO, and can overcome the
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shortcomings of the traditional PSO such as low efficiency and ease of falling into local optima [20].

Based on the analysis, this study proposes a centrifugal blood pump suction detection and suction suppression method based on
FFT-GAPSO-LSTM. In Section 2, the research object is introduced, and a coupling model between the cardiovascular and centrifugal
blood pumps is established. Based on this model, the real-time blood flow curve of the centrifugal blood pump is simulated using
MATLAB/Simulink software. In Section 3, the basic theories of FFT analysis, GAPSO optimisation, and LSTM prediction methods are
introduced, and a centrifugal blood pump suction-detection model based on the FFT-GAPSO-LSTM model is established. In Section 4, a
detection model is used to preprocess, extract features, and train the blood flow dataset. In Section 5, suction suppression methods
designed for potential suction occurrences are described. Finally, Section 6 provides a summary and outlook.

1.2. Literature review

With the development of the signal-processing technology and classification recognition algorithms, an increasing number of fields
are using a combination of feature extraction and pattern recognition to complete fault diagnosis, state classification, and event
prediction [21-24]. Suction is no exception. In recent years, many studies have reported on the relevant content. Reference [25]
reported a suction-detection method based on sensorless control and verified its feasibility through animal experiments; however, the
detection accuracy requires further improvement. Reference [26] proposed a method for preventing suction that considered whether
the minimum left ventricular pressure was lower than 1 mmHg as the standard for determining whether suction occurred when
designing a controller [26]. However, this increases the amount of control and complicates the control systems. Moreover, a detailed
suction detection plan was not clearly provided in Ref. [26]. Therefore, after completing suction detection, a suction-detection method
based on speed modulation to suppress possible suction must be designed. Reference [27] proposed an RNN-LSTM model for testing
the diabetic retinopathy (DR) classification model. The test results of 2500 data points indicated that the classification model could
effectively identify the five types of DR. In addition, the RNN-LSTM model was compared with the SVM in the literature to verify the
superiority of this model. Reference [28] reported a robust hybrid classification model based on population optimisation, which
included the flower pollination algorithm (FPA), support vector machine (SVM), and convolutional neural network (CNN). The disease
classification of apple, grape, and tomato plants was completed through feature extraction, parameter optimisation, and clustering
analysis, and the effectiveness of the method was verified experimentally. Reference [29] reported a DR classification method based on
a GA and a k-Nearest Neighbor (kNN) model and compared this method with Gaussian Naive Bayes. The results indicated that the kNN
model had high accuracy and excellent classification performance, which are important for the early diagnosis of DR. These methods
are applications of various classification and detection methods in various aspects and have all achieved good results. Methods
applicable to each field differ, and finding a suitable method is crucial.

The LSTM model is a special type of recurrent neural network, characterised by its ability to retain useful historical information
over a long time [30,31]. Reference [32] solved the detection and classification problem of urban transportation modes using an LSTM
model with a detection accuracy of up to 98%. Reference [33] designed an LSTM model for the seizure detection of epileptic diseases,
and the results showed that after training, the classification accuracy of epileptic and non-epileptic seizures was 99.5%, indicating that
the LSTM model had a good classification effect. Reference [34] proposed an LSTM neural network model for travel time prediction
and predicted the multistep forward time of each link through training and testing. The results indicated that the model had a high
prediction accuracy. For the state classification and suction detection of centrifugal blood pumps, the LSTM model is undoubtedly the
most suitable because it excels in processing the blood flow characteristics that can characterise the state of the centrifugal blood

pump.
2. Research object and modelling
2.1. Research object

The research object of this study was a magnetic levitation centrifugal blood pump independently developed by our laboratory. The
structure of the heart pump is shown in Fig. 1 [4,5,20]. Among them, Fig. 1 (a) is the model diagram, and Fig. 1 (b) is the object picture.

(a) (b)

Fig. 1. Structure diagram of the heart pump: (a) model diagram; (b) object picture.
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The specific geometric parameters of the blood pump are as follows: the overall outer diameter is 50 mm, overall axial length is 23.2
mm, pump casing diameter is 46 mm, impeller outer diameter is 32 mm, blade outlet width is 4.71 mm, and number of blades is six.
The outer shell of the centrifugal pump was made of a transparent material, which enabled a more intuitive observation of the rotation
of the impeller and flow characteristics of blood inside the centrifugal pump during the experiments.

2.2. Coupling model of the cardiovascular system and centrifugal blood pump

Combining the basic knowledge of the cardiovascular system and centrifugal blood pump [5], a coupling model between the
cardiovascular system and centrifugal blood pump was established using the electrical network equivalence theory, as shown in Fig. 2.

As shown in Fig. 2, the left atrium, left ventricle, aorta, artery, systemic circulation, right atrium, right ventricle, pulmonary artery,
pulmonary circulation, and pulmonary vein are in a clockwise direction. The path in the upper part represents the left heart and
systemic circulation. The elliptical dotted line represents the heart pump, which is connected in parallel between the left ventricle and
the aorta, while the lower part represents the right heart and pulmonary circulation. Among them, Pjq(t), Piy(t), Pao(t), Psar(t), Psy(0),
Pra(t), Pry(t), Ppa(t), Ppar(t), and Ppy(t) indicate the blood pressure of the left atrium, left ventricle, aorta, artery, systemic circulation,
right atrium, right ventricle, pulmonary artery, pulmonary circulation, and pulmonary vein, respectively. Ci,(t), Cp(t), Cao(t), Csar(D),
Csy(t), Cra(t), Cry(1), Cpalt), Cpar(t), and Cpy(t) indicate compliances of the left atrium, left ventricle, aorta, artery, systemic circulation,
right atrium, right ventricle, pulmonary artery, pulmonary circulation, and pulmonary vein, respectively. The vascular wall is elastic,
and compliance is used to indicate the degree of change in the vascular volume with changes in blood pressure. Diodes Dy, Dgy, Dy,
and D, represent the mitral, aortic, tricuspid, and pulmonary valves, respectively, and their conduction and cut-off represent valve
opening and closing, respectively. Rmy, Ray, Rao» Rsvrs Rsvs Rvs Rpys Rpas Rpvr, and Ry, are mitral valve flow resistance, aortic valve flow
resistance, aortic flow resistance, systemic circulation peripheral resistance, systemic circulation venous resistance, tricuspid valve
flow resistance, pulmonary valve flow resistance, pulmonary artery flow resistance, pulmonary circulation peripheral resistance, and
pulmonary circulation venous resistance, respectively. Ly, and Ly, represent the blood inertia of the aorta and pulmonary arteries,
respectively.

The model was built using MATLAB/Simulink. The sampling period was set at 0.001 s, and the simulation time was set at 60 s. First,
we simulated the haemodynamic curves (blood pressure and blood flow) under normal conditions, as shown in Fig. 3. Subsequently,
the speed of the centrifugal blood pump was increased linearly from 4000 r/min to 9500 r/min until suction occurred, as shown in
Fig. 4.

The aortic pressure curve in Fig. 3 (a) shows that the aortic pressure of patients with heart failure was maintained between 81 and
124 mmHg under the normal assistance of the centrifugal blood pump. This range is close to the aortic pressure range of a normal
heart, indicating that the cardiovascular system and centrifugal blood pump coupling model established in this study are effective in
simulating the physiological state and haemodynamic information of the human body. Fig. 3 (b) shows the blood-flow curve of the

Fig. 2. Schematic diagram of the control system.
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Fig. 3. Hemodynamic curves: (a) blood pressure curve (intercept the results of 10s-20s); (b) blood flow curve.

extracardiac blood pump under normal auxiliary conditions. The blood flow changes in a periodic symmetry under normal conditions,
and its frequency of change is synchronized with the beating of the heart, thereby assisting the damaged heart in satisfying the systemic
blood perfusion requirements.

Fig. 4 (a) shows a linear change in the speed of the centrifugal blood pump during suction. When the speed increased linearly to the
critical value, sudden suction occurred. Fig. 4 (b) shows the blood-flow curve of the centrifugal blood pump during suction. As the
rotational speed increased, the amplitude of blood flow in the centrifugal blood pump decreased. This phenomenon also indicates that
the blood pulsatility of the centrifugal blood pump decreases with an increase in the rotational speed. Suction occurred when the speed
reached a critical value. At this point, the changes in blood flow became disordered, and the amplitude increased. Most importantly,
when suction occurred, the periodic symmetry of the blood flow also disappeared.

Comparing the blood flow curves in Fig. 3 (b) and Fig. 4 (b), the blood flow characteristics under normal and aspirated conditions
are significantly different, which provides a possibility for designing subsequent suction-detection methods. The two blood flow signals
obtained in this section provide data samples for the LSTM neural network model.

3. Research method design
The suction-detection model designed in this study involved the FFT, GAPSO, and LSTM models. The basic principles and structures

of the three methods are elaborated in this section, and an FFT-GAPSO-LSTM suction-detection model is designed based on these
methods.

10000 w \ \ ‘ ;

400 T T T T :
9000 1
300 fl
8000 [ 1 —~
K
E E
g 7000 1 ~= 200
> £
o
6000 r 1 O
100 1
5000 | 1
4000 . : : : . 0 . | | | | ]
0 10 20 30 40 50 60 0 10 20 30 40 50 60
t(s) t(s)
(a) (b)

Fig. 4. Result when suction occurs: (a) rotor speed curve; (b) blood flow curve before and after suction.
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3.1. FFT method design

According to the basic Fourier transform principles, it is easy to obtain the formula for the discrete Fourier transform as follows
[35]:

N—-1
Zk) =Y z(n)wi

; N m
WN:e’jZV”

where, n=0,1,....N—1; k=0,1,...,N—1; Z(k) represents the signal processed using the discrete Fourier transform, z(n) repre-
sents the sampled signal, and W represents the unit vector.

As a fast algorithm for the discrete Fourier transform, FFT has the advantages of fast computation and high efficiency. Therefore, in
this study, the FFT was used to extract the frequency-domain features of the blood flow signal of a centrifugal blood pump. To improve
efficiency, the sampled signals z(n) were decomposed into odd sequences 2z;(n;) and even sequences 2z2(nz) by FFT during signal
processing. The formula used is as follows [36]:

z(n)=z(m) + 22(m) (2)

where n; and even number, nj is and odd numbers, respectively, and the sequence lengths of z; (n;) and 2(n2) are equal (N/2).
Furthermore, the FFT formula is obtained as follows [37]:

¥-1 ¥-1

Z(k) =Yz (m)WE + W'y~ 2 (m) Wi =2, (k) + Wy Za (k) (©))
N n=0

where, Z; (k) and Z,(k) are the discrete Fourier transforms of z; (n;) and z3(nz).
3.2. LSTM neural network

The LSTM neural network is a type of RNN and can also be considered an improved RNN algorithm. Because traditional RNNs only
have one internal state and suffer from long-term dependency on relational models during training, RNNs may not handle long-term
sequences effectively. The LSTM neural network overcomes these limitations because it can achieve self-assessment and has certain
advantages in solving long-interval sequences and classification detection problems [38]. The LSTM neural network consists of four
progressive network layers, and its structural schematic is shown in Fig. 5. LSTM neural networks have unique long- and short-term
memory mechanisms, including short-term memory h and long-term memory C. Extensive training is performed using LSTM neural
networks to ensure the system’s long-term memory of effective signals or data. In addition, the setting of three gate structures
(forgetting gate, input gate, and output gate) in the LSTM neural network makes the addition, elimination, and updating of data more
efficient.

where f;, i;. o represents the forgetting, input, and output gates, respectively; C;. h; represents the neural unit state and hidden
layer state at time t; and 6. tanh represents the activation function.

As shown in Figure (5), the LSTM neural network sets the forgetting, input, and output gates for each state at each moment. The
forget gate is a summary of the information quantity of the elements whose states were ignored in the previous moment and saved in
the current state. The input gate inputs the data transmitted by the preamble module into long-term state C, which represents most of
the information stored in the system. The output gate performs output processing in the long-term state after processing, which is
determined by the previous state output and current state input. The mathematical relationship between the two is as follows [38]:

Forget
@ gate In-gate Out- gate@ @
2

-

>

>

[ “hiy -2

47

Fig. 5. Structural schematic diagram of the LSTM neural network.
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In Equation (4), W represents the weight; the weights of each part are different, and b represents the offset of each part.

From Equation (4), it can be observed that the LSTM model has many parameters, and the summarised initialisation parameters are
shown in Table 1.

Because LSTM neural networks are prone to poor training performance owing to improper settings of the number of hidden layer
units and learning rate, manual parameter tuning or relying on expert experience can lead to low efficiency and difficulty in achieving
global optimisation. The PSO algorithm can effectively solve these problems by optimising the parameters.

3.3. GAPSO optimisation algorithm

Before introducing the genetic particle swarm algorithm, the particle swarm algorithm is briefly introduced. PSO is a biological
heuristic optimisation algorithm based on the clustering activities of birds. Compared with optimisation algorithms such as the ant CA,
immune optimisation algorithm, and GA, the PSO algorithm has strong memory, fast convergence speed, and high efficiency.
Therefore, it is suitable for optimising the parameters of LSTM neural networks.

The iterative formula of the traditional PSO is [39]:

VS =aVE e (W, = X5) + an (W, - XE) (5)
k+1 __ yk k+1
X =X, 4V, (6)

where Xp and Vp are the position and velocity of the pth particle in the particle swarm, respectively; Wp is the position of the pth
particle in the particle swarm when it reaches the optimal position; Wg represents the position when the entire particle swarm reaches
the optimal position; k is the number of iterations; o is the particle inertia weight; c;. c3 is the learning factor; and r;. r is a random
number in [0 1].

To improve the optimisation performance of PSO, improve its poor convergence performance, and prevent it from falling into a
local optimum, this study introduces an improvement algorithm that integrates the genetic algorithm and PSO. Subsequently, the
GAPSO algorithm is applied to LSTM neural networks, which can improve the performance of PSO and overcome the defects of poor
convergence performance and ease of falling into the local optimum.

In a previous study, we simulated and verified the superiority of the GAPSO algorithm. Several different PSO algorithms were used
to optimise the commonly used test functions, and Fig. 6 shows the results of the previous tests.

As shown in Fig. 6, it is easy to conclude that the convergence performance of the GAPSO algorithm is the best, and its efficiency is
dozens of times that of the other two PSO algorithms, indicating that it is more flexible and less prone to falling into local optima.
Therefore, this study uses the GAPSO algorithm to optimise the parameters of the LSTM neural network.

3.4. A centrifugal blood pump suction-detection method based on the FFT-GAPSO-LSTM model

Based on the introduction of the FFT method, LSTM neural network, and GAPSO algorithm, combined with the basic principles of
the signal preprocessing and FFT analysis methods, a centrifugal blood pump suction-detection method based on the FFT-GAPSO-
LSTM model can be designed. A schematic of this process is shown in Fig. 7.

Fig. 7 shows that although the proposed model may appear complex, each part plays its own role. Therefore, the execution effi-
ciency of the model was high, particularly after GAPSO optimisation. This is because the parameters were uncertain before the

Table 1

State variables in the combined the cardiovascular system model.
Parameters of the LSTM model Initial value
The initialize weights [-0.5,0.5]
by lor2
b; [0,0.8]
b, [0,0.8]
Iterations 100
Population size 50
Learning factor (c1) 1.5
Learning factor (c3) 1.7
Number of hidden layer units (m) 100
Learning rate (r) 0.01
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Fig. 6. Convergence comparison of several kinds of PSO algorithms.

parameter optimisation. The steps summarising the suction detection method based on the schematic diagram are as follows:

(1) Signal preprocessing. First, Gaussian white noise signals were added to the blood flow signals obtained from the simulation of
the different states in Section 2 to accurately reflect the possible noise interference that the centrifugal blood pump may
experience during actual operation. Based on the research results in Ref. [40], the signal-to-noise ratio of a Gaussian white noise
signal was set to 20 dB. Subsequently, to reduce the impact of adding a Gaussian white noise signal to the system, a low-pass
filtering command was applied to the signal after adding the Gaussian white noise signal. The preprocessed signal can better
represent the blood flow information in a human physiological environment.

(2) An FFT analysis was used to convert the preprocessed blood flow time-domain signal into a frequency-domain signal, and the
amplitude-frequency characteristics of the frequency-domain signal were extracted. The sampling frequency of the blood flow
signal was set to fs = 100 Hz.

(3) The LSTM model was constructed as described in Section 2.2. The existing LSTM method was improved as follows: As the LSTM
model does not have the function of detection and classification, this study adds a softmax function layer and a classification
Layer to the model to help provide two outputs: the normal state and suction state. Subsequently, as described in Section 2.3, a
GAPSO algorithm was designed and used to optimise the parameters of the LSTM model. When optimising the parameters, the
number of hidden layer units m and learning rate r were placed as particles in the GAPSO algorithm for optimisation, and the

e
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| |
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Fig. 7. The schematic diagram of the centrifugal blood pump suction detection method based on the FFT-GAPSO-LSTM model.
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optimisation termination condition was set to 200 iterations. After parameter optimisation using the GAPSO algorithm, the
optimal values for the number of hidden layer units m and learning rate r were 58 and 0.0022, respectively. The contributions of
this improvement include achieving automatic parameter optimisation and improving the model detection accuracy.

(4) The feature signals obtained in Step (2) were used as the training set for the FFT-GAPSO-LSTM model. After completing the
model training, several sets of blood flow signals were resimulated and used as the testing set to test the accuracy of detecting
the state of the centrifugal blood pump.

4. Results and analysis of suction detection
4.1. Feature extraction results

This method must be tested for verification. Following the steps of the suction-detection method described in Section 2.4, the
signal-to-noise ratio and low-pass filter processing were first added to the blood flow signals in different states. After preprocessing the
blood flow signal, an FFT analysis was used to convert the preprocessed time domain signal into a frequency domain signal, and the
amplitude—frequency characteristics of the frequency-domain signal were extracted. The feature extraction results are shown in Fig. 8.

Fig. 8(a) shows the blood flow diagram and corresponding frequency characteristic diagram of the off-heart blood pump under
normal conditions. Fig. 8(b) shows the blood flow diagram and corresponding frequency characteristic diagram under normal con-
ditions. The fundamental, 20th-order, and 39th-order frequencies are more prominent in the amplitude-frequency characteristics of
blood flow under normal conditions, and their frequencies are much higher than those of other frequencies. In the case of suction, the
fundamental frequency and 41st-order frequency were more prominent. In addition to the two prominent frequencies, the values of the
other frequencies in the suction state were higher than those in the normal state. Therefore, a significant difference exists in the
frequency changes corresponding to the FFT transformation between the normal and suction states, which can be input as a feature
quantity into the LSTM model for training.

Fig. 8 shows the results for only one working condition. Many blood flow charts and corresponding FFT frequency characteristic
maps can be obtained under different operating conditions. These frequency features serve as a sample set for the LSTM model. The
trained LSTM model will gain a suction-recognition ability, which means that the amplitude-frequency characteristics can be quickly
identified for any blood flow curve and then determine whether the centrifugal blood pump is in a normal or suction state.

4.2. Training and testing

The LSTM model requires big blood flow curve data for training, and the training effect must be tested after training with minimal
data support. Therefore, MATLAB/Simulink was used for the batch simulation of the normal and suction states, and 4,000 blood flow

25551 il 1 ]

IN)
=3

PUmP

100 - q

-l +

0 TRVUPT | [ TOOVUPTEPRVUITIN || FRVOVOT1 [TTVON
0 10 20 30 40 50
f(order)

30 40 50 60
t(s)

(b)

Fig. 8. Feature extraction results: (a) normal state; (b) suction state.
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data points from the centrifugal blood pump were obtained. Among them, 3,600 data points were used for model training, and the
remaining 400 data points were used for effect testing. The maximum number of iterations of the LSTM network was set to 100. The
parameter settings of the LSTM model are listed in Table 1, except for the number of hidden layer units m and the learning rate r. These
two parameters were optimised using the GAPSO algorithm with values of 58 and 0.0022, respectively. The results of training and
testing are shown in Fig. 9.

Fig. 9 shows that the improved LSTM model performed well in suction detection. Fig. 9 (a) shows the changes in the accuracy and
loss functions of the training set during the training process. As the number of iterations increased, the accuracy of the model rapidly
increased and the model loss rapidly decreased. After only nine iterations, the accuracy of the model reached 100%, and the corre-
sponding loss decreased to zero, indicating that the iterative performance of the detection model was excellent.

Fig. 9 (b) shows the confusion matrix of the suction detection results after training with big blood flow curve data. Among these
samples, 1,750 normal and 1,850 suction states were detected. The FFT-GAPSO-LSTM model designed in this paper has an overall
detection accuracy of 100% for different states of centrifugal blood pumps. This detection accuracy is extremely high and satisfies the
practical application requirements for centrifugal blood pump suction detection.

Fig. 9 (c) shows the test effect diagram. By testing 400 blood-flow simulation data points, the trained LSTM model can still achieve
100% detection accuracy when applied to new data. There were no instances of misjudgement in either the training or test results. The
analysis verified the effectiveness of the FFT-GAPSO-LSTM model, indicating that it can achieve real-time detection of the status of
centrifugal blood pumps.

4.3. Comparative analysis

To further verify the superiority of the FFT-GAPSO-LSTM model in suction detection, FFT-LSTM, FFT-PSO-LSTM, FFT-APSO-LSTM,
BP neural network, and SVM models were established for comparison. The BP neural network and SVM were selected as comparative
items because they are the most commonly used methods in the field of classification recognition and detection and have strong
representativeness. The FFT-LSTM, FFT-PSO-LSTM, and FFT-APSO-LSTM models were used as comparative items to verify the su-
periority of the GAPSO algorithm for optimising the parameters of the FFT-LSTMI model.

The parameter configurations for each method are as follows:
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Fig. 9. Results of training and testing by the LSTM model: (a) the algorithm iteration performance; (b) training results; (c) test results.
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(1) The BP neural network model adopted a three-layer network structure, with an input number of training and testing samples

consistent with the LSTM model. The hidden layer nodes were nodes 6, 7, 8, and 9, and the output layer corresponded to the two
classification results. The maximum number of iterations was set to 3,000, the error accuracy was set to 0.001, and the initial
value of the learning rate was set to 0.01.

(2) The parameters of the SVM model were configured using a LINER kernel. C and g are key parameters of the SVM model. To

obtain the best parameters, we let c and g run within a certain range. Using cross-validation, the most accurate values of c and g
were 0.9 and 18, respectively.

(3) The model structure and parameter configuration of the LSTM model are discussed and presented in Section 2.2 and Table 1,

respectively. The basic parameters for several PSO algorithms were set as follows: the population size and number of iterations
were set at 50 and 1000, respectively. We set cpmax and cpin as 2 and 1.5, respectively. The particle speed was limited between —5
and 5.

The suction detection results of the different models after training are summarised in Fig. 10 and Table 2.

Comparing the accuracy of suction detection in Fig. 10 and Table 2, the overall order of detection accuracy for these six models is:
the FFT-GAPSO-LSTM model (100%) > the FFT-APSO-LSTM model (99.2%) > the FFT-PSO-LSTM model (98.75%) > the FFT-LSTM
model (98.3%) > the BP neural network model (97.4%) > the SVM model (96.6%). The FFT-GAPSO-LSTM model exhibited the highest
accuracy and can be used for suction detection applications.

After the overall comparison, the analysis was conducted from three aspects as follows:

(1) The BP neural network, SVM, and FFT-LSTM models were compared. The FFT-LSTM model had a higher detection accuracy

(2

3

—

—

than the individual data in a certain state or the overall data. The BP neural network model had 10 false positives on the overall
suction data, whereas the SVM model had as many as 14 false positives, which is dangerous and not allowed in the practical
application of centrifugal blood pumps. The FFT-LSTM model had only seven false positives, and after optimising the pa-
rameters of the particle swarm optimisation algorithm, it can reach zero false positives, indicating that the FFT-LSTM model is
more suitable for application in the suction detection of centrifugal blood pumps.

The results of the first four FFT-LSTM models were compared, one of which was not optimised by the PSO parameters, and the
other three were optimised using different PSO algorithms. It can be found that the three FFT-LSTM models optimised using the
PSO algorithm have higher accuracy than the FFT-LSTM models without parameter optimisation. The PSO algorithm can
effectively improve the convergence and training performance of the FT-LSTM model by optimising its parameters, thereby
improving the accuracy of suction detection. The above analysis verifies the necessity of the PSO algorithm for parameter
optimisation of LSTM networks.

Finally, the optimisation results of the three particle swarm optimisation algorithms were compared. Compared with the FFT-
PSO-LSTM and FFT-APSO-LSTM models, the overall accuracy of the FFT-GAPSO-LSTM model improved by 1.27% and 0.81%,
respectively. Based on these data, the improvement may not be significant. But it’s worth noting that suction events are
extremely dangerous for patients with heart failure, and once suction occurs, irreparable consequences may occur. The FFT-
APSO-LSTM model can achieve 100% accuracy, whereas other models have more or less misjudgements. Therefore, it is suf-
ficient to demonstrate the advantages of the GAPSO algorithm for optimising the parameters of the LSTM model.

The above analysis compares the suction effects of different models from both the overall and the three aspects. These results
validate the superiority of the FFT-GAPSO-LSTM model for centrifugal blood pump suction detection.
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Table 2

The suction detection results of different models.
detection model accuracy (%)

normal state suction state overall

the FFT-LSTM model 98.7 97.9 98.3
the FFT-PSO-LSTM model 98.5 99.0 98.75
the FFT-APSO-LSTM model 99.3 99.1 99.2
the FFT-GAPSO-LSTM model 100 100 100
the BP neural network model 97.3 97.5 97.4
the SVM model 96.4 96.8 96.6

5. Design and implementation of suction suppression method
5.1. Method design

Suction suppression is necessary after Suction detection. Centrifugal blood pumps satisfy the real-time demand for blood flow by
controlling the rotational speed. Suction can occur easily when the speed is excessively high or abnormal. Therefore, when designing
suction detection methods, it is necessary to focus on speed modulation. Based on the suction detection method, a suction suppression
method was designed in this study; a schematic diagram is shown in Fig. 11.

As shown in Fig. 11, the principle of the suction suppression method is as follows:

(1) If the blood-flow curve detected by the suction detection model is in a normal state, the original state or trend of the rotational
speed remains unchanged.

(2) If the detection result of the blood flow curve by the suction-detection model is in a suction state, it indicates that the suction
phenomenon has occurred. The motor of the centrifugal blood pump immediately provides a command to continuously reduce
the speed until the detection result of the suction-detection model is in a normal state, and the motor stops reducing the speed.

Therefore, it can effectively suppress suction and prevent dangerous events.

5.2. Result analysis

To verify the effectiveness of the suction detection and suppression methods, the method described in Section 4.1, was added to the
cardiovascular system, a centrifugal blood pump coupling model was built in MATLAB/Simulink, and simulation research was con-
ducted. The results of the suction suppression are shown in Fig. 12.

Fig. 12 (a) shows the changes in the blood flow of the centrifugal blood pump before and after suction, and Fig. 12 (b) shows the
changes in motor speed of the centrifugal blood pump before and after suction. As the motor speed increased, blood flow also
increased. When the motor speed reached a certain point, the suction phenomenon occurred, and the periodic fluctuation of the blood
flow quickly weakened. At this moment, the suction-detection model detects the suction state and quickly sends instructions to the
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Fig. 11. Schematic diagram of the principle of the suction suppression method.
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Fig. 12. Results of the suction suppression; (a) blood flow; (b) rotational speed.

motor of the centrifugal blood pump, forcing the motor speed to decrease rapidly, as shown in Fig. 12 (b). Until the blood flow returns
to normal, as shown in Fig. 12 (a), the suction detection model detects a transition from the suction state to the normal state and sends
another command to the motor. At this point, the centrifugal blood pump motor speed immediately stops decreasing. In this way, the
occurrence of suction can be suppressed and subsequent harm to patients can be avoided.

6. Discussion and conclusion

This study combines signal preprocessing, feature extraction, and clustering recognition to design an FFT-GAPSO-LSTM model to
detect centrifugal blood pump status. The innovation of this model lies in the application of the GAPSO algorithm and the FFT feature
extraction method to the LSTM model, which greatly improves the accuracy of suction detection. Safety is the most important per-
formance of centrifugal blood pumps, which corresponds to the life and health of patients. After implanting a blood pump in patients
with heart failure, any minor complications (such as suction) can cause fatal injury. Timely detection of possible suction events can
provide valuable information for the suppression and resolution of suction. Therefore, improving the accuracy of suction detection is
important. Currently, there are some suction-detection methods available in the market that may, to some extent, detect whether the
bleeding pump is in the suction state. However, the accuracy of these methods still needs to be improved because there may be
loopholes in their detection. Once suction occurs, it is dangerous, and even a small risk can be fatal. The FFT-GAPSO-LSTM model
proposed in this study can achieve a suction detection accuracy of 100%, which can make patients with HF feel comfortable when
using it because it will not cause misjudgement. The comparative analysis provided in the Results section verifies the superiority of the
FFT-GAPSO-LSTM model. The high accuracy of the model can be explained as follows.

(1) The LSTM model is effective in handling recognition and classification problems, particularly for images. Suction detection in
centrifugal blood pumps falls into this category.

(2) After FFT feature extraction, the features of the normal and suction states differed significantly. Therefore, the complexity of the
model recognition and detection after feature extraction is significantly reduced. Thus, the training effect of the model is
significantly improved.

(3) After optimising the parameters of the GAPSO algorithm, the control parameters of the LSTM model obtained optimal values
that significantly improved the convergence performance and training effectiveness of the LSTM model.

Handling the suction problem not only requires ultra-high detection accuracy but also requires corresponding measures to suppress
the occurrence of suction after it is detected. The combination of suction detection and suction suppression can achieve normal real-
time operation of centrifugal blood pumps. Few studies have reported a complete process that includes these two parts, let alone both
simultaneously. We did it. After achieving ultrahigh detection accuracy, we designed a method for suppressing suction based on speed
modulation. When suction was detected, the motor of the centrifugal blood pump responded quickly by adjusting the speed of the
centrifugal blood pump to its normal state. The simulation results indicate that it is feasible to suppress the suction by modulating the
speed. In our control system, a suction-detection algorithm based on the FFT-GAPSO-LSTM model and a suction-suppression algorithm
based on speed modulation were integrated. The advantage of this method is that it enables the controller to react quickly, ensuring
that the centrifugal blood pump is always in a normal state.

The method of detecting and suppressing centrifugal blood pump suction described in this study is expected to be effective in the
clinical application of interventional left ventricular assist devices. A fatal threat of suction in products that are currently on the market
exists. The proposed method effectively addresses this problem. However, it also has one limitation, that is, the model must acquire
blood flow data in real time and conduct extensive training, which requires the installation of a high-performance controller of a high-
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precision flow sensor in the application, which requires a little thought. In short, this study provides a new approach for optimising the
control system of centrifugal blood pumps.

In the next step of this research, we will focus on animal experiments, as the current data are based on the simulation of the
cardiovascular system and a centrifugal blood pump-coupling model, although the resulting signal has been preprocessed to make it
closer to the actual working results. However, centrifugal blood pumps encounter complex environments and unexpected situations
after implantation into the human body that are difficult to simulate. Therefore, further experiments must be conducted to verify and
analyse these results. Currently, an experimental platform has been established, and a prototype of the centrifugal blood pump has
been successfully processed and tested. Our research group will further verify the performance of the centrifugal blood pumps in large-
scale animal experiments. We believe that, through repeated verifications and continuous improvement, our heart-pump product will
be a step closer to clinical practice.
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