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Abstract: Clinical rehabilitation assessment is an important part of the therapy process because
it is the premise for prescribing suitable rehabilitation interventions. However, the commonly
used assessment scales have the following two drawbacks: (1) they are susceptible to subjective
factors; (2) they only have several rating levels and are influenced by a ceiling effect, making
it impossible to exactly detect any further improvement in the movement. Meanwhile, energy
constraints are a primary design consideration in wearable sensor network systems since they
are often battery-operated. Traditionally, for wearable sensor network systems that follow the
Shannon/Nyquist sampling theorem, there are many data that need to be sampled and transmitted.
This paper proposes a novel wearable sensor network system to monitor and quantitatively assess the
upper limb motion function, based on compressed sensing technology. With the sparse representation
model, less data is transmitted to the computer than with traditional systems. The experimental
results show that the accelerometer signals of Bobath handshake and shoulder touch exercises can be
compressed, and the length of the compressed signal is less than 1/3 of the raw signal length. More
importantly, the reconstruction errors have no influence on the predictive accuracy of the Brunnstrom
stage classification model. It also indicated that the proposed system can not only reduce the amount
of data during the sampling and transmission processes, but also, the reconstructed accelerometer
signals can be used for quantitative assessment without any loss of useful information.

Keywords: compressed sensing; wearable sensor network; quantitative assessment; stroke;
Brunnstrom stage classification

1. Introduction

Stroke, also known as cerebrovascular insult (CVI), cerebrovascular accident (CVA), or brain
attack, is when poor blood flow to the brain results in cell death. Between 1990 and 2010, the number
of strokes which occurred each year decreased by approximately 10% in the developed world and
increased by 10% in the developing world [1]. In 2013, stroke was the second most frequent cause of
death after coronary artery disease, accounting for 6.4 million deaths (12% of the total) [2]. In China,
stroke, with an annual mortality rate of approximately 157 per 100,000, has surpassed heart disease to
become the leading cause of death and adult disability. In addition, China has 2.5 million new stroke
cases each year and 7.5 million stroke survivors [3].

Considering the large population of stroke patients in China and the limited rehabilitation resources
(rehabilitation centers, physicians, therapists), it is an inevitable trend for stroke patients to do rehabilitation
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training in home settings. Many previous research results have proven that, in comparison with inpatient
care, home-based rehabilitation shows no difference in the effect on any of the outcomes [4,5]. Moreover,
as there are fewer limitations on the time and space, patients can do rehabilitation training according
to their own schedule in the home settings. However, due to the fact that there are no physicians or
physiotherapists in these home settings to evaluate the motor function of stroke patients and adjust the
prescribed training, how to precisely and automatically assess the motor function without the participation
of physicians has become an important problem that needs to be resolved. Fortunately, the availability of
wearable devices provides a potential approach to solve this problem.

With the development of the Internet of Things (IoT), wearable devices have been widely applied
in the healthcare area. Considering sensor types, inertial measurement sensors such as accelerometers,
gyroscopes, and magnetometers are used individually or together to monitor and analyze the motor
functions of stroke patients [6,7]. In addition, some studies combine inertial measurement sensors with
physiological sensors, like ECG, sEMG, etc. [8,9]. Based on the application scenarios, the following four
categories can be distinguished: fall detection [10,11], physical activity monitoring [12–14], movement
recognition [15–17] and quantitative assessment [18–20]. Particularly in the area of quantitative
assessment for stroke patients, many valuable research results have been published. Patel et al. [21]
proposed a Random Forests-based algorithm to estimate Functional Ability Scale (FAS) scores by using
the signals of six accelerometers placed on the affected arm and the trunk. Based on the same dataset,
Din et al. [20] established a Random Forests model to predict the Fugl-Meyer Assessment (FMA)
scores. Uswatte et al. [22] have shown that just two accelerometers are adequate for assessing whether
rehabilitation has an effect on arm function outside the laboratory. Previous work by our research
group found that accelerometer data can be used to automatically classify the clinical Brunnstrom
stages and some quantitative assessment indexes were designed to evaluate the motor function of
stroke patients [23–26].

However, in our previous works, the accelerometer data were wirelessly transmitted from
wearable devices to a receiver using the ZigBee protocol. Because the wearable devices are
battery-operated, the battery life is inversely proportional to the amount of data transmitted. Hence, in
order to extend the battery life and reduce the amount of data during the sampling and transmission
processes, this paper proposes a novel wearable sensor network system based on compressed sensing
technology. The main aim of this paper is to investigate whether the accelerometer signals collected
during the training process of stroke patients could be compressed and whether the reconstruction
errors have any influence on the quantitative assessment models. This paper is organized as follows: in
Section 2, the wearable sensor network, compressed sensing technology and experiment protocols will
be described. The experimental results and corresponding discussion will be described in Section 3.
Finally, the contributions of this work and future work will be presented in Section 4.

2. Materials and Methods

2.1. Compressed Sensing-Based Wearable Sensor Network

As shown in Figure 1, the compressed sensing-based wearable sensor network consists of three
parts: an accelerometer sensor node, ZigBee wireless receiver, and computer. Compared with
traditional accelerometer sensor nodes based on the Nyquist sampling theorem, the sensor node
proposed in this paper has the advantage of “compressed sampling”, through which the sampling rate
was reduced and the power consumption during the sampling and transmission processes were much
lower than with the traditional method. The ZigBee wireless receiver was connected to the computer
through a USB port and sends the compressed data to the computer. On the computer side, firstly, the
accelerometer signal was reconstructed from the compressed data; secondly, those features that can
represent the motor function of stroke patients were extracted using the time and frequency domain
method; finally, through mapping the features were related to the clinical assessment outcomes given
by physicians, and a quantitative assessment model was built.
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Figure 1. System structure of a compressed sensing-based wearable sensor network. 
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In this paper, ∈ ℝ ×  is a part of a raw accelerometer signal, ∈ ℝ ×  is the compressed 
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can be omitted. ∈ ℝ × ( ≪ )  is a designed sensing matrix that linearly compresses x. 
Therefore, the model used in this paper is a noiseless model, expressed as: 
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Assume the signal x was sparse under a certain orthogonal space ∈ ℝ × ; that is, x can be 
represented by the following form: 
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In this paper, for ease of hardware implementation, the sparse Gaussian random matrix was 
adopted, where the value of every element was previously embedded into the microcontroller unit 
in the form of a lookup table. 
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basis pursuit (BP) [33], sparse Bayesian learning (SBL) [34] and so on. Considering the signal 
generally has block/group structure and there exists intra-block correlation among the elements 
within each block, Zhang et al. [35,36] proposed a new signal recovery framework called block SBL 
(BSBL) and the results showed that the performance was obviously better than that of other 
traditional methods. Hence, this paper chose the BSBL algorithm to reconstruct the accelerometer 
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2.2. Signal Recovery Algorithms

Compressed sensing (CS) [27–29] is a novel signal compression method that depends on the
sparsity of signals for compression and reconstruction. The following Equation (1) describes the
relationship of a fundamental noisy model:

y “ Φx` v (1)

In this paper, x P RNˆ 1. is a part of a raw accelerometer signal, y P RMˆ1 is the compressed data
that will be wirelessly transmitted to a remote receiver via the ZigBee wireless protocol, and v can be
omitted. Φ P RMˆN pM ! Nq is a designed sensing matrix that linearly compresses x. Therefore, the
model used in this paper is a noiseless model, expressed as:

y “ Φx (2)

Assume the signal x was sparse under a certain orthogonal space Ψ P RNˆ N ; that is, x can be
represented by the following form:

x “ Ψθ (3)

where θ = [θ1, θ2, . . . θN]T was a K-sparse vector pK ! Nq, which means θ only has K
non-zero elements.

In this paper, for ease of hardware implementation, the sparse Gaussian random matrix was
adopted, where the value of every element was previously embedded into the microcontroller unit in
the form of a lookup table.

Based on the framework proposed by Candes and Donoho [30], the principle of signal recovery
was to solve the following l1 norm optimization problem:

$

&

%

min
θ

||θ||1

s.t.y “ ΦΨθ
(4)

In the past decades, many researchers have focused on this problem and proposed a series of
recovery algorithms, such as matching pursuit (MP) [31], orthogonal matching pursuit (OMP) [32],
basis pursuit (BP) [33], sparse Bayesian learning (SBL) [34] and so on. Considering the signal generally
has block/group structure and there exists intra-block correlation among the elements within each
block, Zhang et al. [35,36] proposed a new signal recovery framework called block SBL (BSBL) and
the results showed that the performance was obviously better than that of other traditional methods.
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Hence, this paper chose the BSBL algorithm to reconstruct the accelerometer signal from compressed
data. The basic principle of the BSBL framework is illustrated in the Appendix.

2.3. Extreme Learning Machine

Extreme learning machine (ELM) was firstly proposed by Huang et al. [37], who applied it to the
nonlinear mapping of a single layer feedforward network (SLFN). The SLFN structure is shown in
Figure 2. In the following section, we will briefly introduce the principle of ELM.
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Assume there are N samples txi,yiu pi “ 1, 2, ¨ ¨ ¨ , Nq, where xi “ rxi1, xi2, ¨ ¨ ¨ , xins
T
P Rnˆ 1,

yi “ ryi1, yi2, ¨ ¨ ¨ , yims
T
P Rmˆ1, m and n are the size of the input and output vector, respectively.

Equation (5) is the mathematically expression of a standard single layer feedforward networks (SLFNs),
which has L hidden neurons with activation function g pxq:

Hβ “ Y (5)

where Y “ ry1, ¨ ¨ ¨ , yNs
T
P RNˆm, β “ rβ1, ¨ ¨ ¨ ,βLs

T
P RLˆm and:

H pw1, ¨ ¨ ¨ , wL, b1, ¨ ¨ ¨ , bL, x1, ¨ ¨ ¨ , xNq “

¨

˚

˝

g pw1x1 ` b1q . . . g pwLx1 ` b1q
...

. . .
...

g pw1xN ` b1q ¨ ¨ ¨ g pwLxN ` b1q

˛

‹

‚

(6)

where wi “ rwi1, wi2, ¨ ¨ ¨ , wins
T is the weight vector connecting the input neurons and the ith hidden

neuron, βi “ rβi1, βi2, ¨ ¨ ¨ , βims
T is the weight vector connecting the output neurons and the ith hidden

neuron, and bi is the threshold of the ith hidden neuron.
The training process of an SLFN is simply the equivalent to finding a least-squares solution β̂ of

Equation (5):

||H pw1, ¨ ¨ ¨ , wL, b1, ¨ ¨ ¨ , bLq β̂´Y|| “ min
β

||H pw1, ¨ ¨ ¨ , wL, b1, ¨ ¨ ¨ , bLqβ´Y|| (7)

According to the least-squares regression theory, the best solution of the linear system is:

β̂ “ H`Y (8)

where H+ is the pseudo inverse of H.
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Compared with traditional backpropagation neural networks, ELM does not have to iteratively
adjust the connecting weights and bias, as it maps the training process to a problem of solving a group
of linear equations. Besides, in reference [37], Huang et al. have proved that given any small positive
value ε ą 0 and activation function g : R Ñ R which is infinitely differentiable in any interval, there
exists rN ď N such that for N arbitrary distinct samples, for any wi and bi randomly chosen, then with
probability one, ||Hβ´Y|| ă ε.

In summary, the whole procedure of establishing an ELM model includes three steps, which are
listed in Table 1.

Table 1. Flow of the ELM algorithm.

Step 1: Generate random input weight wi and bias bi, i “ 1, ¨ ¨ ¨ , rN.
Step 2: Compute the output of neurons in hidden layer according to Equation (6).
Step 3: Compute the output weight β according to Equation (8).

2.4. Experiment Protocols

All the following experiments were approved by the Ethics Committee of Jiaxing 2nd Hospital,
(Jiaxing, China). Twenty-three stroke patients and four physicians were selected to participate in these
experiments. According to the Brunnstrom stage classification criteria, the 23 patients’ Brunnstrom
stages ranged from II to V. However, considering that patients in stage I cannot move their upper limbs
without extra assistance, patients in stage I were not selected for our experiments. Similarly, due to the
fact that in China, the majority part of stage VI patients leave the hospital due to the high medical costs
and limited rehabilitation resources, we used four physicians instead of stage VI patients to participate
our experiments.

Table 2 lists the general information of the 23 stroke patients, from which it can be clearly seen
that there were 13 males and 10 females, with an age distribution range from 47 to 79. None of
the patients had severe communication and cognitive problems. Before the data collection, all the
experimental processes were demonstrated and the matters needing attention during the experiments
were highlighted in advance by the physicians.

Table 2. The general information of the 23 stroke patients.

Brunnstrom Stage Level Patients Sex (M/F) Hemiplegic Side
(Left/Right)

Limb Dominance
(Left/Right)

II 2 0/2 2/0 0/2
III 10 5/5 6/4 2/8
IV 4 3/1 3/1 0/4
V 7 5/2 2/5 1/6

The accelerometer sensors were placed on the geometric center of the arms, as shown in Figure 3.
The distance between the accelerometer sensor on the forearm and dorsal stripes was 10 cm, while the
distance between the accelerometer sensor on the upper arm and the epicondyus lateralis humeri was
8 cm.
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Generally, in motion capturing and monitoring applications, reconstruction performance is often
evaluated by comparing the reconstructed signals with raw ones through the mean square error
(MSE). However, in this paper, the signal reconstruction was not the final goal, so the reconstructed
accelerometer signals were further processed to establish an automatic Brunnstrom stage classification
model. Due to the infidelity of the MSE for structured signals, it is difficult to analyze how the
predictive accuracy of the quantitative assessment model is affected by the reconstruction errors
measured by MSE. Hence, it is necessary to compare the predictive accuracy of Brunnstrom stage
classification models, which are built based on the reconstructed and raw accelerometer signals,
respectively. Consequently, to achieve our goal, all of the experiments were implemented in two
actions: (1) Bobath handshake; (2) shoulder touch.

2.4.1. Bobath Handshake

The purpose of this experiment is to validate the reconstruction performance of the BSBL algorithm
during the Bobath handshake exercise. The whole process of the Bobath handshake exercise can be
divided into the following three steps:

(1) Sit down on a chair, cross the hand and keep the thumb of the hemiplegic side on top.
(2) Straighten the upper extremities, lift above the head and hold for 3 s.
(3) Move the hands back to the initial position.

An additional movie file shows the Bobath handshake exercise in more detail (see
Supplementary File 1).

2.4.2. Shoulder Touch

Our previous studies have found that the accelerometer signals of the shoulder touch exercise
can be applied to automatically classify the Brunnstrom stage for stroke patients. To investigate
whether the reconstruction errors affect the predictive accuracy of the quantitative assessment model,
the shoulder touch exercise was completed by every participant in order to collect the compressed
accelerometer signals. The whole process of the shoulder touch exercise can be divided into the
following four steps:

(1) Sit down on a chair, and naturally droop the upper limb of the hemiplegic side.
(2) Raise the upper limb of the hemiplegic side to the horizontal position.
(3) Move horizontally to the healthy side shoulder and hold for 5 s.
(4) Move back to the initial droop position and take a short break.

An additional movie file shows the shoulder touch exercise in more detail [see Supplementary File 2].
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All patients were required to finish these exercises without extra assistance to reflect their true
movement function. Before the data collection, they were asked to practice several times with the
guidance of physicians so that they were familiar with the whole process. During the experimental
processes, they were requested to repeat the shoulder touching exercise eight times.

The data sampling and management were implemented by using the Remote Rehabilitation
Training and Assessment Software (RRTAS), which was developed by our group. The run environment
of RRTAS is Windows 32 bit platform and .Net Framework 3.5 or above. An additional document file
introduces RRTAS in more detail (see Supplementary File 3).

3. Results and Discussion

3.1. Accelerometer Signals Compress and Recovery

The raw accelerometer signal of the Bobath handshake exercise is shown in Figure 4, in which
the axes X1, Y1 and Z1 are the signals of sensors placed on the forearm, while the axes X2, Y2 and
Z2 are the signals of sensors placed on the upper arm. From Figure 4, we can see that during the
Bobath handshake exercise, all six of the axes from two accelerometer sensors show period changes.
However, 5400 raw sampling data in each axis need to be transmitted to the computer through the
ZigBee wireless protocol during all eight Bobath handshake exercises.
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Figure 4. Raw accelerometer signals.

As mentioned above, by adjusting the dimension of sensing matrix Φ, the compression ratio (CR)
can be changed as follows:

CR “
N ´M

N
“ 1´

M
N

(9)

Here, we first set the CR to 0.7222 to validate the reconstruction performance of the BSBL
algorithm. This means that the raw accelerometer signal was compressed to 1500 sampling data.
The corresponding compressed signal is shown in Figure 5, where it can be seen that the compressed
signal looks very different from the raw accelerometer signal due to the randomness of the sensing
matrix Φ. This characteristic indicates that compressed sensing can not only compress the raw signal
into a lower dimension compressed signal, but also can encrypt the raw signal so that the privacy of
the patients is protected.
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Figure 5. Compressed accelerometer signals.

From Figure 4, it is obvious that the raw accelerometer signal is far from sparse and
periodic. This creates a huge difficulty for traditional CS recovery algorithms to reconstruct the
raw accelerometer signals. Fortunately, the BSBL recovery framework proposed by Zhang [35,36]
significantly outperforms tradition CS algorithms thanks to its ability to explore and exploit an
intra-block correlation in signals. When the prior block partition is given, the whole raw accelerometer
signal is divided into 30 blocks of equal size (each block contains 5400/30 = 180 sampling data).
The reconstructed accelerometer signals are shown in Figure 6. To validate the recovery performance
of BSBL algorithm, we also reconstructed the compressed signals with BP and OMP algorithms, and
the correlation coefficients of the reconstructed and raw signals of each algorithm are all listed in
Table 3. It is clear that by using the BSBL algorithm, the correlation coefficients of the reconstructed
and raw signals were higher than with the other two methods, which suggests that the BSBL algorithm
is very effective for accelerometer signal recovery.
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Table 3. Signal recovery results of BSBL, BP and OMP algorithms.

Methods
Correlation Coefficients between Reconstructed and Raw Signals

X1 Y1 Z1 X2 Y2 Z2

BSBL 0.9991 0.9957 0.9965 0.9991 0.9979 0.9969
BP 0.8762 0.8814 0.8729 0.8651 0.8964 0.9015

OMP 0.9356 0.9521 0.9188 0.9672 0.9248 0.9366

3.2. Effects of Block Size and CR on Recovery Performance

In this section, we will discuss the effects of block size and compression ratio on the quality
of signals reconstructed from raw accelerometer signals. Here, we chose the signal to noise ratio
(SNR) as the evaluation index to analyze the reconstruction error. The definition of SNR is shown in
Equation (10):

SNR “ 20lg
‖ x ‖2

2

‖ x´
^
x ‖

2
2

(10)

where x and
^
x are the raw and reconstructed signals, respectively. A higher SNR means a smaller

reconstruction error.
The effects of block size on SNR are shown in Figure 7. It is clear that the trends of all six axes

are same; that is, as the block size increases, the SNR also increases. In particular when the block
size changes from 5 to 20, the corresponding SNR increases quickly. This is due to the fact that the
sampling rate of the raw accelerometer sensor is 50 Hz, and for stroke patients the duration of the
Bobath handshake exercise is about 12 s. Hence, if the block size is too small (for example, a block size
less than 10), the signals in each block are almost unchanged because the duration of each block is very
short. Consequently, all of the intra-block correlations of each block are close to 1 and the variances are
close to 0.

Although the reconstruction performance is affected by the block size in the block partition, this
does not limit its application to the wearable sensor network. Figure 7 also shows that a wide range of
the block size (for example, from 20 to 40) can lead to satisfying results.
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Figure 8 illustrates the effects of CR on SNR, from which we can see that when the CR increases,
the SNR decreases, especially when the CR is higher than 0.75. That is to say, if the CR does not exceed
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0.75 (the length of compressed signal cannot be less than 1350), a satisfactory quality reconstructed
signal can be achieved.
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According to compressed sensing theory, the relationship between M and N should satisfy the
following inequality:

M ą Klog
ˆ

N
K

˙

(11)

where K is the sparsity of the raw signal. Now we validate the theoretical CR of the accelerometer
signals. Figure 9 shows the sparsity discrete cosine transform (DCT) coefficients of the raw
accelerometer signal. Clearly, only a few DCT coefficients (K « 600) have large amplitudes, while the
majority of coefficients have small amplitudes. Hence, the theoretical maximum CR should be:

CRmax “ 1´
Mmin

N
« 1´

600ˆ log p5400{600q
5400

« 0.7559 (12)
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This result is essentially the same as Figure 8, which means that the more sparser the raw signal
is, the higher CR can be achieved.
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3.3. Effects of Compressed Sensing on Quantitative Assessment Model

In the previous experiment, we showed that the accelerometer signals of rehabilitation exercises
can be compressed and precisely reconstructed. Another question is whether the reconstructed signals
affect the predictive accuracy of the quantitative assessment model. To answer this, we carried out the
following experiment: as mentioned above, there are many assessment scales in clinical settings to
evaluate the movement function of stroke patients, such as the Fugl-Meyer assessment scale, Functional
ability scale, Brunnstrom stage classification, Action Research Arm Test, and so on. Compared with
other assessment scales, the Brunnstrom stage classification tool only has six levels, hence it has the
advantage of being easy to use and time saving. In our previous work [26], we have proven that the
Brunnstrom stage of stroke patients can be automatically classified through the shoulder touch exercise
by using the ELM method.
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Figure 10. (a)–(e) Reconstructed and raw accelerometer signals from Brunnstrom stages II to VI.

Due to space limitations, here we present only the reconstructed and raw axis Y1 accelerometer
signals ranges from Brunnstrom stage II to VI in Figure 10. It is clear that as the Brunnstrom stage
increases, the reconstruction error decreases. This is because the lower the Brunnstrom stage, the
weaker the stroke patient’s motor function, and he or she cannot finish the shoulder touch exercise
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freely. Additionally, with the Brunnstrom stage decreases, the smoothness of accelerometer signals
becomes worse, which brings about difficulty in signal recovery.

To investigate the effects of reconstruction error on the predictive accuracy of the Brunnstrom
stage classification model, we established the quantitative assessment model with the reconstructed
and raw accelerometer signals, respectively. To ensure the consistency of our comparison, the feature
extraction and ELM parameters were all set to be the same. More specifically, 12 features including root
mean square (RMS), amplitude (AMP) from three axes of two accelerometer sensors were extracted
and set as the input of ELM model, the output of the ELM model was the Brunnstrom stage level, and
the number of hidden neurons was set to 30. The training set contains 152 samples and the testing set
contains 38 samples.

The results are shown in Figure 11 and Table 4, from which it can be seen that of the total
38 samples in the testing set, there were 34 samples whose Brunnstrom stages were accurately
predicted by using the reconstructed signal, while 35 samples were accurately predicted using the
raw signal, which indicated that the reconstruction error alone has no influence on the accuracy of the
quantitative assessment model. Actually, the analysis of variance (ANOVA) result, listed in Table 5,
indicates that there is no statistically significant difference between the predictive accuracy of the raw
and reconstructed Brunnstrom stage classification model. Consequently, we can conclude that the
reconstruction error has no influence on the establishment of a quantitative assessment model.
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Table 4. Comparison of compressed and raw signals on quantitative assessment model accuracy.

Brunnstrom Stage Samples in Testing Set Predictive Accuracy
Raw Model Compressed Sensing Model

II 2 100 (2/2) 100 (2/2)
III 14 85.7 (12/14) 78.6 (11/14)
IV 9 88.8 (8/9) 100 (9/9)
V 9 100 (9/9) 88.8 (8/9)
VI 4 100 (4/4) 100 (4/4)

Total 38 92.1 (35/38) 89.5 (34/38)

Table 5. Analysis of variance results.

Source Sum of Squares df Mean Square F Prob > F

Between Groups 0.0132 1 0.01316 0.01 0.9205
Within Groups 96.9737 74 1.31046

Total 96.9868 75
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4. Conclusions

To reduce the amount of data in a wearable sensor network during the sampling and transmission
processes, this paper proposes a novel wearable sensor network based on compressed sensing
technology, and applied it to the monitoring and quantitative assessment of stroke patients’ upper
limb motor function. The experimental results showed that the proposed method can not only
compress and precisely reconstruct the raw accelerometer signals, but can also apply the reconstructed
signals to establish the Brunnstrom stage automatic classification model. It also indicated that the
proposed system can provide a theoretical basis for individualized and remote rehabilitation. However,
considering the fact that the clinical experiment only recruited 23 stroke patients, which is too small
a number to verify the statistical reliability and validity of the proposed quantitative assessment
model, in the future, we will gather more clinical data and improve the generalization performance
of the model. Additionally, in this paper, the compressed signals need to be reconstructed on the
computer side before the analysis process. In the future, we will try to investigate whether the analysis
process can be directly implemented in the compressed domain. If yes, this could reduce the off-line
computation burden and make the “on-node” analysis more possible.

Supplementary Materials: Additional File 1: Bobath handshake exercise (Movies, MP4 format), Additional File 2:
Shoulder touch exercise (Movies, MP4 format), Additional File 3: Introduction of Remote Rehabilitation Training
and Assessment Software.
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Appendix

Without loss of generality, assume x can be divided into g blocks, i.e.:

x “ rx1, ¨ ¨ ¨ , xd1
looooomooooon

xT
1

, ¨ ¨ ¨ , xdg´1`1, ¨ ¨ ¨ , xdg
looooooooomooooooooon

xT
g

s
T

where di p@iq are not necessarily identical. Among the g blocks, only k pk ! gq blocks are nonzero but
their locations are unknown.

Each block xi PRdiˆ 1 is assumed to satisfy a parameterized multivariate Gaussian distribution:

p pxi; γi, Biq „ N p0, γiBiq , i “ 1, ¨ ¨ ¨ , g

where γi is a non-negative parameter controlling the block-sparsity of x. When γi=0, the ith block
becomes zero. Bi PRdiˆdi is a positive definite matrix, capturing the correlation structure of the ith

block. Under the assumption that blocks are mutually uncorrelated, the prior of x is:

p px; tγi, Biuiq „ N p0, Σ0q

where Σ0=diag
 

γ1B1, ¨ ¨ ¨ , ¨ ¨ ¨γgBg
(

. Assume the noise vector satisfies p pv; λq„N p0, λIq, where λ is a
positive scalar. Therefore the posterior of x is given by:

p
´

x
ˇ

ˇ

ˇ
y; λ, tγi, Biu

g
i“1

¯

“ N pµx, Σxq

with:
µx “ Σ0ΦT

´

λI`ΦΣ0ΦT
¯´1

y

Σx “

ˆ

Σ´1
0 `

1
λ

ΦTΦ

˙´1

Once the parameters λ, tγi, Biu
g
i“1 are estimated, the Maximum-a-Posteriori (MAP) estimate of x,

denoted by
^
x , can be directly obtained from the mean of the posterior, i.e.:

^
x Ð Σ0ΦT

´

λI `ΦΣ0ΦT
¯´1

y

The parameters can be estimated by a Type II maximum likelihood procedure. This is equivalent
to minimizing the following cost function:

L pθq fi

´2log
ş

p py|x; λqp px; tγi, Biuiq dx

“ log
ˇ

ˇ

ˇ
λI`ΦΣ0ΦT

ˇ

ˇ

ˇ
` yT

´

λI`ΦΣ0ΦT
¯´1

y

where θ denotes all the parameters, i.e., θfi

!

λ, tγi, Biu
g
i“1

)

.

References

1. Feigin, V.L.; Forouzanfar, M.H.; Krishnamurthi, R.; Mensah, G.A.; Connor, M.; Bennett, D.A.; Moran, A.E.;
Sacco, R.L.; Anderson, L.; Truelsen, T.; et al. Global and regional burden of stroke during 1990–2010: Findings
from the Global Burden of Disease Study 2010. The Lancet 2014, 383, 245–255. [CrossRef]

2. Naghavi, M.; Wang, H.; Lozano, R.; Davis, A.; Liang, X.; Zhou, M.; Vollset, S.E.; Ozgoren, A.A.; Abdalla, S.;
Abd-Allah, F.; et al. Global, regional, and national age-sex specific all-cause and cause-specific mortality
for 240 causes of death, 1990–2013: A systematic analysis for the Global Burden of Disease Study 2013.
The Lancet 2015, 385, 117–171.

3. Liu, L.; Wang, D.; Wong, K.L.; Wang, Y. Stroke and stroke care in China huge burden, significant workload,
and a national priority. Stroke 2011, 42, 3651–3654. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0140-6736(13)61953-4
http://dx.doi.org/10.1161/STROKEAHA.111.635755
http://www.ncbi.nlm.nih.gov/pubmed/22052510


Sensors 2016, 16, 202 15 of 16

4. Langan, J.; DeLave, K.; Phillips, L.; Pangilinan, P.; Brown, S.H. Home-based telerehabilitation shows
improved upper limb function in adults with chronic stroke: A pilot study. J. Rehabil. Med. 2013, 45, 217–220.
[CrossRef] [PubMed]

5. Chen, J.; Jin, W.; Zhang, X.X.; Xu, W.; Liu, X.N.; Ren, C.C. Telerehabilitation Approaches for Stroke Patients:
Systematic Review and Meta-analysis of Randomized Controlled Trials. J. Stroke Cerebrovasc.Dis. 2015, 24,
2660–2668. [CrossRef] [PubMed]

6. Hadjidj, A.; Souil, M.; Bouabdallah, A.; Challal, Y.; Owen, H. Wireless sensor networks for rehabilitation
applications: Challenges and opportunities. J. Netw. Comput. Appl. 2013, 36, 1–15. [CrossRef]

7. Patel, S.; Park, H.; Bonato, P.; Chan, L.; Rodgers, M. A review of wearable sensors and systems with
application in rehabilitation. J. NeuroEng. Rehabil. 2012, 9, 1–17. [CrossRef] [PubMed]

8. Skobel, E.; Martinez-Romero, A.; Scheibe, B.; Schauerte, P.; Marx, N.; Luprano, J.; Knackstedt, C. Evaluation
of a newly designed shirt-based ECG and breathing sensor for home-based training as part of cardiac
rehabilitation for coronary artery disease. Eur. J. Prev. Cardiol. 2014, 21, 1332–1340. [CrossRef] [PubMed]

9. Roy, S.H.; Cheng, M.S.; Chang, S.S.; Moore, J.; De Luca, G.; Nawab, S.H.; De Luca, C.J. A combined sEMG
and accelerometer system for monitoring functional activity in stroke. IEEE Trans. Neural Syst. Rehabil. Eng.
2009, 17, 585–594. [CrossRef] [PubMed]

10. Schwickert, L.; Becker, C.; Lindemann, U.; Maréchal, C.; Bourke, A.; Chiari, L.; Helbostad, J.L.; Zijlstra, W.;
Aminian, K.; Todd, C. Fall detection with body-worn sensors. Zeitschrift für Gerontologie und Geriatrie 2013,
46, 706–719. [CrossRef] [PubMed]

11. Habib, M.A.; Mohktar, M.S.; Kamaruzzaman, S.B.; Lim, K.S.; Pin, T.M.; Ibrahim, F. Smartphone-based
solutions for fall detection and prevention: challenges and open issues. Sensors 2014, 14, 7181–7208.
[CrossRef] [PubMed]

12. Yang, C.C.; Hsu, Y.L. A review of accelerometry-based wearable motion detectors for physical activity
monitoring. Sensors 2010, 10, 7772–7788. [CrossRef] [PubMed]

13. Gebruers, N.; Vanroy, C.; Truijen, S.; Engelborghs, S.; De Deyn, P.P. Monitoring of physical activity after
stroke: A systematic review of accelerometry-based measures. Arch. Phys. Med. Rehabil. 2010, 91, 288–297.
[CrossRef] [PubMed]

14. Zhang, S.; McCullagh, P.; Zhang, J.; Yu, T. A smartphone based real-time daily activity monitoring system.
Clust. Comput. 2014, 17, 711–721. [CrossRef]

15. Chernbumroong, S.; Cang, S.; Yu, H. A practical multi-sensor activity recognition system for home-based
care. Decis. Support Syst. 2014, 66, 61–70. [CrossRef]

16. Bulling, A.; Blanke, U.; Schiele, B. A tutorial on human activity recognition using body-worn inertial sensors.
ACM Comput. Surv. (CSUR) 2014, 46. [CrossRef]

17. Gao, L.; Bourke, A.K.; Nelson, J. Evaluation of accelerometer based multi-sensor versus single-sensor activity
recognition systems. Med. Eng. Phys. 2014, 36, 779–785. [CrossRef] [PubMed]

18. Maetzler, W.; Domingos, J.; Srulijes, K.; Ferreira, J.J.; Bloem, B.R. Quantitative wearable sensors for objective
assessment of Parkinson’s disease. Mov. Disord. 2013, 28, 1628–1637. [CrossRef] [PubMed]

19. Carpinella, I.; Cattaneo, D.; Ferrarin, M. Quantitative assessment of upper limb motor function in Multiple
Sclerosis using an instrumented Action Research Arm Test. J. NeuroEng. Rehabil. 2014, 11. [CrossRef]
[PubMed]

20. Din, S.D.; Patel, S.; Cobelli, C.; Bonato, P. Estimating Fugl-Meyer clinical scores in stroke survivors using
wearable sensors. In Proceedings of 2011 Annual International Conference of the Engineering in Medicine
and Biology Society (EMBC), Boston, MA, USA, 30 August–3 September 2011; pp. 5839–5842.

21. Patel, S.; Hughes, R.; Hester, T.; Stein, J.; Akay, M.; Dy, J.G.; Bonato, P. A novel approach to monitor
rehabilitation outcomes in stroke survivors using wearable technology. Proc. IEEE. 2010, 98, 450–461.
[CrossRef]

22. Uswatte, G.; Foo, W.L.; Olmstead, H.; Lopez, K.; Holand, A.; Simms, L.B. Ambulatory monitoring of arm
movement using accelerometry: An objective measure of upper-extremity rehabilitation in persons with
chronic stroke. Arch. Phys. Med. Rehabil. 2005, 86, 1498–1501. [CrossRef] [PubMed]

23. Zhang, Z.; Fang, Q.; Gu, X. Fuzzy inference system based automatic Brunnstrom stage classification for
upper-extremity rehabilitation. Exp. Syst. Appl. 2014, 41, 1973–1980. [CrossRef]

24. Zhang, Z.; Fang, Q.; Gu, X. Objective Assessment of Upper Limb Mobility for Post-stroke Rehabilitation.
IEEE Trans. Biomed. Eng. 2015. [CrossRef] [PubMed]

http://dx.doi.org/10.2340/16501977-1115
http://www.ncbi.nlm.nih.gov/pubmed/23319181
http://dx.doi.org/10.1016/j.jstrokecerebrovasdis.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26483155
http://dx.doi.org/10.1016/j.jnca.2012.10.002
http://dx.doi.org/10.1186/1743-0003-9-21
http://www.ncbi.nlm.nih.gov/pubmed/22520559
http://dx.doi.org/10.1177/2047487313493227
http://www.ncbi.nlm.nih.gov/pubmed/23733743
http://dx.doi.org/10.1109/TNSRE.2009.2036615
http://www.ncbi.nlm.nih.gov/pubmed/20051332
http://dx.doi.org/10.1007/s00391-013-0559-8
http://www.ncbi.nlm.nih.gov/pubmed/24271251
http://dx.doi.org/10.3390/s140407181
http://www.ncbi.nlm.nih.gov/pubmed/24759116
http://dx.doi.org/10.3390/s100807772
http://www.ncbi.nlm.nih.gov/pubmed/22163626
http://dx.doi.org/10.1016/j.apmr.2009.10.025
http://www.ncbi.nlm.nih.gov/pubmed/20159136
http://dx.doi.org/10.1007/s10586-013-0335-y
http://dx.doi.org/10.1016/j.dss.2014.06.005
http://dx.doi.org/10.1145/2499621
http://dx.doi.org/10.1016/j.medengphy.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24636448
http://dx.doi.org/10.1002/mds.25628
http://www.ncbi.nlm.nih.gov/pubmed/24030855
http://dx.doi.org/10.1186/1743-0003-11-67
http://www.ncbi.nlm.nih.gov/pubmed/24745972
http://dx.doi.org/10.1109/JPROC.2009.2038727
http://dx.doi.org/10.1016/j.apmr.2005.01.010
http://www.ncbi.nlm.nih.gov/pubmed/16003690
http://dx.doi.org/10.1016/j.eswa.2013.08.094
http://dx.doi.org/10.1109/TBME.2015.2477095
http://www.ncbi.nlm.nih.gov/pubmed/26357394


Sensors 2016, 16, 202 16 of 16

25. Zhang, Z.; Liparulo, L.; Panella, M.; Gu, X.; Fang, Q. A Fuzzy Kernel Motion Classifier for Autonomous
Stroke Rehabilitation. IEEE J. Biomed. Heal. Inform. 2015. [CrossRef] [PubMed]

26. Yu, L.; Wang, J.; Fang, Q.; Wang, Y. Brunnstrom stage automatic evaluation for stroke patients using extreme
learning machine. In Proceedings of the 2012 IEEE on Biomedical Circuits and Systems Conference (BioCAS),
Hsinchu, Taiwan, 28–30 November 2012.

27. Donoho, D.L. Compressed sensing. IEEE Trans. Inf. Theory 2006, 52, 1289–1306. [CrossRef]
28. Baraniuk, R.G. Compressive sensing. IEEE Sign. Process. Mag. 2007, 24, 118–121. [CrossRef]
29. Candes, E.J.; Romberg, J.K.; Tao, T. Stable signal recovery from incomplete and inaccurate measurements.

Commun. Pure Appl. Math. 2006, 59, 1207–1223. [CrossRef]
30. Tsaig, Y.; Donoho, D.L. Extensions of compressed sensing. Sign. Process. 2006, 86, 549–571. [CrossRef]
31. Mallat, S.G.; Zhang, Z. Matching pursuits with time-frequency dictionaries. IEEE Trans. Sign. Process. 1993,

41, 3397–3415. [CrossRef]
32. Tropp, J.; Gilbert, A.C. Signal recovery from random measurements via orthogonal matching pursuit.

IEEE Trans. Inf. Theory 2007, 53, 4655–4666. [CrossRef]
33. Chen, S.S.; Donoho, D.L.; Saunders, M.A. Atomic decomposition by basis pursuit. SIAM J. Sci. Comput. 1998,

20, 33–61. [CrossRef]
34. Wipf, D.P.; Rao, B.D. Sparse Bayesian learning for basis selection. IEEE Trans. Sign. Process. 2004, 52,

2153–2164. [CrossRef]
35. Zhang, Z.; Rao, B. Extension of SBL algorithms for the recovery of block sparse signals with intra-block

correlation. IEEE Trans. Sign. Process. 2013, 61, 2009–2015. [CrossRef]
36. Zhang, Z.; Jung, T.-P.; Makeig, S.; Rao, B. Compressed sensing for energy-efficient wireless telemonitoring

of noninvasive fetal ECG via block sparse Bayesian learning. IEEE Trans. Biomed. Eng. 2013, 60, 300–309.
[CrossRef] [PubMed]

37. Huang, G.-B.; Zhou, H.; Ding, X.; Zhang, R. Extreme learning machine for regression and multiclass
classification. IEEE Trans. Syst. Man Cybern. Part B: Cybern. 2012, 42, 513–529. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/JBHI.2015.2430524
http://www.ncbi.nlm.nih.gov/pubmed/25956000
http://dx.doi.org/10.1109/TIT.2006.871582
http://dx.doi.org/10.1109/MSP.2007.4286571
http://dx.doi.org/10.1002/cpa.20124
http://dx.doi.org/10.1016/j.sigpro.2005.05.029
http://dx.doi.org/10.1109/78.258082
http://dx.doi.org/10.1109/TIT.2007.909108
http://dx.doi.org/10.1137/S1064827596304010
http://dx.doi.org/10.1109/TSP.2004.831016
http://dx.doi.org/10.1109/TSP.2013.2241055
http://dx.doi.org/10.1109/TBME.2012.2226175
http://www.ncbi.nlm.nih.gov/pubmed/23144028
http://dx.doi.org/10.1109/TSMCB.2011.2168604
http://www.ncbi.nlm.nih.gov/pubmed/21984515
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Materials and Methods 
	Compressed Sensing-Based Wearable Sensor Network 
	Signal Recovery Algorithms 
	Extreme Learning Machine 
	Experiment Protocols 
	Bobath Handshake 
	Shoulder Touch 


	Results and Discussion 
	Accelerometer Signals Compress and Recovery 
	Effects of Block Size and CR on Recovery Performance 
	Effects of Compressed Sensing on Quantitative Assessment Model 

	Conclusions 

