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Robust Preprocessing of Impulsive Motion Artifacts
Using Low-Rank Matrix Recovery for Electrical
Impedance Tomography
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Abstract—Electrical impedance tomography (EIT) is a valuable
bedside tool in critical care medicine and pneumology. However,
artifacts associated with body and electrode movements, especially
impulsive motion artifacts, hinder its routine use in clinical sce-
narios. Most of the existing algorithms for EIT data preprocessing
or imaging cannot effectively address this issue. In this paper, we
propose a novel method, namely, robust preprocessing for EIT
(RP4EIT), to preprocess EIT boundary voltages using the concept
of low-rank matrix recovery. It aims to resist impulsive motion
artifacts and further to enhance the imaging quality. To attain good
performance on both the normal measurements and contaminated
data, we design a two-stage denoising algorithm using robust sta-
tistical analysis and low-rank recovery. Specifically, EIT boundary
voltages are first formulated as a matrix, where the rows and
columns correspond to the channels and frames, respectively. Then,
the entries corrupted by impulsive noise of the matrix are identi-
fied and considered as missing elements. Subsequently, RP4EIT
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exploits the low-rank property to restore the missing components.
In doing so, the impulsive motion artifacts are eliminated from
EIT measurements. Furthermore, the convergence guarantee of
RP4EIT is established. Experimental results on phantom and pa-
tient data demonstrate that RP4EIT is able to remove the impulsive
motion artifacts from boundary voltages and the recovered data
yield high-quality EIT images.

Index Terms—Electrical impedance tomography, impulsive
noise, low-rank matrix recovery, motion artifacts, robust
algorithm.

I. INTRODUCTION

LECTRICAL impedance tomography (EIT) is a non-
E invasive imaging modality to reconstruct the conductivity
distribution within a specific region of the human body [1], [2].
Specifically, it reconstructs the conductivity distribution by in-
jecting small electrical currents through skin surface electrodes
and measuring the resultant boundary voltages. As a real-time
imaging technique, it has been adopted for monitoring and treat-
ing patients with respiratory disease [3], [4]. For instance, during
mechanical ventilation, EIT can tailor the ventilator parameters
according to the need of individual patient to optimize the titra-
tion of positive end-expiratory pressure (PEEP) [5] and assess
lung recruitability [6]. Besides, since both blood and air flow in
the thoracic region induce impedance changes, EIT can be used
to monitor cardiac function [3] and evaluate regional pulmonary
perfusion by injecting saline bolus [4]. For patients with chronic
lung diseases such as chronic obstructive pulmonary disease
(COPD), asthma, and cystic fibrosis, EIT can detect regional
heterogeneity of lung function, while identify the effects of
therapeutic and diagnostic intervention measures [7], [8], [9],
[10], [11].

As reconstructing EIT image is a highly ill-posed inverse
problem, slight disturbances in the measured boundary voltages
may cause significant errors in the reconstructed conductiv-
ity [12]. In practice, such disturbances are often unavoidable
due to patient motion, medical treatment, and nursing care. For
example, therapeutic procedures may lead to disconnection or
poor contact of one or two electrodes, which severely impacts or
even corrupt the respiratory EIT images. To mitigate this, Adler
et al. propose exploiting data from the remaining well-connected
electrodes along with the reciprocity theorem to compensate for
corrupted measurements [13]. Nevertheless, this method is less
effective when more than three electrodes are affected.
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In scenarios where all electrodes maintain good contact, med-
ical nursing and monitoring devices may introduce disturbances
as well [14]. Adaptive filtering techniques can be employed to
suppress such noise, but require additional reference signals
acquired via extra hardware channel, increasing system com-
plexity [15]. Moreover, adaptive filters need to track motion
signals for each electrode, placing further demands on hard-
ware design. Other approaches including Wiener filter [16] and
Kalman filter [17] can be applied to remove the disturbances.
The former is dependent on pre-acquired knowledge of the
expected signal characteristics, such as the power spectrum [16],
while the latter requires a predefined model to ascertain noise
distribution [17]. In addition, subspace projection (SP) [18],
independent component analysis (ICA) [19], and spline interpo-
lation [20] are proposed to resist noise. Moreover, Cui et al. [21]
develop a denoising method using the maximal negative correla-
tion between the expected signal and interference. However, due
to the variability among patients and the complexity of clinical
environments, obtaining accurate signal and noise models in
advance are challenging. Furthermore, most of these methods
assume that noise obeys the Gaussian distribution, rendering
them ineffective against motion artifacts.

In clinical scenario, sudden body movement can introduce
impulsive interference over short duration, leading to motion
artifacts in EIT images [22]. To counteract this, Yang et al. apply
the discrete wavelet transform (DWT) technique to suppress
such artifacts. However, this approach results in missing data
in boundary voltages, leading to discontinuous and unstable
reconstructions [23]. In addition, a deep learning-based algo-
rithm provides a new direction for motion artifact removal [24].
Unfortunately, deep learning-based algorithms typically require
a large amount of annotated data for training which is difficult
to be acquired in clinical settings. Moreover, it require massive
storage and huge computational resources, making its deploy-
ment difficult in the resource-constrained medical devices.

This paper focuses on resisting the impulsive motion artifacts
in EIT boundary voltages. To this end, we first formulate the
time-series EIT measurements as a matrix, whose rows and
columns represent the measurement channels and time frames,
respectively. Then, we explore the approximately low-rank prop-
erty of the noise-free matrix and exploit this characteristic to
suppress the interference from the noisy matrix. Conventionally,
£p-norm with 0 < p < 2 or M-estimator [25], [26] is utilized
to resist impulsive noise. However, these robust loss functions
cannot attain the optimal performance in Gaussian noise sce-
narios [27]. To achieve excellent performance in mixed/both
situations, we suggest separating the denoising procedure into
two steps, namely, outlier detection and low-rank reconstruction.
The former is to identify the data points corrupted by impulsive
noise and then set them as missing entries. The latter recovers
these missing elements by exploiting the underlying low-rank
structure, improving the continuity and stability of the EIT sig-
nals. Furthermore, we analyze the convergence behavior of the
proposed algorithm and validate its effectiveness through exper-
iments on both phantom and clinical patient data. Experimental
results demonstrate that our method outperforms conventional
techniques in suppressing motion artifacts.

Our main contributions are summarized as follows:

1) We first reveal the approximately low-rank property of the
matrix modeled by EIT measurements. Subsequently, we
adopt the low-rank property to resist the impulsive motion
artifacts.

2) Compared with traditional robust methods, the devised
robust algorithm is divided into two stages, viz. outlier
detection and low-rank recovery. In doing so, our method
is able to attain excellent performance in the presence
of Gaussian noise or/and impulsive noise. Moreover, we
analyze its convergence behavior.

3) Numerical results based on phantom and patient data
demonstrate that the devised algorithm is superior to
conventional methodologies when EIT boundary voltages
involve impulsive motion artifacts.

The remainder of this paper is organized as follows. In
Section II, we introduce notation and review the contemporary
signal models. Problem formulation and the proposed algorithm
are presented in Section III, where the convergence behavior
and computational requirements of the proposed algorithm are
analyzed as well. In Section IV, numerical examples are included
to evaluate the devised method. Finally, concluding remarks are
given in Section V.

II. BACKGROUND

In this section, notation is presented, and relevant works are
reviewed.

A. Notation

Italics indicate scalars, bold lowercase letters represent vec-
tors, and bold uppercase letters denote matrices. Considering
a matrix A € RM*N _jts j-th row is denoted by a;, while
its (¢,j) entry is represented by A, ; or a; ;. Additionally,

A/ sz\g Zj\;l a’zz,j’
while its ¢,-norm (for 0 < p <2) is denoted by ||Al, =
(Zjvzl SM aﬁj)l/p. The {y-norm is defined as the number of
non-zero entries. Besides, || A||. is the nuclear norm, defined by
the sum of singular values of A. Furthermore, a ©® b denotes the
element-wise product between a and b. The operator diag(a)
returns a square diagonal matrix D € R *M with the elements
of a on the main diagonal.

its Frobenius-norm is defined by ||A||r =

B. Filter-Based EIT Denoising Algorithm

Given an EIT system equipped with 16 electrodes, the EIT
boundary voltages can be modeled as a matrix M € R192xT
where 7' is the frame number. For completeness, the details
for such a general EIT system are provided in Appendix A.
As we discussed above, the noise is avoidable in EIT imaging
task. Hence, to denoise EIT signals, the finite impulse response
(FIR) filters [28] and the infinite impulse response (IIR) filter
are often employed [29]. Given time-series EIT measurements,
both FIR and IIR low-pass filters require a carefully chosen
cutoff frequency to effectively suppress noise. Compared to
IIR filters, FIR filters offer better stability and linear phase
characteristics. However, to achieve comparable performance,
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FIR filters generally require a higher filter order than IIR filters,
resulting in increased computational cost.

Since motion artifacts signals possess a wide frequency spec-
trum, selecting an optimal cutoff frequency for FIR and IIR
filters becomes challenging. As a result, their performance is
unsatisfactory in practice.

C. Low-Rank Matrix Recovery

Consider an incomplete matrix Mg € R™*"™, where (2 €
R™*"™ is a binary matrix consisting of only 0 and 1. Herein,
M ¢, denotes the projection of M onto €2, resulting in
m;. g, if Qi,j = 1,

Mg); ;=
(Ma)i, 0, otherwise,

ey

where €2; ; = 1 indicates that (Mg); ; is observed, and oth-
erwise (Mgq);; is unknown. Low-rank matrix completion
(LRMC) exploits the low-rank property to recover the unknown
entries of Mg [30]. If M is of low rank, then the unknown
elements can be accurately estimated with a high probability.
Ideally, the LRMC task is formulated as a rank minimization
problem [30]:

rr}}n rank(X)s.t. X = Mgq. )

It means that LRMC seeks a matrix X € R™*" of minimum
rank under the constraint, where the entries of the recovered and
observed matrices in €2 are equal. However, rank minimization
problem is NP-hard. A popular and feasible method is to replace
the rank function with the nuclear norm [31], leading to

H}}HHX”*S.LXQ:MQ. 3)

An alternative approach is to adopt matrix factorization [32],
resulting in

. B 2
11213||(UV)9 Mal|%, “4)

where X is represented by the product of U € RM*" and
V € R™N . Herein, r < min{M, N} is the rank of X. How-
ever, the above-mentioned algorithms may have performance
degradation when the observations involve gross errors. The
reason is that the Frobenius norm amplifies the power of outliers
which is much larger than that of the Gaussian noise.

To resist outliers, £,-norm with 0 < p < 2 is applied for
LRMC [25], [26], leading to

min [(UV)a - Xall;. ®)

Assuming a residual e = (UV); ; — 2, ; corresponds to an
outlier, we get |e|P < |e|?> with0 < p < 2. Thatis, the £,-norm s
able to weaken the impact of outliers and thus has better perfor-
mance than the Frobenius norm in impulsive noise environment.

III. ALGORITHM DEVELOPMENT

In this section, we present the devised method to resist the
motion artifacts in EIT boundary voltages. We then analyze its
convergence behavior and computational complexity.
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Fig. 1. Unstationary signal with impulsive noise.

A. Proposed Restorer

To denoise the EIT measurements contaminated by motion
artifacts, we propose a two-stage algorithm comprised of outlier
detection and low-rank restoration. The former is designed to
identify the entries corrupted by outliers and then treat them
as missing elements. The latter employs the low-rank property
to recover the missing entries. In the end, we can obtain the
recovered signals without anomalies.

1) Outlier Detector: The EIT signal may not be stationary,
that is, its mean changes over time. This non-stationarity makes
conventional denoising techniques less effective. An illustrative
example is shown in Fig. 1, where signal s(¢) (1 <t < 1000)
involves a short term of impulsive noise. If the entire signal
is treated as a reference, entries affected by outliers may not
be identifiable, since their magnitudes are comparable to those
of normal entries. One intuitive approach is to apply a sliding
window to detect anomalies locally. However, the identification
performance is affected by the window-size, and it remains a
challenge to adaptively design the window size.

To tackle this issue, we suggest using the median filter to
preprocess the outlier-contaminated signals:

m,; = medianFilter(m;), i€ [1,192], (6)

where medianFilter(-) is the median filter. In our method, a
minimum window size is enforced to ensure reliable perfor-
mance. Further discussion on this is presented in Section IV.
Subsequently, we calculate the residual between m; and m;:

r,=m; — ;ﬁi, (7

which highlights the deviations from the filtered signal and helps
isolate potential outliers.

To differentiate the normal entries and those with outliers, we
adopt the robust statistical method [33]. Specifically, we define
a confidence interval:

(1 —no, p+nal, (®)

where p and o represent the mean and standard deviation,
respectively, while 1 ~ 3 controls the size of the confidence
interval. The choice of n ~ 3 is informed by the widespread
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adoption of the 3-o rule for outlier detection in [34], [35].
Specifically, the samples that fall outside 3-¢ interval are likely
to be outliers as 99.7% of samples fall within 3-¢ interval for
normal distribution. Furthermore, for unimodal distributions, the
probability of being within the interval is at least 95% by the
Vysochanskij—Petunin inequality [36].

If samples fall in this interval, we consider them as normal
elements. Otherwise, we assume them being corrupted by out-
liers. To determine an accurate confidence interval, we compute
wand o as

n = Mean(].g(ri),
o = 1.4826 x Med(|r; — Med(r;)]),

(%a)
(9b)

where Meang o(-) and Med(+) are the trimmed mean and me-
dian operators, respectively. The trimmed mean is the simple
arithmetic mean computed by the 90% entries with the smallest
absolute value, where 90% is suggested based on the Gaussian
mixture model (GMM) noise [32], [37]. The GMM is a typical
impulsive noise model, where the ratio of outliers to the whole
samples is usually set to 10%. In practice, our method can exploit
the value from 50% to 90% as p is almost zero. For (9b), it
adopts normalized median absolute deviation [38] to estimate
the standard deviation. Compared with conventional methods,
the normalized median absolute deviation is a more robust
measure of variability.

Using this confidence interval, we process m; in a one-by-one
manner, as follows

1 if 7 - ) )
Q=40 rig € ln=no, o] (102)
’ 0, otherwise.
(my)a =m; © Q. (10b)

This means that normal entries are retained in (1mn;)q, while the
outlier-contaminated elements are set to zero. When all (m;)q
i € [1,192] are processed, we fuse them into an incomplete
matrix M € R192XT Meanwhile, we obtain a binary €2, where
0 and 1 mean those entries in M ¢, are unknown and known,
respectively. Then, the missing elements will be recovered using
the following low-rank restorer.

2) Low-Rank Restorer: Since the EIT data matrix is approx-
imately low-rank (see Appendix B), we formulate the recovery
task as the following optimization problem:

n}}nH(MQ—X)@QHQF st. X €8, (11)
where S = {X : rank(X) <r,1b <z;; <ub}. Here, r is the
given rank, (b and ub are the prior lower and upper bounds,
respectively. Given the prior knowledge of the ground-truth
value range, these boundary constraints ensure the feasibility
and reliability of the recovered solution.

To deal with (11), we adopt projected gradient descent [39],
[40] as the solver, resulting in the iterative scheme:

zZF1 =Xkl oMo - XM e, (12a)
Y* ! = prog (ZF 1), (12b)
X" = prog, (Y*1), (12¢)

Algorithm 1: RP4EIT.

Input: M € RY¥?*T rankr =3, =3,1 =107, and
Kiax = 100
Outlier detection
for:=1,2,...,192do
2) rTi=m,; — ml
3) Calculate i and o
forj=1,...,Tdo
4) Update €2; ; via (10b)
end for
5) (mi)g =m; © Q;
end for
Low-rank recovery
fork=1,2,..., K. do
6) Update Z k-1 according to (12a)
7) Update Yyt according to (12b)
8) Update X k according to (12c)
end for
Output: X

where A > 0 is the step-size, S; = {X :rank(X) <r}, Sy =
{X :1b < x;; <ub}, and prog(-) is the projection operator to
project variable into the corresponding feasible region. Specif-
ically, prog, (Z*~!) is calculated via truncated singular value
decomposition (SVD) as:

pr081(zk—1> _ Uk_l'];(zk_l)<vk_1)T7 (13)
where U1, VF=1 and =% are the left singular matrix, right
singular matrix, and diagonal singular value matrix, respectively,
while 7,(3%7!) is the truncation operator that only retains
largest r singular values and set the others to zero. Thus, Z k-l
meets the low-rank requirement.

Regarding prog, (Y1), it is performed element-wise as:

Yij, 110 <y;; < ub,
prog, (Y) = q ub, ify;; > ub,
lb, ifyi)j < 1b.

(14)

The proposed approach is referred to as robust preprocessing
for EIT (RP4EIT), whose steps are summarized in Algorithm 1.
Upon completion of the matrix restoration, the Graz consensus
reconstruction algorithm for lung EIT imaging (GREIT) [41]
is employed to construct the EIT images. The implementation
details for GREIT are provided in Appendix C.

B. Convergence Analysis

For our method, when the projection set S includes only the
rank constraint, it reduces to the singular value projection (SVP)
algorithm [42]. The SVP conjectures that X is able to converge
to M with high probability when M satisfies the restricted
isometry property (RIP). However, as practical EIT signals may
not satisfy RIP, the existing theorem cannot be applicable to the
proposed approach.
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In this subsection, we prove that the proposed approach
guarantees convergence of the objective value sequence without
imposing further assumptions on M. Prior to this, we introduce
the following lemma.

Lemma I: [43],[44] Let F: RM>*N — R U {oo} be a proper
lower semicontinuous function that is lower bounded and sat-
isfies the Kurdyka—}t.ojasiewicz (KE) property. Suppose that
F(X) takes the form

F(X) = H(X) +Is(X), (15)

where H : RM*N _ R is finite valued, differentiable, and has
a L-Lipschitz gradient, and Z3(X) is the indicator function
associated with the nonempty closed set §, such that Zz(X ) = 0
with X € §, and otherwise Z5(X) = +o00. Then, minx F(X)
can be handled using projected gradient descent:

X" = prog(X* —VH(X" ), (16)

where 0 < n < 1/L. This iterative procedure satisfies the fol-
lowing property:

F(X0) + 51Xk = X} < F(Xmn)e (A7)
where a > L.
Based on Lemma 1, we analyze the convergence behavior of
the devised method in the following theorem.
Theorem 1: Let L(X) = |[(Mgq — X) ® Q||% be the ob-
jective value generated by Algorithm 1, then the following hold:
i) L(X)=L(X)+Zs,(X) is a proper lower semicon-
tinuous function with a lower bound and satisfies the
KE property, where Zg, (X)) is an indicator function,
such that Zg, (X') = 0 with ||diag(X)||o < 7, otherwise,
Zs,(X) = 4o0. In addition, £(X) has a Lipschitz gra-
dient. R R
ii) When 0 < 7 < 1/L with L being the Lipschitz constant
of VL(X), the sequence { £(X*)},cn is nonincreasing.
iii) £(X") is lower bounded.
As aresult, { £(X ")} ren is convergent.
The proof is provided in Appendix D.

C. Computational Complexity

This subsection investigates the computational complexity
of RP4EIT. The primary computational burden in outlier de-
tection arises from the sorting operation, which incurs a cost
of O(192T log,,(T)). For the task of low-rank recovery, the
process is predominantly constrained by the computational ef-
forts in updating Y'*~*. Given that truncated SVD is employed,
its complexity is O(192K . 1) [45]. As a result, the overall
computational complexity is O(192T (log,4(T") + Kmax?))-

D. Comparison With Existing Matrix Recovery Method

Existing methods typically achieve optimal performance in
specific noise environments. For instance, the Frobenius norm-
based algorithms yield the best results under Gaussian noise
conditions, while the ¢,-norm-based approaches excel in re-
covering signals contaminated by impulsive noise. However,
the performance of the former degrades significantly in the

IEEE TRANSACTIONS ON COMPUTATIONAL IMAGING, VOL. 11, 2025

presence of impulsive noise, whereas the latter is not optimum
in Gaussian noise environments. In addition, the £,-norm based
algorithms require to select the values for p to address different
noise scenarios. Unfortunately, it is generally difficult to find
the appropriate p and thus prohibiting the usage of such kind of
algorithms in practice.

The proposed method addresses these challenges by decom-
posing the low-rank matrix recovery task into two stages. When
the input is affected by impulsive noise in the first stage, the
outlier detector identifies and removes the outliers. If the input is
corrupted by Gaussian noise only, the detector preserves the data
without modification. In the second stage, as the preprocessed
data contains only Gaussian noise, the Frobenius norm-based
restoration process can achieve optimal recovery. Thus, the
proposed method demonstrates robust performance across both
Gaussian and impulsive noise environments, overcoming the
limitations of existing approaches.

IV. EXPERIMENTAL RESULTS

In this section, we evaluate the proposed RP4EIT using both
phantom and patient data.

A. Parameter Investigation

This subsection investigates the influence of parameters, in-
cluding rank, impulse magnitude intensity, the number of miss-
ing time nodes, and 7 on the performance of the suggested
method by exploiting the phantom data collected from a resistor
network. The resistor network consists of 136 200¢ resistors
with a precision of 0.1%, along with 24 digitally controlled
potentiometers whose nominal resistance values range from
4.68¢2 to 120012, The 24 digital potentiometers are controlled
by a microcontroller unit to simulate impedance changes caused
by lung ventilation on both sides. The inspiratory and expiratory
time within a respiratory cycle are set to 1.85 s and 2.4 s,
respectively. The resistor network is connected to the EIT sys-
tem (VenTom-100, MidasMED Biomedical technology, Suzhou,
China) at a sampling rate of 20 Hz and with an amplitude of
750 A by 16 electrode interfaces.

We have shown the approximately low-rank property of EIT
voltage matrix in Appendix B. Herein, we further study the
impact of rank on the final image, as illustrated in Fig. 2. It
is observed that the EIT image with rank 3 can accurately ap-
proximate the original image. This again verifies our perspective
that EIT data matrix has the approximately low-rank property.

Then, we investigate the estimation performance of the outlier
detector under different values of 7 and window sizes. The non-
stationary signal is generated using the following function:

si ! t 4t 18
mt—51n<257r>—|— . (18)
To mimic the motion artifacts, we randomly select a time period
with 50 frames and then mix the additive impulsive noise n. The
impulse magnitude level is defined as
magnitude(n)

= 19
“ magnitude, . (m;)’ (19)
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Original data One rank Two ranks

SSIM = 0.5146 SSIM = 0.994
NSE = 0.4718 NSE = 0.0041
Three ranks Four ranks Five ranks
SSIM = 0.9944 SSIM = 0.9944 SSIM = 0.9944
NSE = 0.0039 NSE = 0.0039 NSE = 0.0039
-300 -200 -100 0 100 200 300
Fig. 2. Imaging with different ranks.
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Fig. 3. Success rate of outlier detection.

where magnitude,,,.(m;) denotes the largest value in the
selected period. Then, the signal is mixed with 20 dB white
Gaussian noise. The performance is quantified by the success
rate, defined as the ratio of the number of correct classifications
to that of samples. Fig. 3 shows the success rate under different
a, n, and window sizes. We see that when the noise intensity
is high, the success rate attains 100% with a broad range of
n. It is also noted that the window size must exceed twice the
maximum duration of consecutive missing time nodes. Given
that the number of missing frames is 50, a window size greater
than 100 is required.

Furthermore, we analyze the reason behind the periodic
change for specific values of 7. It is observed that periodic
variations occur when 7 ranges from 3 to 3.6, indicating that the
corresponding confidence interval is suboptimal. When r; has
slight fluctuations, the accuracy of outlier detection is adversely

%1075
60 12
3 sof
'§ 10
g 100 -
=120} 8
=
=
9140} 6
E 160
o
3180} 4
£
3200 9
220
1 2 3 4 5 6 7 8 9 10
rank
Fig. 4. NSEs under different ranks and missing frames.

affected. Given 1 = 3.4, the median filter is employed to mit-
igate impulsive noise, and the number of outlier-contaminated
frames is set to 50. Therefore, the accuracy of outlier detection
remains low when the window size is less than 100. The best
performance is achieved with a window size of 120. Beyond
this point, increasing the window size introduces fluctuations
in r;, leading to a decline trend in performance. Note that the
period of the signal is 50, indicating that 100 frames contain an
approximately equal number of positive and negative values that
are symmetrically distributed about zero. As a result, increasing
the window size by 100 frames does not influence the median
filter output. Consequently, the periodic change occurs with a
period of 100.

Moreover, we study the low-rank reconstruction performance
under different ranks and the numbers of missing frames. To sim-
ulate the practical scenarios, we randomly select 102 channels
and then remove partial entries, where the missing elements
in different channels are at the same frames. The recovery
performance is evaluated using normalized square error (NSE),
defined as

| X — M7
1M

In our study, we conduct 100 trials and then compute the average
NSE. The results are illustrated in Fig. 4. We see that with a
small number of missing frames, a larger rank achieves a smaller
recovery error. However, with large numbers of missing time
nodes, NSEs first decrease and then increase when rank varies
from 1 to 10.

NSE = (20)

B. Performance Comparison

1) Experimental Setup: The reference .. is set as the
boundary voltage at the end-expiration instant of the normal
respiratory cycle nearest to the interferences. Then, chest global
impedance is calculated to reflect the respiratory time curve:

1024

=)= 3 (Ap(t):

i=1

1)

Authorized licensed use limited to: SHENZHEN UNIVERSITY. Downloaded on July 22,2025 at 00:34:47 UTC from |IEEE Xplore. Restrictions apply.



948

Original

Noisy image

200
100
0
-100 y
200
0
-2000

RP4EIT

RPCA

500
o
-500

Wavelet

Fig. 5.

[ 0
-2000 -2000

Functional EIT images by different algorithms. The first row presents the functional EIT images with 48 channels (relating to Electrode 2%#) corrupted

IEEE TRANSACTIONS ON COMPUTATIONAL IMAGING, VOL. 11, 2025

FIR IR HOW
500 200
100
0 o
E -100
-500 ; 200
200
1000 50
500 100
0 0 0
-500 ~100
-1000 -50
-200
50 50
0 0
50 -50

NNSR

200
100
0
-100
-200
200
100
0
-100
-200
50

0
-50

by impulsive motion artifacts. The second row presents the images with 88 channels (relating to Electrodes 2# and 8#) corrupted by impulsive motion artifacts.

The third row presents the images with 191 channels corrupted by impulsive motion artifacts (in case where Electrodes 1%, 3%, 4%

where Ap(t) denotes the conductivity change at time ¢ and
(Ap(t)); is the i-th element of Ap(t). Furthermore, we select
a respiratory cycle containing the impulsive noise to construct
the functional EIT (fEIT) image using the standard deviation
approach:

€ [1,1024], (22
7~,2 726[7 }7 ( )

. \/ S, (Ap(t),—mean(Ap,))?
where Ap, denotes the conductivity change of the pixel in the
period, 75 is the number of frames within the respiratory cycle.
After we obtain all s; with ¢ € [1,1024], we convert them to a
32 x 32 matrix.

To evaluate the recovered fEIT image, we adopt three metric
indices, viz. structural similarity index measure (SSIM), image
error, and image correlation coefficient (Corr). The last two are
calculated by

IG — R\

Gl
2221 311(?1‘4‘ - A)(Fu - R)
IG = GlrllR—R|Fr ’

Error =

(23a)

Corr = (23b)

where R and G are the recovered fEIT image and the ground
truth, respectively, while G and R are the average value of all
pixels in G and R, respectively.

The suggested RP4EIT is compared with six algorithms,
namely, FIR filter [28], IIR filter [29], wavelet [23], robust princi-
pal component analysis (RPCA) [46], robust matrix completion
via nonconvex and nonsmooth sparse regularizer (NNSR) [47],
and hybrid ordinary-Welsch method (HOW) [48]. The FIR is a
3-th order lowpass filter with a cutoff frequency of 0.05, while the
IIR filter is implemented using a Butterworth filter with an order
and cutoff frequency of 3 and 0.05, respectively. Additionally,
the wavelet method employs 8 levels of decomposition. To the
best of our knowledge, RPCA, NNSR, and HOW have not yet
been applied to mitigate impulsive noise in EIT. It is worth
mentioning that the performance of RPCA is influenced by
three tunable parameters, which must be carefully adjusted for

and 9% work well).

different EIT datasets. In contrast, our method with one group
of parameters can be applied for different datasets.

2) Phantom Data: We first exploit the phantom data to
assess the performance of the proposed method. The default
impulsive noise (motion interference) is set to the sum of the
final inspiratory voltage and 9 times of the tidal voltage (i.e.
voltage difference between end-inspiration and end-expiration),
formulated as

n= 9TV +FIV)x1, 24)
where F'IV is the the final inspiratory voltage and 7'V is the
tidal voltage. The multiple factor can be adjusted to control the
intensity of the impulsive noise. When the multiple is set to 9,
the corresponding signal-to-noise ratio (SNR) is approximately
12 dB.

The results under different numbers of the corrupted channels
are depicted in Fig. 5, where the first, second, and third rows
correspond to 48, 88, and 191 corrupted channels, respectively.
We see that the fEIT images based on our RP4EIT consistently
outperform those obtained through RPCA, Wavelet, FIR, and
IIR across all scenarios. Besides, the performance of NNSR and
HOW is comparable to that of the proposed algorithm.

Then, we investigate the performance of the proposed RP4EIT
with different numbers of continuous frames corrupted by im-
pulsive motion artifacts. The errors, correlation coefficients,
SSIMs are plotted in Figs. 6, 7, and 8, respectively, where the
noisy data includes 88 anomaly-contaminated channels. It is
seen that the performance of RP4EIT is superior to NNSR,
HOW, RPCA, wavelet, FIR, and IIR as the number of noisy
frame increases. When the number of noisy frames is small,
the RPCA is able to achieve comparable performance to the
RP4EIT. However, when the number increases gradually, the
performance of RPCA degrades, while RP4EIT still attains
low errors, high correlation coefficients and SSIMs. It is worth
mentioning that our approach cannot recover data when all
channels are corrupted by outliers within a single time-slot. This
is because the outlier detector treats all channels in that time-slot
as missing and then the low-rank restorer in the second stage fails
to recover the corrupted data.
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TABLE I
PERFORMANCE BY DIFFERENT ALGORITHMS ON PHANTOM DATA VERSUS SNR

Y 4r T
o
=
w 3t
————— Noisy data ——FIR
—--©-—RP4EIT IIR
2r RPCA - ¢ -NNSR
—6—Wavelet  —-#--HOW
1 o
4 4 4 - ¢ 4 4
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Frame number
Fig. 6. Errors of EIT images by different algorithms versus continuous noisy

frame number.

0.5

Correlation
o

Fig. 7.

Method Metric  6dB 9dB 12dB  15dB  18dB
Error 1225  8.66 6.12 4.33 3.06
Noisy data  Corr -0.89 -0.88 -0.87 -0.85 -0.82
SSIM 0.05 0.09 0.17 0.28 0.36
Error 0.01 0.01 0.01 0.01 0.01
RP4EIT Corr 0.99 0.99 0.99 0.99 0.99
SSIM 0.99 0.99 0.99 0.99 0.99
Error 5.87 431 3.17 2.32 1.71
RPCA Corr -0.73  -0.71 -0.67 -0.60 -0.46
SSIM 0.14 0.17 0.36 0.42 0.58
Error 1190 8.42 5.95 4.21 2.98
Wavelet Corr -0.89 -0.88 -0.87 -0.85 -0.81
SSIM 0.05 0.10 0.18 0.29 0.36
Error 10.67  7.59 541 3.87 2.78
FIR Corr -0.89 -088 -0.87 -0.86 -0.84
SSIM 0.05 0.10 0.18 0.30 0.40
Error 1.08 1.05 1.03 1.02 1.01
TR Corr -0.07  -0.06 -0.05 -0.04 -0.02
SSIM 0.26 0.31 0.33 0.36 0.43
Error 0.34 0.34 0.34 0.34 0.34
NNSR Corr 0.99 0.99 0.99 0.99 0.99
SSIM 0.83 0.83 0.83 0.83 0.83
Error 0.33 0.33 0.33 0.34 0.34
HOW Corr 0.99 0.99 0.99 0.99 0.99
SSIM 0.84 0.84 0.84 0.84 0.83

Frame number
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Correlation coefficient of EIT images by different algorithms versus
continuous noisy frame number.
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Fig. 8. SSIM of EIT images by different algorithms versus continuous noisy

frame number.

Moreover, we compare the performance of the suggested
method and the existing algorithms under different noise in-
tensities. The metric indices are tabulated in Table I, where the
noisy data includes 88 anomaly-contaminated channels and each
corrupted channel has 11 continuous noisy frames. It is observed
that RP4EIT attains low errors, high correlation coefficients and
SSIMs than the competing methods in all noise levels. It is worth
mentioning that the error metric of RP4EIT decreases and the
correlation coefficient metric increases with SNRs. As the results
keep the last two digits of the decimal, they are the same in
Table I.

3) Patient Data: The patient data are collected in the De-
partment of Thoracic Surgery of Tangdu Hospital, Air Force
Medical University, Xi’an, China. This study has been approved
by Human Research Ethics Committee of the Tangdu Hospital
of Air Force Medical University (NO. K202212-13). Written
informed consent has been obtained from all patients or their
legal representatives prior to the study.

To evaluate the performance of the proposed algorithm,
eight patients are involved. All participants are diagnosed
with a one-sided pulmonary nodule and scheduled for laparo-
scopic lung parenchymal resection. Our previous studies have
shown that laparoscopic lung parenchymal resection could af-
fect the ventilation on the side of pulmonary nodule [49]. For
Patient 1, EIT boundary voltages are collected preoperatively in
the supine position, and both of his bilateral lungs are expected
to have good ventilation. The EIT data for Patient 2 with left
pulmonary nodule and Patient 3 with right pulmonary nodule are
assembled at 48 hours after surgery in the recumbent position
on the unoperated side. Consequently, their lung ventilation is
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Fig. 9. Results by different approaches for Patient 1 with bilateral lung
ventilation.

expected to be mainly on the unoperated side. The remaining
five patients have similar profiles.

The data acquisition process is performed as follows. First,
an EIT electrode belt with 16 electrodes is attached around
the thorax in one transverse plane at the level of the 4th—5th
intercostal space. Then, the EIT data are continuously col-
lected with the commercial EIT system (VenTom-100). During
data collection, patients keep breathing spontaneously, but their
deliberate movement, medical treatment, and nursing are not
restricted.

To evaluate the clinical applicability of the reconstructed
images, the differences in ventilation between the reference
fEIT image and the recovered fEIT image are quantified using
the ventral-to-dorsal ratio (VtoD) and the right-to-left ratio
(RtoL) [49]. Regarding VtoDy,, and RtoL,,, a smaller value
indicates better imaging performance.
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Fig. 11.  Results by different approaches for Patient 3 who mainly ventilate on
the right-sided lung.

Fig. 9 shows the results by different methods for Patient 1.
It is observed that the original voltage has the significant arti-
facts caused by motion artifacts, which distorts the respiratory
waveform. After the boundary voltages corrupted by impul-
sive noise are processed, both RP4EIT and RPCA provide
improved voltage signals compared to wavelet, FIR, and IIR
filters. Besides, RP4EIT generates time-series EIT images that
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Fig. 12. Comparison of image quality indices and clinical evaluation param-
eters before and after processing for eight patients’ data in the presence of
impulsive noise by using one-way ANOVA with post-hoc test.

TABLE II
PERFORMANCE BY DIFFERENT ALGORITHMS ON PATIENT 1

Metric Noisy data RP4EIT RPCA  Wavelet FIR IR

Error 45.26 0.45 1.25 45.69 4123 27.29

Corr -0.05 0.97 0.61 -0.05 -0.01  -0.07

VtoDerr  0.96 0.13 0.02 0.95 1.20 0.14

RtoLerr  0.15 0.03 0.16 0.14 0.09 0.24
TABLE III

PERFORMANCE BY DIFFERENT ALGORITHMS ON PATIENT 2

Metric Noisy data ~ RP4EIT RPCA  Wavelet FIR IIR
Error 26.15 0.56 0.67 25.88 23.64  15.06
Corr 1.45 0.98 0.92 0.15 0.18 0.20
VtoDerr  0.49 0.01 0.27 0.49 0.76 0.43
RtoLerr  0.90 0.07 0.32 0.90 0.84 0.65

closely resembles the reference, while the competing methods
fail to produce accurate reconstructions. Additionally, the fEIT
image derived from RP4EIT most closely matches the reference
image. Although RPCA yields an acceptable voltage signal,
its corresponding fEIT image is unsatisfactory. Moreover, the
quantitative metrics for this case are presented in Table II. We
see that the proposed approach attains superior performance to
PRCA, wavelet, FIR, and IIR filters in terms of error, correlation
coefficient, and RtoL.,, although RPCA achieves slightly better
results in VtoDg,..

Figs. 10 and 11 display the temporal voltage variations and
fEIT images by different approaches for Patients 2 and 3, respec-
tively. It is seen that RPAEIT effectively restores voltage signals
during periods affected by impulsive noise and outperforms
RPCA, wavelet, FIR, and IIR filters. Additionally, Tables III
and IV list the corresponding metrics for Patients 2 and 3,
respectively. We see that the suggested method is superior to
the competing algorithms in terms of all metric indices.

Fig. 12 presents a comparison of image quality metrics and
clinical evaluation parameters across eight patients. It is ob-
served that the proposed RP4EIT significantly reduces imaging

TABLE IV
PERFORMANCE BY DIFFERENT ALGORITHMS ON PATIENT 3

Metric Noisy data  RP4EIT RPCA  Wavelet FIR IIR
Error 128.39 0.24 0.58 127.43 11776 31.57
Corr 0.11 0.99 0.81 0.11 0.17 0.10
VtoDerr 326 0.24 0.55 3.26 1.88 1.38
RtoLeyy  3.61 1.15 3.00 3.61 3.60 3.39

Excitation Measurement
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Fig. 13.  Tllustration of EIT signal collection for a 16-electrode EIT system
with the protocol of opposite-excitation and adjacent measurement.

error and increases the correlation coefficient, thereby enhancing
overall image quality. In addition, RPAEIT substantially lowers
both the VtoDe,; and LtoRs,;, indicating the improvement of
clinical parameter accuracy.

V. CONCLUSION

In this article, we modeled the EIT measurements as a matrix
and revealed its approximately low-rank property. To resist the
body movement interferences, we formulated the denoising task
as the robust low-rank matrix recovery optimization problem.
Specifically, the problem was divided into two subtasks, i.e.,
outlier detection and low-rank recovery. The former was ex-
ploited to identify the entries corrupted by outliers and then
considered them as missing elements, while the latter exploited
the low-rank property to restore the missing entries, such that
the body movement interferences were removed. We adopted
projected gradient descent to tackle the second optimization
task. Furthermore, the convergence behavior of the suggested
method was analyzed, i.e., the objective value sequence is
convergent. Experimental results demonstrated that our algo-
rithm is superior to conventional methods in terms of recovery
accuracy.

APPENDIX A
SIGNAL MODEL

An EIT system is usually equipped with 16 electrodes. For
the data collection protocol of opposite-excitation and adja-
cent measurement at time ¢, one pair of opposite electrodes
generates excitation, while the remaining twelve pairs of ad-
jacent electrodes measure the resultant surface voltages. Then,
the excitation pair is switched on until all pairs of opposite
electrodes serve as excitation. This procedure is depicted in
Fig. 13. Consequently, EIT measurements are obtained from
16 x 12 = 192 channels, and the EIT signal can be modeled as
a matrix M € R192%T  where T is the frame number. Given
that each snapshot encompasses 50 ms for the EIT system used
in this study, one minute yields 1200 frames.
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APPENDIX B
VERIFICATION OF LOW-RANK PROPERTY

To demonstrate that the EIT data matrix is approximately
low-rank, we acquire real-world clinical EIT data and then store
them in a matrix. Subsequently, singular value decomposition
is performed on the matrix, obtaining a singular vector. All
singular values are plotted in Fig. 14, where the percentage of
energy of the top k ones is also shown. We see that the foremost
three singular values significantly outweigh the magnitude of
the subsequent ones. More precisely, the energy of the top three
singular values covers 99.99% of the total energy of the whole
matrix. Therefore, the low-rank data matrix with the largest three
singular values are sufficient to approximate the original matrix.

APPENDIX C
DETAILS OF GREIT FOR EIT IMAING

GREIT estimates the conductivity change distribution
Ap(t) € R1%24 inside the chest from the boundary voltage
change Az(t) € R9%:

Ap(t) = RAZ(1), (25)

where R € R1924x192 ig the reconstruction matrix, AZ(t) =
Z(t) — Z,e. Herein, Z(t) denotes the ¢-th column of X, while
o represents the boundary distribution (one column of X) at
the reference time. To reconstruct R, it requires a training set to
solve the following optimization problem
. - 2
min 3 I(80(0) - RAZW) 0wl (26)
where w(t) is a weighting vector to control the weight of each
measurement. Apparently, (26) is a least squares problem with
closed-form solution. After we obtain Ap(t) with ¢ € [1,T],
each one is converted to a 32 x 32 matrix representing an EIT
image.

APPENDIX D
PROOF OF THEOREM 1
A. Proof of Property (i)

It is evident that £(X) is both lower semicontinuous and
lower bounded. Moreover, ||diag(X%)|lo < r is known to be a
nonempty, closed semi-algebraic set, as established in [43].
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Thus, /:'(X ) is definable in an o-minimal structure, confirming
that it possesses the KL property [50].

We then prove that £(X) has a Lipschitz gradient. It is known
that VL(X) = —2(Mq — X) © Q. From this, we have:

VLX) - VL) =2(X -Y) 0, (2T
<X -Y)oQlr @M
<2[X-Y|r (27¢)
< 2¢/min(192, T)| X = Y|l2,

(27d)

where the second inequality holds since €2 is a binary matrix,
and 2,/min(192,T') < +oo. As aresult, L(X) has a Lipschitz
gradient. The proof is complete. |

B. Proof of Property (ii)
The subproblem of (11):

min (Mg —X)oQ|% st. X €8Sy, (28)
is equivalent to
min (Mg - X) © Q% + Zs, (X). (29)

Since our update steps (12a) and (12b) can be combined as

YE ! =prog (X' +20(Mg - X" o), (30)
and based on Lemma 1, we have

|(Mq - Y* ) 00}~ [[(Ma - X ool 6

< —SIYF - XM 62

where @> L and 0 < L < v/min(192, 7). In addition, as all
entries of M, are in [Ib, ub], prog, (Y* ') results in

(Mo -X" o <[(Ma-Y" ol 33
Combining (31) and (33) yields:
a

LXN) — LXP) < =Y - XM Gda)

<0, (34b)

which indicates that £(X") is nonincreasing as the variable
updates. The proof is complete. |

C. Proof of Property (iii)

It is obvious that £(X*) > 0 must hold. As a result, based
on Properties (i) and (ii), the convergence of {£(X")} ey is
guaranteed. The proof is complete. ]
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