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Previous studies have revealed significant changes in electroen-
cephalogram (EEG) microstates in neuropsychiatric diseases, includ-
ing schizophrenia, depression, and dementia. To explore the resting-
state EEG microstate with amputation, we collected the EEG datasets
from 15 patients with lower limb amputation and 20 healthy controls.
Then, we analyzed the parameters of four classical EEG microstates
(A–D) between the two groups. Specifically, the parameters were
statistically analyzed, including duration, occurrence rate, time cov-
erage, and transition rate. According to the results, the duration of
microstate C (t = 2.95, p = 0.005) in the lower limb amputation group
was significantly smaller compared with the control group, while the
occurrence rate of microstate B (t = –2.22, p = 0.03) and D (t = –3.35, p =
0.002) were significantly larger in the lower limb amputation group.
In addition, the transition rate of microstate differed significantly in
AC, CA, DB between the two groups. Our results implied: (1) am-
putation has changed the resting-state EEG microstate; (2) EEG mi-
crostate analysis can be an approach to explore the alteration of cor-
tical function.
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1. Introduction
According to the site, amputation can be classified into

upper limb amputation and lower limb amputation. Am-
putation usually results from vascular disease, malignant tu-
mors, trauma, diabetes, and genetic factors [1]. Disfunction
of peripheral sensory information and insufficient periph-
eral effector organs with amputationwould inevitably induce
brain plasticity. After upper limb amputation, studies have
reported brain reorganization in the primary sensorimotor
cortex (SMC) [2, 3].

Dettmers et al. [4] used functional magnetic resonance
imaging (fMRI) to observe that the adjacent representation
(the face or shoulder representation) would expand to the af-
fected hand representation in upper limb amputees. In ad-
dition, compared with healthy controls, there was a higher

activity level of the contralateral primary motor cortex (M1)
in the upper limb amputees, especially of the face repre-
sentation within SMC [5, 6]. Bramati et al. [7] found a
weak connection between the cerebral hemispheres’ func-
tional connectivity, between the primary somatosensory ar-
eas (S1) and secondary somatosensory areas (S2), and be-
tween the primarymotor areas (M1) and secondarymotor ar-
eas (M2). In contrast, an enhanced connection was observed
in the primary and secondary somatosensory cortex areas and
the primary and premotor regions within the cerebral hemi-
spheres. These structural and functional reorganizations in
inter-hemispheric and intra-hemispheric sensory and motor
cortex areas improved our understanding of brain plasticity
after amputation [7]. These cortical reorganizations were in-
terpreted as brain adaptation to the loss of peripheral sensory
and motor input [8].

Brain modularity such as fMRI can analyze and evaluate
cortical reorganization for its high spatial resolution [9, 10].
Still, fMRI’s relatively low time resolution makes it difficult
to reflect the timing process of cortical reorganization. The
electroencephalogram (EEG) with a high temporal resolu-
tion can provide a new strategy for the timing information
of cortical reorganization [11]. Among all the EEG imaging
technologies, we selected EEG microstate analysis with spa-
tial and temporal characteristics due to its high temporal res-
olution of whole-brain cortical activities [12]. Britz et al. [13]
pointed out that EEGmicrostate and functionalmagnetic res-
onance imaging blood oxygen level-dependent (BOLD) sig-
nals in resting-state networks are closely related but cannot
fully reflect the same cortical activities.

EEG microstate corresponded for the basic unit of brain
information processing, which was also considered the atom
of consciousness and the smallest element of cognition [14].
Rather than randomly or continuously changing over time,
the EEG microstate topographic maps seem to maintain a
relatively stable state of about 60 to 120 ms, then suddenly
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transform to new topographic maps. In the steady-state, the
intensity of the topographic maps was observed to increase
or decrease, similarly in the polarity. Thus, these quasi-stable
periods which characterized the level of cortical activity and
mental processes are called “microstates” [15].

According to the cross-validation principle, four basic
EEGmicrostates are regarded as the optimal number of clus-
ters. Different researches of four basic EEG microstates con-
sistently across healthy subjects presented regular changes.
Based on fMRI, the four EEG microstates revealed specific
functional networks: A related to auditory, B related to vi-
sual, C related to cognitive control, and D connected to at-
tention [13]. Previous studies have analyzed four parameters:
duration, occurrence rate, time coverage, and transition rate
to reveal brain activity in different states [16, 17]. For exam-
ple, durationwas interpreted as the stability of the underlying
neural components, and the occurrence rate may reflect the
activated direction of the underlying neural generators [12].

EEG microstate of patients with different diseases can re-
flect the correlation of brain function state. Recent stud-
ies have found a higher occurrence rate of microstate C and
a significantly lower duration of microstates B and D in
schizophrenia patients than healthy controls [18–20]. These
EEG microstate findings may explain typical clinical mani-
festations of schizophrenia, such as insufficient attention and
self-monitoring during auditory verbal hallucinations. In ad-
dition, a higher occurrence rate and larger time coverage
of microstate B were observed in autism spectrum disorder
(ASD) compared with healthy controls [21]. These studies
suggested that EEGmicrostate analysis can be a newapproach
to exploring cortical activity with potential clinical value.

Previous neuroimaging studies have characterized struc-
tural and functional reorganizations with amputation in
inter-hemispheric and intra-hemispheric sensory and motor
areas. Still, no research explored whether EEG microstate
may be altered by amputation. Therefore, we analyzed the
differences in EEG microstate parameters between patients
with lower limb amputation (LLA) and healthy controls un-
der resting state. We predict that the spatial and temporal
statistical alterations would be found in specific microstate
parameters in patients with LLA.

2. Materials andmethods
2.1 Participants

In order to explore the EEG microstate with amputation,
we enrolled 35 right-handed subjects including 15 patients
with LLA (mean age = 47.20 years, SD = 10.00 years; mean
amputation time = 22.07months, SD = 27.27months) and 20
healthy controls (mean age = 36.55 years, SD = 13.20 years).
Among the 15 lower limb amputees, 10 lower limb amputees
had intermittently phantom limb pain, 4 had no phantom
limb pain, and 1 had permanent phantom limb pain. None
of the amputees had the experience of the prosthesis. The
control group and lower limb amputees have no drug abuse
and neuropsychiatric diseases history. The basic information

of the amputee is shown in Table 1. The Ethics Committee
has approved this experiment of the National Research Cen-
ter of Rehabilitation for Technical Aids, and all participants
have signed a written informed consent form before the ex-
periment.

2.2 EEG recording
The experiment was conducted in a sound and electrically

shielded room to reduce the noise interference during the
EEG data acquisition. Before the experiment, we explained
the acquisition procedures to all subjects and informed them
that the experiment was harmless. Especially, the partici-
pants were required to avoid head shaking and swallowing
during the EEG recording. About 5 min eyes-closed resting-
state EEG data were recorded by a 256-channel EGI dense ar-
ray acquisition system. The system consists of a 256-channel
EEG acquisition amplifier and a 256-channel electrode cap.
The Cz electrode was taken as a reference electrode during
the recording with sampling rate set as 500 Hz and electrode
impedance threshold below 50 KΩ.

2.3 EEG data preprocessing
The raw EEG data contained target and noise signals, such

as blinks, electromyography, and electrocardiography. The
quality of EEG data would significantly affect the final re-
sults so that we used Matlab2017 (Natick, MA, USA) and
eeglab (EEGLAB version 14, La Jolla, CA, USA) software to
preprocess the raw EEG data and eliminate noise interfer-
ence [22]. Electrodes on the neck/face were excluded, and
the remaining 204 electrodes were kept for further analy-
sis [23]. Re-referencing was defined as selecting an absolute
zero-potential point. Here, we assumed the average potential
of the whole brain as a reference potential point, we used a
1Hz high-pass filter and a 30 Hz low-pass filter to preserve a
useful frequency band [24]. Then, we segmented the above
data into 2000 ms epochs and removed the bad epochs by vi-
sual inspection. Finally, we retained 90% of the total epochs.

Runica, one of the Independence Component Analysis
(ICA) algorithms for separating EEG signals from artifacts,
was applied to remove the noise signals (i.e., blinks, elec-
tromyography, electrocardiography). After runica, we man-
ually identified and removed the artifact components based
on visual inspection. For example, blink artifact components
were usually low frequency and high energy, located in the
front of component maps [25].

2.4. EEG microstate analysis
The above pre-processing EEG data did the microstate

analysis. First, we calculated the topographic maps and the
Global Field Power (GFP) at all times. Then the GFP peak
of topographic maps was mainly selected for later cluster-
ing to reduce the computational effort. There are two com-
mon clustering methods for EEG microstate analysis: the
K-Means clustering algorithm and Topo-graphic Atomize &
Agglomerate Hierarchical Clustering (T-AAHC) algorithm.
K-Means clustering algorithm was conducted via the follow-
ing steps: (1) Randomly selecting K topographic maps as the
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Table 1. The basic information of patients with LLA.
Patient Gender Age (year) Amputation location Amputation time (month) Reason Phantom limb pain

1 Female 57 Shank 8 Accident Intermittent
2 Male 46 Thigh 4 Accident Intermittent
3 Male 41 Shank 7 Accident Intermittent
4 Male 49 Shank 24 Accident Intermittent
5 Male 49 Thigh 2 Accident Absence
6 Male 53 Thigh 5 Burn Intermittent
7 Male 32 Thigh 72 Electrical burn Absence
8 Male 52 Shank 1 Genetic disease Intermittent
9 Female 66 Thigh 11 Infection Intermittent
10 Male 35 Shank 5 Infection Absence
11 Male 46 Shank 22 Accident Intermittent
12 Male 32 Shank 4 Accident Absence
13 Male 45 Shank 47 Accident Intermittent
14 Male 62 Shank 90 Accident Intermittent
15 Male 44 Thigh 29 Tumor Permanent

initial cluster centers; (2) Calculating the distance of each to-
pographic map and cluster centers, then assigning the topo-
graphic maps to the closest cluster center; (3) Obtaining a
new cluster center by updating iteratively according to to-
pographic maps and repeating (1) and (2) until reaching end
condition.

Since seed clusters of this k-means clustering algorithm
were based on different clustering results in every run, and
the initial prototype maps were randomly selected, the mi-
crostates could be slightly different in each operation. Thus,
this k-means clustering algorithm generally was repeated
several dozen times, which profoundly increased computa-
tional effort. For this reason, the T-AAHC algorithm was
selected. Compared with the K-Means clustering algorithm,
T-AAHC regarded each topographicmap as a cluster that op-
erated in a down-topmanner. Then bymerging the two clos-
est clusters into a new one, the number of topographic maps
decreased from the predefined maximum to 1. Other litera-
ture has provided detailed information about this algorithm
[26–28].

The initial topographic maps at multiple moments could
be clustered into several representative ones through the
clustering algorithm. Grand mean model maps were very
similar to the basic fourmaps, and the latter were labeled into
‘microstate classes’, such as ‘A’, ‘B’, ‘C’ and ‘D’ [29]. In addition,
the primary four maps fit all initial prototype maps with high
Global Explained Variance (GVE), which explained the ap-
propriate level. Thus, we used the basic four maps to com-
pute microstates parameters of each subject. The parame-
ters were often statistically analyzed, including duration, oc-
currence rate, time coverage, and transition rate, which re-
flected the information of neural activities: (1) themicrostate
duration indicated the stability of underlying neural compo-
nents. It was defined as a mean length of the sequence mil-
liseconds. First, all the identical and adjacent initial prototype
maps were assigned to one sequence. Then the sequence was
calculated from the first initial prototype map to the last one;

(2) the occurrence rate indicated an activated trend of the un-
derlying neural generator and was defined as the number of
occurrences of each microstate per second; (3) the time cov-
erage defined as the time of a microstate as a relative per-
centage of the total time; (4) the transition rate reflected the
probability of a given microstate transforming to others ran-
domly, and explained the activation sequence of a neural gen-
erator.

2.5 Statistical analysis

To verify our hypothesis that the EEG microstates may
be significantly different between the LLA group and healthy
controls, a t-test measure was performed simultaneously by
comparing four microstates. We applied false discovery rate
(FDR) correction for each p-value to reduce the type I error
rate. The statistical significance defaulted as p < 0.05 for the
test, and the alpha value for FDR results was set as 0.05. All
statistical analyses were performed in SPSS v17 for Macin-
tosh (IBM Corporation, Armonk, NY, USA).

3. Results
According to calculation results, the final microstate to-

pographic maps of the LLA and HC groups are shown in
Fig. 1 (Ref. [30]). MS1, MS2, MS3, and MS4 correspond
to microstate A, B, C, and D. The topographic map grav-
ity of four microstates is as: microstate A indicated right-
anterior to left-posterior orientation, microstate B indicated
left-anterior to right-posterior orientation, microstate C in-
dicated anterior-posterior orientation andmicrostate D indi-
cated front–central extreme, respectively. The alteration in
the spatial distribution of primary neuronal sources indicates
a significant difference in the map configuration between the
LLA group and healthy controls for microstate C and D.

The t-test results of resting-state EEGmicrostate parame-
ters of the two groups are shown in Table 2. For the duration
of microstates, t-test implied that the healthy controls (dura-
tion = 59.66 ms) spent more time in microstate C (t = 2.95,
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Fig. 1. Microstate topographic maps of patients with LLA and HC controls. MS1, MS2, MS3 and MS4 correspond to microstate classes A, B, C, and D,
respectively. Koenig et al. [30] found that four microstates could explain around 79% of cortical activity.

p = 0.005) compared with the lower limb amputees (duration
= 51.59 ms). No differences were observed for microstate A
(t = 0.99, p = 0.33), microstate B (t = 0.29, p = 0.76) and mi-
crostate D (t = 1.63, p = 0.11). For microstate occurrence
rate, t-test found that microstate B (t = –2.22, p = 0.03) and D
(t = –3.35, p = 0.002) were significantly more frequent in the
LLA group compared with healthy controls. No differences
were observed for microstate A (t = –1.14, p = 0.25) and C (t
= 0.71, p = 0.48). Lastly, all t-test results of the time coverage
for four microstates were p> 0.05 which indicated no signif-
icant differences between healthy control group and the LLA
group.

For microstate transition rate (see Table 3), the two
groups displayed a transformed tendency of concatenations
between microstate A and C. The result clarified that the
transitions rate from microstate D to microstate B (p = 0.04)
differed significantlywith directional predominance between
the two groups. Still, therewas no significant difference from
microstate B to microstate D (p = 0.051). Moreover, no sig-
nificant differences were noted at other transition rate types.

4. Discussion
In this short communication, we used an EEG microstate

to analyze the resting-state EEG of lower limb amputees.
Then, we observed a lower duration in microstate C and a
higher frequency in microstate B and D in lower limb am-
putees comparedwith healthy controls. In addition, the tran-
sition rate from microstate A to microstate C differed signif-
icantly in directional predominance between the two groups.
These results indicated that the EEGmicrostate parameters of
visual processing related to microstate B and attention pro-
cessing related to microstate D might be altered in patients
with LLA.

Table 2. Statistical results of microstate parameters between
patients with LLA and HC controls.

Parameter Patients Controls t-value p-value

Duration (ms)
A 56.88 59.31 0.99 0.33
B 59.49 60.26 0.29 0.76
C 51.59 59.66 2.95 0.005*
D 57.04 61.61 1.63 0.11

Occurrence rate
A 4.36 4.17 –1.14 0.25
B 4.89 4.43 –2.22 0.03*
C 3.71 4.00 0.71 0.48
D 4.70 3.96 –3.35 0.002*

Time coverage
A 0.25 0.25 –0.16 0.87
B 0.28 0.27 –1.33 0.19
C 0.20 0.24 1.74 0.09
D 0.27 0.24 –1.10 0.27

The table showed the duration in milliseconds (ms), occurrence rate,
time coverage of four microstate classes (A–D). Significant level was
*p< 0.05.

Table 3. Statistical results of microstate transition rate
between patients with LLA and HC controls.

Transition types p-value Transition types p-value

From A to B 0.38 From C to A 0.005*
From A to C 0.007* From C to B 0.09
From A to D 0.11 From C to D 0.79
From B to A 0.36 From D to A 0.08
From B to C 0.11 From D to B 0.04*
From B to D 0.051 From D to C 0.66

Significant level was *p< 0.05.
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Wife et al. [31] found that losing a limb or afferent nerve
conduction limb could induce functional or structural reor-
ganization in visual areas. Compared with healthy controls,
lower limb amputees have observed significantly lower thick-
ness in the V5/middle temporal (V5/MT+) visual area and
the same cortical alteration in the V3d. However, no signifi-
cant alterations in other visual areas were observed between
the two groups [32]. In addition, Palermo et al. [33] found
that the loss of peripheral sensor andmotor inputs in patients
with right lower amputation would reduce the ability to rec-
ognize the relationship between different body parts, which
was the same as the loss of up-down information in patients
with brain damage due to personal negligence. Visual and
spatial mental representations of one’s body arise from pe-
ripheral information about our body rather than visually pro-
cessing other people’s body information. Body representa-
tions are not entirely hard-wired in the brain [33, 34]. These
results are consistent with ours, indicating that lower-limb
amputees may be altered in the visual processing network.

Microstate D was associated with negative BOLD signals
in the frontal and parietal cortex’s right-lateralized dorsal
and ventral areas [13]. Ventral frontoparietal regions sub-
serve reflexive aspects of attention such as detecting behav-
ioral stimuli, while more dorsal regions in the frontopari-
etal cortex are related to conversion and redirection of atten-
tion [35]. Patients with upper limb amputation showed dif-
ficulties in mental rotation of body parts, though they could
still imagine the lost limb movements [36]. Compared with
healthy controls, the amputation group displayed a lack of dif-
ference between imagery modalities (visual and kinesthetic).
However, the Kinesthetic and Visual Imagery Questionnaire
(KVIQ) scores tended to be lower, suggesting a relatively
lower performance in visual imagery after amputation [37].

Nico et al. [38] found that patients with upper limb
amputation performed much more slowly and less accu-
rately than healthy controls when participating in an im-
agery handedness judgment task. Researchers concluded
that losing a limb would not stop motor imagery but would
significantly enhance its difficulty. Scandola and his col-
leagues [39] found that the individuals with spinal cord
injury performed the sensorimotor “bio-mechanical effect”
(orientation-dependent modulation of response times) for
the mental rotation of foot images after physiotherapy. It
seems reasonable that sensory deprivation is associated with
aberrancies in sensory-motor processing due to altered mi-
crostates. Based on these studies, we can speculate that the
loss of peripheral information relevant to the limb can acti-
vate the attention network effectively and induce brain reor-
ganization.

Microstate C was associated with cognitive control and
correlated with positive BOLD activation in the posterior
part of the anterior cingulate cortex and bilateral inferior
frontal gyri, the right anterior insula and the left claustrum
[13, 23]. Especially, a close relation was observed in an in-
dependent component between microstate C and positive

BOLD in the insula. The insular cortex was considered part
of the saliency network and played a crucial role in alternat-
ing the central-executive function and the default mode net-
work (DMN) [40]. Besides, microstate C is considered to be
related to the subjective representation of one’s own body by
combining interoceptive information with affective salience,
were significantly positively correlatedwith the disgust sensi-
tivity level [23].Direct source localization of EEGmicrostates
confirmed the implication of frontal brain regions in the gen-
eration of microstate C. These regions were attributed to the
anterior parts of the default mode network [41]. The physio-
logical basis of microstate C is still highly debated. Therefore,
further work is needed for microstate C.

For microstate A, Mantini et al. [42] found that the re-
lationship between microstate A and negative BOLD activa-
tion predominately in bilateral superior and middle temporal
gyri areas was interpreted as phonological processing. In ad-
dition, a close temporal and spatial correlation with an in-
dependent component between microstate A and negative
BOLD activation was observed [13, 43]. Since amputees
rarely displayed abnormalities in the phonological processing
network, there was no significant difference of microstate A
between the LLA group and healthy controls.

Neurophysiology researches have proved that limb ampu-
tation is a strong driver of brain plasticity [3, 4, 10]. Brain
plasticity has two implications: (1) The cortex near the dam-
aged cortex can replace the latter’s functions to the full ex-
tent; (2) Sensorimotor cortex will respond to afferents from
residual limbs after amputation. Brain plasticity may have
two concerning mechanisms: forming new synaptic contact
or strengthening the existing synaptic contact. The struc-
ture of brain plasticity features the shape, orientation, size,
and several inhibitory or excitatory synapses in specific areas
[44]. Brain plasticity has been accepted as a sound theoretical
basis for some therapies such as rehabilitation after stroke,
transcranial magnetic stimulation, and deep brain stimula-
tion. For example, transcranial direct current stimulation of
Broca’s area increase cognitive-verbal performance by mod-
ulating brain electrical activity in language-related regions
[45]. Thus, harnessing the potential of this endogenous bio-
logical self-repairing process and restoring brain functional-
ity in the context of acute and chronic neurological diseases
has been one of the key promises for translational therapeutic
strategies [46].

Mizuguchi et al. [47] reported that motor imagery vivid-
ness in the amputated limb was enhanced by walking with a
prosthesis, which implied that using a prosthesis would pre-
serve the mental representation of a missing limb. When
the long jumper from a long jump Paralympic gold medalist
with a unilateral below-knee amputation was asked to per-
form a rhythmic isometric contraction of knee extensormus-
cles with the take-off/prosthetic leg, they observed contralat-
eral M1/S1, and ipsilateral M1/S1were activated [47]. In our
experiment, none of the amputees had the experience of the
prosthesis. Therefore, our results cannot explain whether
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prosthesis will affect the EEG microstate or not after ampu-
tation. For phantom limb pain, 10 lower limb amputees had
phantom limb pain intermittently, 4 had no phantom limb
pain, and 1 had phantom limb pain permanently. Several
studies described brain plasticity in people with amputation
who did not have phantom limb pain [10, 48]. However,
brain plasticity occurred in the presence of phantom pain,
mainly at the primary and somatosensorymotor cortex levels
[49, 50].

Moreover, previous studies found a negative correlation
between phantom limb pain and decreased bilateral visual
cortex thickness. Visual feedback training on the residual
limb can reduce phantom limb pain intensity, which may
be due to the activation of mirror neurons in the hemi-
sphere of the brain that is contralateral to the residual limb
[34, 51]. The high-density 256-channels EGI device could
contain richer spatial source information. In future studies,
we would apply a LORATE [52] or dipole analysis [53] to
estimate the source of each microstate signal.

5. Conclusions
We analyzed the parameters of the resting-state EEG mi-

crostate between patients with lower limb amputation and
healthy controls to investigate whether amputation could al-
ter intrinsic cortical activities or not. We found that patients
with lower limb amputation had significantly lower duration
for microstate C and a larger occurrence rate of microstate B
and D than healthy controls. Furthermore, it indicated that
loss of peripheral sensor andmotor inputs could induce brain
plasticity. The resting-state EEG microstate analysis can be
an approach to explore the mechanism of cortical reorgani-
zation.
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