
Engineering 14 (2022) 147–155
Contents lists available at ScienceDirect

Engineering

journal homepage: www.elsevier .com/ locate/eng
Research
Biomedical Engineering—Article
A Temporal–Spatial Atlas of Peripheral Nerve Evoked Cortex Potential in
Rat: A Novel Testbed to Explore the Responding Patterns of the Brain to
Peripheral Nerves
https://doi.org/10.1016/j.eng.2021.04.018
2095-8099/� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding authors.
E-mail addresses: xiaofengyin@bjmu.edu.cn (X. Yin), jiangbaoguo@vip.sina.com

(B. Jiang).
# These authors contributed equally to this work.
Xiaofeng Yin ⇑,#, Jiuxu Deng #, Bo Chen, Bo Jin, Xinyi Gu, Zhidan Qi, Kunpeng Leng, Baoguo Jiang ⇑
Department of Trauma and Orthopedics, Peking University People’s Hospital, Beijing 100044, China
a r t i c l e i n f o

Article history:
Received 5 December 2020
Revised 31 March 2021
Accepted 6 April 2021
Available online 10 June 2021

Keywords:
Peripheral nerve
Brain
Evoked cortex potential
Temporal–spatial
Atlas
a b s t r a c t

Observing the dynamic progress of the brain in response to peripheral nerve stimulation as a whole is the
basis for a deeper understanding of overall brain function; however, it remains a great challenge. In this
work, a novel mini-invasive orthogonal recording method is developed to observe the overall evoked cor-
tex potential (ECP) in rat brain. A typical ECP atlas with recognizable waveforms in the rat cortex corre-
sponding to the median, ulnar, and radial nerve trunks and subdivided branches is acquired. Reproducible
exciting temporal–spatial progress in the rat brain is obtained and visualized for the first time. Changes in
the ECPs and exciting sequences in the cortex four months after median nerve transection are also
observed. The results suggest that the brain’s response to peripheral stimulation has precise and repro-
ducible temporal–spatial properties. This resource can serve as a testbed to explore the overall functional
interaction and dynamic remodeling mechanisms between the peripheral and central nervous systems
over time.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Brain electrical activity—that is, the excitement of neurons—is
an important reflection of brain function [1–7]. Continuously
observing the electrophysiological signals in the brain is important
for understanding the function and message-processing mecha-
nisms of the nervous system [8–20]. The electrical response of
the brain to stimulation has been well studied in isolated areas
of the cortex or in a small number of neurons (e.g., the evoked cor-
tex potential (ECP), which can be recorded by a multi-electrode
matrixes); however, little is known of the exact temporal–spatial
progress of the brain’s reaction to peripheral nerve stimulation.
This is a critical knowledge gap, because brain function is accom-
plished by the coordination of numerous neurons and nuclei. Such
complicated process cannot be well understood with the fragmen-
tal information on the nervous system obtained by traditional
methods. However, determining the functional parameters of the
brain as completely as possible is extremely challenging, given
the shortcomings of traditional ECP-recording methods based on
a single electrode or multi-electrode matrix [21–23]. First,
recorded signals only reflect the action potential of a few cortical
neurons around the electrode [24,25]. Therefore, it is difficult to
obtain the electrophysiological characteristics of whole cell popu-
lations in the target regions and analyze complicated brain func-
tions. Second, a slight change in electrode position results in a
major fluctuation in the signals as well as significant individual
variations, which makes it easy to miss the common regularities.
Third, traditional craniotomy and placing electrodes onto the sur-
face of the cortex or into the cortex result in severe trauma and
extensive disturbance to the brain. Moreover, it is difficult to
achieve long-term, continuous observation using traditional meth-
ods. Therefore, grasping the dynamic temporal–spatial progress of
the brain in response to the stimulation of peripheral nerves can be
extremely useful in obtaining a deeper understanding of the work-
ing patterns of the brain.

In this research, we develop a novel electrophysiological
method with an orthogonal lead system and mini-invasive proce-
dures, and investigate the overall excitation progress in different
brain functional regions corresponding to peripheral stimulations

http://crossmark.crossref.org/dialog/?doi=10.1016/j.eng.2021.04.018&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.eng.2021.04.018
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:xiaofengyin@bjmu.edu.cn
mailto:jiangbaoguo@vip.sina.com
https://doi.org/10.1016/j.eng.2021.04.018
http://www.sciencedirect.com/science/journal/20958099
http://www.elsevier.com/locate/eng


X. Yin, J. Deng, B. Chen et al. Engineering 14 (2022) 147–155
in rats. We also provide a fully typical ECP atlas of different periph-
eral nerves and their subdivided branches, making it possible to
visualize the temporal–spatial properties and interactions of the
brain and peripheral nerve reconstructions.
2. Methods

2.1. Description of animals and ethics statement

Adult male Sprague–Dawley rats weighing 200–250 g were
acquired from the Laboratory Animal Center of Peking University
People’s Hospital (PKUPH; specific pathogen free level, animal
use permit No. SYXK (jing) 2011-0010). The rats were maintained
on a 12 h light/dark cycle with free access to pellet food and water.
The anesthetic, surgical, and postoperative care protocols used in
this research conformed to the National Institutes of Health guide-
lines regarding animal experimentation and were approved by the
Research Ethics Committee at PKUPH. Every effort was made to
minimize animal suffering and reduce the number of animals used.

2.2. Surgical procedures and electrode implantation

Rats were randomly separated into groups to test the ECPs of
the median, ulnar, and radial nerves and branches separately. For
the three main forearm nerve trunks, 18 animals were used to
obtain the electrical signals (six animals for one nerve). For the
branches of the three nerve trunks, another 18 animals were used
to obtain data and avoid unnecessary reaction errors in the rats
due to different operation planes and a long operation time.

The rats were anesthetized using sodium pentobarbital with a
dosage of 30 mg�kg�1 via intraperitoneal injection; they were also
given 15 mg�kg�1 sodium pentobarbital to maintain the depth of
the anesthesia when necessary. The head and right limbs were
shaved and sterilized. The trunks and subdivided branches of the
median, ulnar, and radial nerves were exposed from the surround-
ing tissues and moistened by infiltration with saline gauze. The
room temperature was maintained at 20–25 �C while the experi-
ment was performed. A homeothermic blanket system was used
to maintain the rectal temperature at 37.0–37.5 �C and to prevent
hypothermia, which may affect the physiological activity of the
brain.

The rat head was fixed in a stereotaxic instrument. An
approximately 3 cm long midline incision was made. After
adequate exposure of the operation region from the lambda to
the bregma, 3% hydrogen peroxide was used to clean the skull
Fig. 1. (a) Using the bregma and lambda as references to determine the electrode positi
vertical lead is the line connecting B1 and B2. (b) Orthogonal lead system in rat. (c) Pins w
diploe and are exposed to the dura; the cerebral cortex still remains intact. G is the gro
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surface. As reported by Khazipov et al. [26] and Paxinos et al.
[27], the electrode positions A1, A2, B1, and B2 were identified
(Figs. 1(a) and (b)). Ag/AgCl pins (head size of 8 mm, wall thickness
of 0.2 mm, inner diameter of 0.5 mm, tail length of 1 mm, and
diameter of 0.5 mm) were used as recording electrodes and were
inserted into the marked points on the skull surface (diameter of
0.5 mm and depth of 1 mm) (Figs. 1(b) and (c)). Our method skill-
fully avoided the location of sinusoids in order to reduce the pos-
sibility of accidental injury of the blood sinus causing intracranial
hematoma.
2.3. Evoked cortex potentials recording

The target nerve and its branches were carefully exposed. An
electrical stimulator (MedlecSynergy; Oxford Instrument Inc., UK)
was set to the designed position using bipolar electrodes. Spherical
Ag/AgCl electrodes were used to collect the cortical signals. The
line connecting A1 to A2 was set as the horizontal (H) lead, while
the line connecting B1 to B2 was set as the vertical (V) lead. The
stimulus intensity was 0.09 mA, the duration was 0.2 ms, and
the repetition rate was 5 pulse per second (pps). A monophasic
square-wave constant current pattern (3 Hz, 100 ls pulse width)
was used. On average, 300 sweeps were used for the acquisition
of one ECP trace. To illustrate the waveform of the ECP, we marked
the negative wave as N, and the positive wave as P. If the amplitude
was higher than 10 lV, the waveformwas marked as N or P. Other-
wise, the waveform was marked as n or p. ECPs were recorded by
stimulating the median, ulnar, and radial nerves and their subdi-
vided branches, respectively.
2.4. Temporal–spatial parameters conversion from an orthogonal lead
system

In a rectangular coordinate system, the positive direction of the
horizontal ECP vector x points from A1 to A2, while the positive
direction of the vertical ECP vector y points from B2 to B1. The
resultant ECP vector q is synthesized by the horizontal and vertical
components. To better understand the temporal–spatial character
of the ECP, we converted the rectangular coordinate system into
a polar coordinate system, where point o was the intersection of
vector x and vector y, q ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
and h ¼

tan�1 x; yð Þ;which was intersection angle from ox to q. Time (t)
was set as another parameter in the polar coordinate system. Thus,
ECP = ðq; h; tÞ:
ons at A1, A2, B1, and B2. The horizontal lead is the line connecting A1 and A2; the
ere used as the recording electrodes. The electrodes are just broken through the skull
und point.
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2.5. Median nerve transection model

A total of six rats were anesthetized with 30 mg�kg�1 of pento-
barbital sodium by intraperitoneal injection. The operation sites
were shaved and sterilized, followed by decortication. After being
exposed, the median nerve was transected at 3 mm above the cubi-
tal fossa. The proximal stump of the median nerve was ligated with
5-0 nylon sutures and stitched to the adjacent muscle in the
reverse direction to prevent nerve growth. The wound was rinsed
with sufficient saline and then closed with 5-0 nylon sutures.
The rats were placed back into the cages. Electrophysiological
examinations were performed four months after the operation to
assess the change in ECP.

2.6. Data analysis

Data in this work are expressed as the mean ± standard devia-
tion (SD). Analysis and statistics were performed using SPSS 20.0
software (SPSS Inc., USA).

3. Results

3.1. The position relationship between the electrode and the cortical
functional areas in rat

In this experiment, the orthogonal lead was located above the
somatic motor and the somatosensory region in the left brain.
The green and red areas in Fig. 2 represent the somatic motor
and the somatosensory area, respectively; the H lead and V lead
orthogonally cross through the corresponding cortical functional
areas.

3.2. Temporal–spatial characteristics of ECPs induced by the median
nerve and its subdivided branches

Stable ECPs can be obtained in both the H lead and the V lead by
stimulating the median nerve trunk. The latency of the ECP in the H
and V leads was (1.21 ± 0.04) and (1.25 ± 0.06) ms, respectively,
which was in accordance with the time required for the nerve
Fig. 2. Relationship between the orthogonal lead and the cortical functional areas.
A schematic diagram of the functional areas in the rat cortex. The green and red
areas represent the somatic motor and the somatosensory area, respectively. S1FL:
primary somatosensory cortex forelimb region; S1HL: primary somatosensory
cortex hindlimb region; M1: primary motor cortex; M2: secondary motor cortex.
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pulse to spread from the stimulated site to the cortex (Fig. 3 and
Table 1).

The main ECP wave of the median nerve trunk in the H lead
consisted of four consecutive negative waves (n1N2N3N4). The
main ECP in the V lead showed a waveform of the N1N2n3 type
(Fig. 3 and Table 2).

The ECPs induced by the median nerve branches (i.e., the
muscular branch, anterior interosseous nerve, radial side common
palmar digital nerve, median side common palmar digital nerve,
and ulnar side common palmar digital nerve) had their own
characteristics and could be recognized through specific wave-
forms (Figs. 3(a) and (b) and Table 1).

In the polar coordinate system, the exciting temporal–spatial
sequences of the cortex corresponding to the stimulations of differ-
ent nerve branches were acquired. For the median nerve trunk, the
exciting projection region started from the second quadrant in the
first 12.5 ms (ranging from nearly 225� to 240�), which was equiv-
alent to the primary motor cortex (M1) edge. During the next
12.5 ms, the activation area moved to the region ranging from
approximately 210� to 225�. Finally, after clockwise spreading,
the projection region ended in the first quadrant (87.5–100.0 ms
range from nearly 45� to 60�), which corresponded to the sec-
ondary motor cortex (M2) edge (Fig. 3(c)). The exciting processes
of the cortex induced by different median nerve branches exhib-
ited specific temporal–spatial characteristics (Figs. 3(b) and (c)).

3.3. Temporal–spatial characteristics of ECPs induced by the ulnar
nerve and its subdivided branches

The latencies in the H and V leads of the ulnar nerve trunk were
respectively (1.30 ± 0.06) and (1.25 ± 0.04) ms (Fig. 4 and Table 3).
Unlike the median nerve, the main ECP wave of the ulnar nerve
trunk in the H lead presented as the n1N2 type, consisting of a pla-
teau between the two consecutive negative waves (n1 and N2). The
main ECP wave in the V lead was the n1p1N2 type (Fig. 4 and
Table 4).

When branches of the ulnar nerve (i.e., two dorsal digital nerves
and two cutaneous branches) were stimulated, the ECP waveforms
in the H lead all presented as N type, while those in the V lead
exhibited a complex type (Fig. 4 and Table 3).

The ECP vector of the ulnar nerve trunk started from the area
between the second and the first quadrants in the first 12.5 ms
(around 170� to 210�), which was the edge of the M1. In the next
12.5 ms, the activating area moved to both sides of the initial excit-
ing region from approximately 225� to 250� and from 150� to 170�.
Finally, after bidirectional spread, the exciting region ended in the
first quadrant (30� to 65�), which corresponded to the M2 edge
(Fig. 4(c)). The exciting processes of the cortex areas corresponding
to each branched ulnar nerve exhibited different temporal–spatial
characteristics (Fig. 4(c)).

3.4. Temporal–spatial characteristics of ECPs induced by the radial
nerve and its subdivided branches

The latencies of the ECP in the H and V leads of the radial nerve
trunk were respectively (1.28 ± 0.05) and (1.30 ± 0.06) ms (Table 5).
The main ECP wave of the radial nerve trunk in the H lead began
with a remarkable positive wave (P1), followed by three consecu-
tive negative waves (P1N1N2N3). The main ECP waveform in the
V lead was of the n1p1N2 type. (Figs. 5(a) and (b) and Table 6). Most
of the ECPs induced by the branches of the radial nerve in the H
lead (i.e., the triceps long head muscle branch, triceps lateral head
muscle branch, radialis profundus, and radialis superficialis) had a
distinct initial positive wave (Table 5).

The exciting spatial distribution in the cortex induced by the
radial nerve trunk was shaped like a rectangle. It started from



Table 1
Parameters of the ECPs induced by the median nerve and its subdivided branches (mean ± SD, n = 6).

Parameter Median
nerve

Muscular
branch

Anterior interosseous
nerve

Common palmar digital
nerve (radial)

Common palmar digital
nerve (median)

Common palmar digital
nerve (ulnar)

Waveform
H lead n1N2N3 p1N1 p1N1N2 N n1N2 N1N2

V lead N1N2n3 N1N2 N1n2 N N N1N2

Latency
H lead (ms) 1.21 ± 0.04 1.29 ± 0.04 1.30 ± 0.07 1.40 ± 0.05 1.45 ± 0.04 1.45 ± 0.06
V lead (ms) 1.25 ± 0.06 1.30 ± 0.04 1.29 ± 0.09 1.45 ± 0.10 1.50 ± 0.10 1.50 ± 0.03

Table 2
Parameters of the main ECP waveform of the median nerve trunk in the H and V leads (mean ± SD, n = 6).

Parameter H lead V lead

n1 N2 N3 N4 N1 N2 n3

Amplitude (lV) 1.80 ± 1.20 8.37 ± 5.01 14.51 ± 9.43 8.12 ± 5.35 12.68 ± 10.70 24.96 ± 19.38 6.31 ± 4.96
Peak time (ms) 3.11 ± 0.44 8.38 ± 1.15 12.64 ± 2.35 30.46 ± 6.82 7.22 ± 2.74 10.67 ± 1.94 23.79 ± 1.77

Fig. 3. ECPs induced by the median nerve and its subdivided branches. (a) Sketch map of the median nerve and arrows indicate the stimulating points. (b) The ECP waveform
of the median nerve and its subdivided branches. (c) The temporal–spatial characteristics of the ECP induced by the median nerve and its subdivided branches. I: Median
nerve; II: muscular branch of the median nerve; III: anterior interosseous nerve; IV–VI: common palmar digital nerves (radial, median, and ulnar side, respectively).
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Table 3
Parameters of the ECPs induced by the ulnar nerve and its subdivided branches (mean ± SD, n = 6).

Parameter Ulnar nerve Dorsal digital nerve (radial) Dorsal digital nerve (ulnar) Cutaneous branch (radial) Cutaneous branch (ulnar)

Waveform
H lead n1N2 N N N N
V lead n1p1N2 n1n2 n1n2 N1p1n2 n

Latency
H lead (ms) 1.30 ± 0.06 1.35 ± 0.07 1.55 ± 0.06 1.51 ± 0.06 1.53 ± 0.08
V lead (ms) 1.25 ± 0.04 1.36 ± 0.06 1.50 ± 0.12 1.55 ± 0.07 1.52 ± 0.03

Table 4
Parameters of main ECP waveform of the ulnar nerve trunk in the H and V leads (mean ± SD, n = 6).

Parameter H lead V lead

n1 N2 n1 p1 N2

Amplitude (lV) 3.23 ± 0.79 27.47 ± 12.51 11.55 ± 11.54 �9.94 ± 8.37 8.47 ± 8.96
Peak time (ms) 2.86 ± 0.39 12.76 ± 1.89 7.94 ± 2.77 13.53 ± 4.57 30.87 ± 4.78

Fig. 4. ECPs induced by the ulnar nerve and its subdivided branches. (a) Sketch map of the ulnar nerve and arrows indicate the stimulating points. (b) The ECP waveform of
the ulnar nerve and its subdivided branches. (c) The temporal–spatial characteristics of the ECP induced by the ulnar nerve and its subdivided branches. I: Ulnar nerve; II and
III: dorsal digital nerves (radial and ulnar side, respectively); IV and V: cutaneous branches (radial and ulnar side, respectively).
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the top and bottom areas of the original site in the first 12.5 ms
(from 170� to 210� and from 310� to 360�), which was close to
the edge of the M1. During the next 12.5 ms, the ECP signal spread
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to both sides next to the initial exciting region (from approxi-
mately 210� to 300� and small area near 160� and 10�). Finally,
after bidirectional spread, the excitatory signal ended in the first



Table 5
Parameters of the ECPs induced by the radial nerve and its subdivided branches (mean ± SD, n = 6).

Parameter Radial nerve Triceps long head muscle branch Triceps lateral head muscle branch Radialis profundus Radialis superficialis

Waveform
H lead P1N1N2N3 P1N1N2 p1n1N2 N1p1N2 n1n2

V lead n1p1N2 n1p1n2n3 n1p1n2 p1n1n2 n
Latency
H lead (ms) 1.28 ± 0.05 1.29 ± 0.06 1.30 ± 0.06 1.49 ± 0.07 1.46 ± 0.06
V lead (ms) 1.30 ± 0.06 1.31 ± 0.03 1.29 ± 0.07 1.47 ± 0.04 1.50 ± 0.08

Fig. 5. ECPs induced by the radial nerve and its subdivided branches. (a) Sketch map of the radial nerve and arrows indicate the stimulating points. (b) The ECP waveform of
the radial nerve and its subdivided branches. (c) Temporal–spatial sequences analysis of the radial nerve and its subdivided branches in the orthogonal lead system. I: Radial
nerve; II: branch to the long head of the triceps muscle of the radial nerve; III: branch to the lateral head of the triceps muscle of the radial nerve; IV: radialis profundus;
V: radialis superficialis.

Table 6
Parameters of main ECP waveform of the radial nerve trunk in the H and V leads (mean ± SD, n = 6).

Parameter H lead V lead

P1 N1 N2 N3 n1 p1 N2

Amplitude (lV) –16.32 ± 9.32 18.60 ± 10.06 10.18 ± 10.65 11.60 ± 14.92 1.90 ± 1.93 –2.38 ± 0.99 10.40 ± 6.98
Peak time (ms) 2.59 ± 0.39 5.16 ± 0.80 13.07 ± 0.91 22.28 ± 3.01 2.59 ± 0.42 4.69 ± 0.84 22.06 ± 3.00

X. Yin, J. Deng, B. Chen et al. Engineering 14 (2022) 147–155

152



X. Yin, J. Deng, B. Chen et al. Engineering 14 (2022) 147–155
quadrant (from nearly 30� to 60�, at the M2) (Fig. 5(c)). The excit-
ing processes of the cortex areas corresponding to each radial
nerve branch exhibited specific temporal–spatial characteristics
(Fig. 5(c)).

3.5. ECP temporal–spatial change after median nerve damage

Upon re-examination four months after the median nerve tran-
section, significant changes occurred in the temporal–spatial char-
acteristics and waveforms of the ECPs when stimulating the ulnar
and radial nerve trunks using the same method as before. The main
ECP waveform of the ulnar nerve trunk in the H lead changed into
the n1N2N3 type, compared with the n1N2 type in normal rats. In
the V lead, it changed into the N1N2 type, compared with the initial
n1p1N2 type (Table 7). For the radial nerve, the ECP waveforms in
the H and V leads became P1N1N2 and n1p1n2, respectively, in com-
parison with P1N1N2N3 and n1p1N2, respectively, before the opera-
tion (Table 8).

Although the shape of the excitatory region evoked by the ulnar
nerve four months after the operation remained triangular, the dis-
tribution area showed a tendency to extend to the median nerve
evoked regions. The distribution area started from the third quad-
rant in the first 12.5 ms (from 235� to 250�, at the M1). In the fol-
lowing 12.5 ms, the excitatory area moved anti-clockwise to the
areas (approximately 225� to 230�). Finally, after clockwise spread-
ing, the excitatory region ended in a small area at the first and sec-
ond quadrants (330� to 360� and 0 to 30�), which corresponded to
Table 7
Waveforms and latency time of the ulnar nerve trunk after median nerve transection (me

Parameter H lead

n1 N2

Amplitude (lV) 6.47 ± 5.06 30.24 ± 18.65
Peak time (ms) 2.92 ± 0.35 8.34 ± 0.94

Table 8
Waveform and latency time of the radial nerve trunk after median nerve transection (me

Parameter H lead

P1 N1 N2

Amplitude (lV) –21.56 ± 14.43 31.03 ± 19.48 60.60
Peak time (ms) 2.76 ± 1.11 6.64 ± 2.85 13.14

Fig. 6. Temporal–spatial change of the ECP induced by the ulnar nerve four months after m
of the ulnar nerve.
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the M2 (Fig. 6). For the radial nerve, the excitation progress
retained its original pattern. However, the amplitude of the ECP
vectors increased significantly after the median nerve injury
(Fig. 7).

4. Discussion

In this research, we developed a novel electrophysiological
method with an orthogonal lead system and mini-invasive proce-
dures that can acquire the resultant ECPs and temporal–spatial
sequences in response to stimulations of peripheral nerves. A
ten-year brain research plan was recently proposed by the United
States’ government to overcome limitations in brain research
caused by fragmental knowledge of the nervous system [28–31].
In that plan, an important research field is the development of
new techniques in order to understand complex brain functions
in as integral a way as possible [30,32,33]. Traditional electrophys-
iological methods can only measure the nerve conduction velocity
and the evoked potentials to determine the continuity between the
peripheral nerves and the brain [34]. It is difficult to monitor and
analyze the complicated functional relationship between the
peripheral and central nervous systems. The method developed
herein provides a way to continuously capture the overall ECP sig-
nals corresponding to stimulations of the peripheral nerves. These
complicated signals are then decomposed into multiple orthogonal
spaces, so that the resultant brain electrical signals can be exten-
sively analyzed into time and space components. In this way, the
an ± SD, n = 6).

V lead

N3 N1 N2

52.34 ± 43.06 12.21 ± 6.91 14.83 ± 10.55
12.40 ± 1.69 8.16 ± 0.88 14.16 ± 2.17

an ± SD, n = 6).

V lead

n1 p1 n2

± 53.51 9.32 ± 6.29 –5.40 ± 6.06 7.29 ± 4.46
± 1.68 3.36 ± 0.54 4.78 ± 0.39 13.91 ± 3.18

edian nerve transection. (a) The ECP waveform and (b) temporal–spatial sequences



Fig. 7. Temporal–spatial change of the ECP induced by the radial nerve four months after median nerve transection. (a) The ECP waveform and (b) temporal–spatial
sequences of the radial nerve.
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functional states of multiple brain cortical regions in different
phases could be viewed by the researchers. Our work significantly
overcomes the inevitable defects in traditional methods such as
poor stability and reproducibility, serious individual variation,
and limited representation; thus, the present study represents a
great step forward in reflecting the overall functional processes
and characteristics of the brain.

A typical ECP atlas corresponding to the different peripheral
nerves and subdivided branches was first obtained using the
method presented herein. According to the ECP atlas results, a
peripheral nerve or branch can easily be distinguished by its typi-
cal waveform. As described in the results, stimulation of the radial
nerve evoked three consecutive negative waves following a large
amplitude pre-phase positive wave in the H lead (P1N1N2N3), while
the ECP of the ulnar nerve consisted of a small negative wave fol-
lowing a deep negative wave with a small slope in the H lead
(n1N2). Similar results were observed in the other small nerve
branches. Moreover, the parameters of the ECP, such as latency
time, amplitude, and wave composition, were highly relative to
the states of neural function such as nerve conductive velocity,
exciting degrees, and distribution of activated cellular populations
(Fig. 8). Therefore, it was possible to analyze the characteristics of
Fig. 8. A theoretical model diagram of the ECP evoked by stimulation of the radial
nerve. The ECP induced by a specific nerve stimulation exhibits distinguished and
repeatable parameter characteristics, including latency time, amplitude, and wave
composition.
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the waveform, and then determine the status and interaction
between the peripheral nerve and the brain cortex. This method
is similar to the use of an electrocardiogram to interpret the work-
ing status of the heart. Thus, the highly recognizable ECP atlas can
be used to analyze advanced brain functions.

The method described above allowed us to visualize the tempo-
ral–spatial properties and the precise progress of the brain in
response to specific peripheral nerve stimulation and reconstruc-
tion. According to our results, the ECP vectors of the median nerve
are mainly located in the M1 and lateral M2. Furthermore, the
detailed excitation progress from the lateral M1 spreading clock-
wise to the M1/M2 border was captured and visualized step by
step in time and space. The excitation progress in the cortex of
the radial and ulnar nerves and their branches was also repre-
sented herein. When the brain performs an action, different sets
of neurons depolarize, repolarize, or have their membrane poten-
tial changed in a coordinate manner. The location and time phase
of the ECP vectors projected in the orthogonal plane indicated
the space distributions of different functional cell populations in
the brain cortex and the time sequences of the relevant neuron
groups involved in the reaction. Therefore, this method allowed
the researchers to precisely observe and analyze the detailed excit-
ing space–time sequences of the brain visually.

Major discoveries in scientific analysis—such as the ECP atlas
and visualizations of exciting sequences in the cortex in response
to peripheral stimulations reported here—are primarily useful for
obtaining an understanding of the working programs and reaction
patterns of the brain and for generating new hypotheses. The
results obtained by the method presented here have generated a
number of clues to be investigated in future studies. The observed
exciting sequences of the projected cortex areas specific to differ-
ent nerves indicate complex neuro signal transferring progresses
and responding mechanisms in the brain. The data described here
provide a basis for power analyses for subsequent studies, and the
ECP atlas provided here can serve as a baseline reference for other
researches. Variations in the ECP waves and temporal–spatial
sequences would then suggest typical pathological and physiolog-
ical processes in nerve function change and brain remodeling. As
shown in Figs. 6 and 7, the tendency of ECPs extending to the med-
ian nerve projection areas was observed in the cortex after median
nerve transection. More detailed progress could be examined in
greater depth.
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In conclusion, this study provides a novel method for exploring
the overall functional connection and remodeling mechanisms
between the peripheral and central nervous systems. The precise
and reproducible temporal–spatial response of the brain to periph-
eral stimulation has been obtained for the first time. This method is
simple and stable with excellent reproducibility and trivial individ-
ual variations. It provides a wealth of information and a basis for
systematic analyses of the functional connections between the
peripheral and central nervous systems. This resource can serve
as a testbed to study the dynamic interactions of the brain and
peripheral nerve reconstructions over time. However, there is a
lack of exact analyses of the physiological meaning of each wave
component. The parameters obtained in this study were all
obtained under anesthesia; although the stimulation of each
peripheral nerve showed a unique repetitive brain feedback wave-
form, these should be different from those in a normal physiolog-
ical state. Future studies will address these problems in more
detail.
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