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Graphical Abstract The relationship of these stable somatosensory evoked potentials (SEPs)

time—frequency components in humans, goats, and rats

Abstract

Somatosensory evoked potentials (SEPs) have been widely used to assess neurological function in clinical practice. A good understanding

of the association between SEP signals and neurological function is helpful for precise diagnosis of impairment location. Previous studies

on SEPs have been reported in animal models. However, few studies have reported the relationships between SEP waveforms in animals

and those in humans. In this study, we collected normal SEP waveforms and decomposed them into specific time—frequency components
(TFCs). Our results showed three stable TFC distribution regions in intact goats and rats and in humans. After we induced spinal cord injury in
the animal models, a greater number of small TFC distribution regions were observed in the injured goat and rat groups than in the normal
group. Moreover, there were significant correlations (P < 0.05) and linear relationships between the main SEP TFCs of the human group and
those of the goat and rat groups. A stable TFC distribution of SEP components was observed in the human, goat and rat groups, and the TFC
distribution modes were similar between the three groups. Results in various animal models in this study could be translated to future clinical
studies based on SEP TFC analysis. Human studies were approved by the Institutional Review Board of the University of Hong Kong/Hospital
Authority Hong Kong West Cluster (approval No. UM 05-312 T/975) on December 5, 2005. Rat experiments were approved by the Committee
on the Use of Live Animals in Teaching and Research of Li Ka Shing Faculty of Medicine of the University of Hong Kong (approval No. CULART
2912-12) on January 28, 2013. Goat experiments were approved by the Animal Ethics Committee of Affiliated Hospital of Guangdong Medical

University (approval No. GDY2002132) on March 5, 2018.
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Introduction

Somatosensory evoked potentials (SEPs) have been
widely used in clinical practice to evaluate the integrity of
somatosensory pathways (MacDonald et al., 2019; Muzyka
and Estephan, 2019; Markand, 2020). In clinical settings, SEPs

are used as a tool for intraoperative neurological monitoring
(MacDonald et al., 2019), functional testing (Feng et al., 2020),
and differential diagnosis (Melachuri et al., 2019). To support
the appropriate use of SEPs in clinical practice, it is critical to
have a good understanding of the association between SEP
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signals and neurological function. Any potential associations
should be supported by findings from animal experiments,
especially in areas of research in which it is difficult to confirm
pathological conditions in humans.

Many animal models have been used to investigate SEPs
and to verify the importance of SEP changes observed in
humans (Allison and Hume, 1981; Tator, 2006; Ma et al., 2016;
Jiang et al., 2017). Rats are the most widely used animals in
experimental studies, and such studies have reported that
somatosensory information from the periphery is transmitted
to similar anatomical levels of the spinal cord in both rats and
humans (Li et al., 2017; Sharif-Alhoseini et al., 2017; Krisa et
al., 2018; Cheng et al., 2019). Among larger animals, the spinal
cord of cats is similar in diameter and length to that of humans
(Krisa et al., 2018). Comparisons of the electrophysiological
functional outcomes of rats and cats show that the decline
and duration of recovery differ after surgery in these two
animals (Khan et al., 1999). Dogs have been used to construct
contusion models of spinal cord injury (Allen, 1911) and
are considered to be an intermediate between rodents and
humans. They offer the advantages of convenient examination
of neurological features and the collection of detailed
pathophysiological information (Nardone et al., 2017). The
cervical spine of goats is as upright as that in humans, with
the anterior/posterior and left/right diameters of the thoracic
spinal canals reported to be much larger (goats: 8.2 mm and
9.5 mm, respectively) than those in rodents (rodents: about 2.3
mm and 4.5 mm, respectively) and similar to those in humans
(humans: 16.2 mm and 14.7 mm, respectively) (Panjabi et al.,
1991; Cao et al., 2014).

Previous studies have shown that the components of SEP
waveforms in monkeys and rats correspond closely to various
anatomical structures along the somatosensory pathways
(Peterson et al., 1995; Cheng et al., 2019; MacDonald et al,,
2019). Compared with traditional time domain-based SEP
identification and measurement methods, time—frequency
analysis provides earlier and more sensitive information
regarding the nervous system (Hu et al., 2001, 2003, 2011a).
Previous studies have used a high-resolution algorithm, known
as matching pursuit, to analyze SEPs, with the SEP signals
decomposed into a series of time—frequency components
(TFCs) to identify specific injury locations in the spinal cord
of rats (Zhang et al., 2009; Wang et al., 2017). The main TFCs
have generally been used to assess spinal cord integrity,
whereas small TFCs contain information about neurological
deficits (Wang et al., 2015, 2017). However, there remains a
lack of detailed time—frequency results of SEPs from larger
animals.

Moreover, it is difficult to translate SEP results from animals
to humans because of differences in anatomical structures
(Arezzo et al., 1979). Even within the same animal, the
methods used to evaluate spinal cord function are not
standardized, so it is difficult to compare studies or to apply
findings to clinical practice. So far, no systematic analysis of
the relationship between the SEPs from different animals and
those from humans has been conducted. Comparative studies
would be useful to reveal the characteristics of SEPs recorded
from different animals and to investigate correlations in SEPs
across different animals (Blight, 1991).

The purpose of this study was to explore the time—frequency
characteristics of SEP waveforms, and to identify relationships
of TFC distribution patterns between humans and different
animals. We chose two representative animals, the rat and
the goat, as small and large animal models, respectively. In
the experiments presented here, SEPs were collected from
humans, rats and goats, and the TFCs of the SEPs were
analyzed to elucidate the electrophysiological correlations
between SEPs in animals and humans.
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Materials and Methods

Three normal SEP signal datasets were recorded from 15
human participants undergoing surgical correction for
scoliosis, and from 15 adult female Sprague—Dawley rats
(weighing 250-330 g, aged 3—4 months, specific-pathogen-
free level), and 15 adult female goats (weighing 15-20 kg,
aged 3—6 months, clean level). All experimental animals
were in a normal state with intact neurological function.
Additionally, animals were randomly selected to form two
injury groups, one comprising 7 goats and the other 12 rats.
Animals in the injury groups received chronic compression at
the C4 level of the spinal cord.

The procedures of rat and goat experiments were approved
by the Committee on the Use of Live Animals in Teaching and
Research of Li Ka Shing Faculty of Medicine of the University
of Hong Kong (approval No. CULART 2912-12 on January 28,
2013) and the Animal Ethics Committee of Affiliated Hospital
of Guangdong Medical University (approval No. GDY2002132
on March 5, 2018). All animal experiments were designed and
reported in accordance with the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines. The human
experiments conformed to the ethical guidelines of the 1975
Declaration of Helsinki.

To collect SEPs from human participants, 15 patients (9
female and 6 male; 20 + 7.1 years old) with idiopathic scoliosis
undergoing a spinal correction operation in Queen Mary
Hospital from October 2006 to May 2007 were recruited
voluntarily, and all were neurologically normal with a clinical
diagnosis. All patients received general anesthesia during the
operation (propofol, 2-4 mg/kg and fentanyl, 3-5 ug/kg).
SEP signals were recorded before any surgical incision was
made to the patients. Informed consent was obtained from
every patient and clinical ethical approval was awarded by the
Institutional Review Board of the University of Hong Kong/
Hospital Authority Hong Kong West Cluster (approval No. UM
05-312 T/975) on December 5, 2005.

Spinal cord compression in rats was performed by implanting
a water-absorbing material (3 mm x 1 mm x 1 mm; Shenzhen
Fulin, Shenzhen, China) (Hu et al., 2011b; Long et al., 2014;
Cui et al., 2019). This material was carefully inserted into
the right posterolateral side of the spinal canal at the C4
level, after which it expanded with a maximal expansion of
700% within 24 hours to provide compression. Spinal cord
compression in goats was performed by posterior balloon
(Edwards Lifesciences, Irvine, CA, USA) injection into the C4
intervertebral space (Cao et al., 2014, Jiang et al., 2017). The
balloon was expanded slowly by percutaneous valve injection
of water to produce cord compression.

Neurological function was evaluated using the Basso, Beattie,
and Bresnahan (BBB) locomotor rating scale (Basso et al.,
1995) before and after injury. The BBB scale ranges from
complete neurological function loss (score 0) to normal
neurological function (score 21). All animals were tested
before surgery, and all received the maximum BBB score
without any exception. After the compression injury, the BBB
scale measured a slight decrease in neurological function,
with an average BBB score of about 16.

SEP recordings were performed under general anesthesia in all
animals, with anesthesia induced by intravenous injection of
pentobarbital sodium (Sigma, St. Louis, MO, USA) in goats (40
mg/kg) and intraperitoneal injection of pentobarbital sodium
in rats (60 mg/kg). After being anesthetized, animals were
placed in a prone position over a warmed blanket to maintain
their skin temperature above 32°C. SEPs were collected from
humans under similar stimulation and recording conditions
to those reported in previous studies (Hu et al., 2008; Cui et
al., 2015). To elicit SEPs, the median nerve at the wrist was
stimulated with a constant current stimulus using needle
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electrodes, using a current intensity that produced detectable
twitching. SEP signals were recorded using surface electrodes
placed at comparable locations in the animals and in humans,
except that in humans, Fz was used as a reference, whereas in
the animals Fpz was used (based on the 10-20 international
system of EEG electrode placement). All signals were
recorded at a sampling rate of 5 kHz using an evoked potential
recording system (YRKJ-A2004; Zhuhai Yiruikeji, Zhuhai, China),
amplified 10,000 times using a 20-2000 Hz bandpass filter,
and automatic artifact rejection was performed. The sweep
time of the SEP recording was 100 ms. In total, 1000 trials
were recorded for each raw SEP.

SEP signal analysis

Raw SEP signals from each person or animal were averaged.
Then, a time—frequency analysis was performed on each
averaged SEP. In the time domain, latency and amplitude were
considered to be the typical parameters of the SEP waveform
(MacDonald et al., 2019). In the time-frequency domain, the
matching pursuit method was used to calculate the time—
frequency distribution of SEPs and extract the TFCs, which
can decompose SEP into several time-frequency components.
Three parameters were measured: peak time (measured
relative to the onset of stimulation), peak frequency, and peak
power (measured as the signal energy at the peak location)
(Cui et al., 2019). The most distinct peak with high energy
was generally defined as the main TFC, and peaks with lower
energy were defined as sub-TFCs.

In this study, all signal processing routines used for the analysis
were developed in MATLAB (version R2016a; MathWorks,
Natick, MA, USA).

Statistical analysis

Data are presented as the mean + standard deviation (SD).
For each component, we compared the peak time, peak
frequency, and peak power between two species. Correlations
between the three groups with intact spinal cord function
were determined using the Pearson correlation coefficient,
which was calculated using the SPSS software package (version
22; IBM Corp., Armonk, NY, USA). Similarly, correlations were
analyzed between the groups before and after spinal cord
injury in the rat and goat groups. Linear regression analysis
was used to analyze the linear relationships between the
human and animal groups; it yielded the parameter R’
between 0 and 1, which represents the fitting performance of
the regression model. R’ values closer to 1 indicate a better
degree of fit. Statistical significance was set at a threshold of
a = 0.05 using a bilateral (two-tailed) test. P < 0.05 and an
absolute correlation coefficient R > 0.50 were considered to
indicate a significant linear correlation.

The regression of the human group relative to each animal
group was expressed as:

y=ax+b,

where y is the value of the characteristic parameter in the
human group, x is the corresponding value in each animal
group, a and b are the coefficient of a polynomial that fit the
data xandy.

Results

Time domain analysis of SEP waveforms among humans,
rats and goats

As shown in Figure 1, the SEP waveforms recorded from
corresponding locations on the scalp of the animal and human
groups were similar between the groups. The P1 parameters
of SEP waveforms were present with different latencies; the
peak latencies were a few milliseconds later in the human
group (human: 19.47 + 0.96 ms) than in the animal groups (rat:
11.17+£0.84 ms, R=0.931, P<0.001; goat: 11.80+ 1.15ms, R

=0.983, P <0.001; Pearson’s correlation analysis).

Time—frequency domain analysis of SEP among humans,
rats and goats

The distribution of the SEP TFCs was similar in the human
and the normal goat and rat groups. There was a clear main
component with high peak power in each group, which was
located in an area with unique time and frequency ranges
(Figure 2). However, these main components occurred at
different peak times and peak frequencies between the
groups (Figure 2A-C and Table 1). Additionally, there were
some small sub-TFCs with relatively low peak power, which
could not be seen clearly because of signal overlap.

The distribution patterns of the main and sub-TFCs were then
compared between the groups in detail. Further analyses
revealed that the distribution patterns of the main TFCs in the
human and the normal goat and rat groups showed different
stable regions (marked “M” in Figure 3). The main TFCs of the
human group were located within a time-frequency region of
20-30 ms and 40-70 Hz. In the normal goat group, the main
TFC distribution was concentrated within 15-25 ms and 60-100
Hz, demonstrating a slightly shorter peak time and a higher
frequency than the human group (Figure 3A). In the normal rat
group, the main TFC distribution was clustered within 10-18 ms
and 40-70 Hz, which indicates that the main SEP TFCs of the
normal rat group had a similar frequency pattern to the human
group, but an earlier peak latency (Figure 3B).

Moreover, distribution patterns of sub-TFCs from the human
group were compared with those from the normal animal
groups. The sub-TFC distributions in the human group were
concentrated in two regions (S1: 19-25 ms, 100-165 Hz; S2:
32-45 ms, 40-100 Hz; marked “S1” and “S2” in Figure 3).
Similar to the human group, two corresponding stable sub-TFC
distribution regions were also observed around the human
regions in the normal goat and rat groups. As shown in Figure
3A, the corresponding sub-TFC distribution regions in the goat
group were located within S1 (20-30 ms, 160-220 Hz) and S2
(35-45 ms, 110-165 Hz). Compared with the human group,
the sub-TFCs in the goat group were concentrated within a
similar time range, but at a higher frequency. As shown in
Figure 3B, the corresponding sub-TFCs in the rat group were
located within S1 (10-17 ms, 135-185 Hz) and S2 (20-27
ms, 40-150 Hz). These results indicated that the two stable
regions of sub-TFCs in the normal goat group and the human
group were closer than those in the normal rat group and the
human group.

The distribution patterns of SEP TFCs in the spinal cord injury
animals showed a greater number of TFC distribution regions
than those in the normal rat and goat groups (Figure 4). Both
the corresponding main TFCs (marked “M” in Figure 4) and
the sub-TFCs observed before injury (marked “S1” and “S2”
in Figure 4) were still present after spinal cord injury in both
animal groups. Although the time range of sub-TFCs S1 and
S2 was longer and the frequency range changed after injury,
these SEP distributions before and after showed a significant
correlation (Table 2). Furthermore, additional small sub-TFCs
appeared in both goat and rat injury groups (marked “S3”, “S4”,
and “S5” in Figure 4), which may indicate the spinal cord injury.

Inter-group relationship analysis of SEP characteristics in
normal animal and human groups

Inter-group relationships were analyzed (Table 3) and the
relationships between these potentials in each group were
similar. The results showed a significant correlation (R >
0.828, P < 0.05) between the parameters describing SEP
characteristics (peak time, peak frequency, and peak power)
in the animal and human groups.

In the regression model, the R* between the human and rat
groups was higher (R’ > 0.772) than that between the human
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and goat groups (R”> > 0.686; Table 4). To better illustrate this,
Figure 5 shows examples of the linear regression curves of
the main SEP TFCs between the human and normal animal

groups. According to the valu
R’ in Figure 5, there are good
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Figure 3 | Distribution patterns of SEP TFCs from normal humans, rat and

goat groups.

(A) Distribution difference between the human and goat groups. (B)
Distribution difference between the human and rat groups. The distribution

regions of the main components were

marked as “M”, and the sub-TFCs

were marked as “S1” and “S2”. The distribution patterns of the components
in the rat and goat groups were similar to that in the human group, and

the corresponding distribution regions

of TFCs that appeared in both the

human group and each animal group were matched with black lines. SEP:

Somatosensory evoked potential; TFC:

time—frequency component.

time, peak frequency, and peak power of main SEP TFCs
between the human and normal animal groups. For example,
in Figure 5A, R* = 0.8624 means that the regression model
can explain 86.24% of the variance of peak time in the human
group, and the fitting performance is very good.
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Figure 1 | Typical SEP waveforms of
human, goat and rat.
(A—C) SEP waveforms from a human (A), goat
(B), and rat (C). The dominant SEP waveforms
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P1. These SEPs had different latencies. SEP:
Somatosensory evoked potential.
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The distribution regions of the main components were marked as “M”,
the region of sub-TFC that appeared in both the normal and injury groups
were marked as “S1” and “S2”, and the other small sub-TFCs in the injury
group only were marked as “S3”, “S4” and “S5”. In both goats and rats, the
distribution patterns of the components in the injury groups were similar
to those of the normal groups, and the corresponding distribution regions
of TFCs that appeared in both the normal groups and injury groups were
connected with black lines. SEP: Somatosensory evoked potential; TFC: time—
frequency component.
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Table 1 | Parameter values of SEP TFCs of normal human, rat and goat
groups

Table 3 | Pearson correlation analysis of SEP characteristics between
human and normal animal groups

Parameter Peak time (ms) Peak frequency (Hz) Peak power Parameter Human vs. Goat Human vs. Rat
Main TFC Main TFC
Human 23.58+4.50 62.67+18.11 19.6747.70 Peak time R=0.929" R=0.965"
Goat 17.90+3.43 75.33+11.54 2.74+1.46 P <0.001 P <0.001
Rat 15.3042.93 53.7345.84 29.65+11.63 Peak frequency R=0.873" R=0.962"
Sub-TFC S1 P<0.001 P=0.001
Human 22.51+2.70 135.13427.57 6.23+4.30 Peak power R=0.950"" R=0.924"
Goat 26.18+4.00 177.13+35.03 2.554+2.86 P<0.001 P <0.001
Rat 12.75£1.80 166.07+32.58 5.09£3.32 Sub-TFC S1
Sub-TFC S2 Peak time R=0961" R=0955"
Human 38.06%4.70 69.20+24.62 6.14£5.21 P<0.001 P <0.001
Goat 40.7343.36 150.07432.84 1.24+0.65 Peak frequency R=0934" R=0.879"
Rat 24.0542.18 92.93+31.55 2.30+1.01 P<0.001 P<0.001
Data are expressed as the mean £ SD (n = 15/species). SEP: Somatosensory Peak power f=0310 f=0.906
evoked potential; TFC: time—frequency component. P<0.001 P<0.001
Sub-TFC S2
Table 2 | P('ea‘rson correlation analysis of SEP characteristics between Peak time R=0.988" R=0.942""
normal and injury rats and goats P <0001 P <0.001
Parameter Goat Rat Peak frequency R=0.962" R=0.971"
K P<0.001 P<0.001
Main TFC . Peak power R=0.828" R=0910""
Peak time R =0.905 R=0.903 P<0.001 P <0001
P =0.005 P<0.001
Peak frequency R=0.963" R=0897"" *P < 0.05, ***P < 0.001. TFC: Time—frequency component.
P<0.001 P <0.001
Peak power R=0.896" R=0.698" Table 4 | Linear regression of SEP characteristics between human and
P=0006 P=0012 normal animal groups
Sub-TFC S1 Parameter Human vs. Goat Human vs. Rat
Peak time R=0.925" R=0.975" :
P =0.003 P <0.001 Main TFC
Peak frequency R=0961" R=0923"" Peak time y2= 1.2209x + 1.7252 yZ: 1.4875x +0.8216
P=0.001 P<0.001 R=0.8624 f=09321
Peak power R =0.909" R=0722" Peak frequency yzz 1.371x-40.617 yZ: 2.985x—-97.73
P =0.005 P =0.008 R?=0.7628 R"=0.9256
Sub-TFC 2 Peak power yz= 5.0089x + 5.9297 yZ: 0.6115x + 1.5394
Peak time R=0.976" R=0.941" f=05032 R=08543
P <0.001 P <0.001 Sub-TFC 51
peak frequency R=0094d" R=0943"" Peak time yZ: 0.6483x + 5.5334 y2: 1.4323x+4.2399
P=0.001 P <0.001 R=0.9229 R =05119
peak power R=079" R=0838" Peak frequency yZ: 0.7347x + 5.0005 yZ: 0.7437x +11.626
P<0.034 P=0.001 R=08717 R=0.7728
Peak power y=1371x+2.734 y=1.1754x + 0.2508
*P <0.05, ***P < 0.001. TFC: Time—frequency component. R2=0.8282 R*=0.8202
Sub-TFC S2
DiSCUSSion Peak time y=1.3813x-18.195 y =2.0256x-10.661
2 2
SEPs are useful for assessing the integrity of somatosensory R =09758 R=0887>
neural function (Arezzo et al., 1979), and provide an objective Peak frequency y= 0.721x = 39.002 - 0.7579x=1.237
measurement of neurological impairment severity based R'=0.9247 R'=09431
on changes in latency and amplitude (Liverman et al., 2005;  Peakpower y=66148x-2.0369  y=4.6861x—4.6497
R*=0.6864 R*=0.8277

Herndndez-Lain et al., 2011; Ye et al., 2016). Additionally,
SEP recordings yield a series of waveforms associated
with sequential neural activities along the somatosensory
pathways. The components in this study are different from
those reported in some electrophysiological papers. Previous
studies in clinical electrophysiology have defined some
standard components in the time-domain waveform, such as
N9, N17, and others (Emori et al., 1991; Sonoo et al., 1996).
In this study, the components of SEPs were decomposed in
the time-frequency domain to study the neurophysiological
significance of SEPs from another perspective. Time-
frequency analysis can be used to decompose SEP waveforms
into smaller components in the time-frequency domain.
Understanding the neurophysiological meaning of these TFCs
is essential to developing clinical applications, which rely on

TFC: Time—frequency component.

animal studies as it is unethical to validate such research in
humans. This study demonstrated the existence of stable
TFCs in the normal SEPs of the human and animal groups.
After registering the main components in the time—frequency
domain, two consistent sub-TFCs in the animal groups showed
strong correlations with the TFC patterns in the human group.
Additionally, the animal spinal cord injury groups showed
changes in SEP sub-TFCs, which suggests that these SEP
sub-TFCs may be useful in detecting neurological deficits.
The results of this study could help findings from animal
experiments to be translated into clinical applications.
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In this study, SEPs were recorded from rats, goats, and human
participants to compare waveform morphology in the time—
frequency domain. In previous studies, time—frequency
analysis presented various components distribution in the
time—frequency domain. The main peak component of the
SEP in healthy humans and rats has been located within a
specific stable region (Hu et al., 2011a; Wang et al., 2015).
In this study, we found a stable region of main SEP TFCs in all
three normal groups. The main peak TFC feature reflects the
major signal passing along the somatosensory pathway, which
is believed to indicate the same underlying neurophysiological
response to the stimulation in both humans and other
animals. Additionally, we found some other small stable TFCs.
In the normal condition, each of the three groups showed
two stable sub-TFCs around the main TFC regions. Overall,
the characteristics of the SEP sub-TFCs in the animal groups
had high similarity compared with those in the human
group. After registering the main TFC in the time-frequency
domain, we observed a clear relationship between the sub-
TFCs between groups. Compared with SEPs of the human
group, which showed a peak latency of approximately 20 ms,
the SEPs of the rat and goat groups had relatively shorter
latencies, which is consistent with previous reports (Hu et al.,
2008; Hernandez-Lain et al., 2011; Wen et al., 2014; Wang et
al., 2015, 2017; Jiang et al., 2017). The differences in latency
reflect inter-group differences in the length of conduction
pathways and in cortical processing time, which supports the
hypothesis that there is correspondence in such pathways
between humans and other animals (Arezzo et al., 1981).
Sensory transduction pathways differ between the groups in
the present study, with the difference in peak latency related
to the larger dimensions of the human intra-cortical dendritic
and axonal fields. Therefore, differences in the peak time
and peak frequency between the human and animal groups
likely resulted from differences in the structure and length of
neurological pathways in the groups studied (small animal,
large animal, and human).

Peak power and peak amplitude have been reported to show
large inter-subject variability (Hu et al., 2011a). Among the
SEP parameters used for inter-group comparisons, the normal
statistical ranges of latency, peak time, and peak frequency
are more reliable than those of amplitude and peak power.
In this study, we found a specific correlation between SEP
parameters between the different animal groups, with linear
regression analysis showing a positive correlation between the
animal groups (goat and rat) and the human group with a high
goodness of fit. In accordance with the regression equation,
we predicted that it would be possible to estimate the
human SEP signal from the animal signal results. In this way,
electrophysiological findings in commonly used animal models
can be translated to spinal cord diseases in human studies,
and used to develop new diagnoses for clinical practice.

In the spinal cord injury groups, the number of TFC distribution
regions increased and showed more diffuse patterns compared
with the normal groups. The TFCs of the injury groups tended
to have longer latencies and wider distribution ranges both in
the time and frequency domains compared with those of the
normal groups. Spinal cord compression would be expected
to affect the speed of stimulation conduction and produce
several smaller components related to anatomical spinal cord
deficits, as has also been reported in previous studies (Hu et
al.,, 2003, 2011a; Wang et al., 2017). Previous studies have
performed the time—frequency component analysis only in
rats and have not investigated other kinds of animals. After
spinal cord injury, we observed some sub-TFCs (S3-S5) in both
the rat and goat models. The explanation of these waveforms
that appeared after spinal cord injury is outside the scope of
this study. These components may be noise in the sensory
cortex produced by stimulation to peripheral nerves after
spinal cord nerve injury. A more detailed examination of S3—
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S5 is needed and will be required to ascertain whether these
abnormal TFC features after spinal cord injury can be detected
in patients with similar neurological deficits.

This paper mainly discussed the relationships between SEP
in humans and different animal models, in effort to translate
the results of animal experiments. The purpose of the SEP
analysis in animals after spinal cord injury was to show that
the SEP time—frequency component changes when there are
pathological changes. The correlation between SEP changes
and nerve injury severity, and how the findings in animal
models correspond to the human pathological changes, were
not within the scope of the present study and need to be
investigated in future studies.

We found several stable TFCs reflecting small waveforms
within the overall SEP waveform morphology. We observed
changes in TFC patterns in the human, goat, and rat groups,
with a consistent trend in rats and goats with spinal cord
injury. These findings motivate further study to explore similar
patterns in humans with similar neurological deficits. This
study provides a foundation for translating SEP findings in
animals to clinical applications in humans.
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