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STUDY DESIGN: Descriptive secondary analysis of two spinal cord injury (SCI) animal models.
OBJECTIVES: To compare the somatosensory evoked potential (SSEP) and motor behavioral (BBB) assessments of the two most used
rodent SCI models (contusion and transection), to elucidate their functional similarity and differences over the acute phase of 3 weeks.
SETTING: Neuro-electrophysiology SSEP and motor behavioral BBB assessments are used to provide a comparative analysis of the
functional changes among various severities of contusion and transection SCI.
METHODS: Adult male and female rats randomly grouped (n= 5) as following: mild (6.25mm), moderate (12.5mm), severe (25mm), and
very severe (50mm) contusion as well as right T10 hemi-transection (RxI), left T8 and right T10 double hemi-transection (DxI), and T8
complete transection (CxI) injuries, plus the control group (laminectomy with no injury). Animal weight, body temperature, anesthesia,
surgical procedures, electrophysiological SSEP monitoring, locomotion BBB scoring, and statistical analysis were identical among all animal
groups.
RESULTS: Statistical analysis of the SSEP and BBB data from both contusion and transection injury models indicate significant differences
(P< 0.05). The results also show remarkable similarity for the severe and very severe contusion injuries to the complete transection, the
moderate contusion injury to the double hemi-transection, and the mild contusion injury to the T10 hemi-transection injury.
CONCLUSION: Although contusion and transection spinal cord injuries have two completely different pathophysiologies, their injury
progress during acute phase follow a similar trend.
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INTRODUCTION
It is critical to have standardized research models of spinal cord
injuries (SCI) in order to characterize the onset as well as the
progress of the various forms of injuries. Scientists must be able to
reproduce SCI models [1, 2] to unify their studies and compare
their results. In this multidisciplinary research, monitoring func-
tional deficits [3, 4], examining neuroprotective effectiveness of
hypothermia [5–8], evaluating long-term efficiency of stem cell
replacement therapy [9–12], application of imaging techniques to
detect anatomical changes [12], assessments of cortical plasticity,
and reorganization of neuropathways within the spinal cord
[4, 13–15] are few important fields of study to mention.
Although the spinal cord is well-protected by the strong bony

structure of the vertebral arch, it is still vulnerable to various forms of
insult, especially the impact injuries [1, 16]. Such injury could happen
when high energy is delivered to a small parenchyma in a very short
period. So-called contusive injury will not only contuse one or more
segments of spinal cord that are directly underneath the site of
impact, but also could cause either dislocation or fracture of the
vertebrae causing laceration and partial or full transection of the
spinal cord. Thus, contusion and transection injuries often happen
simultaneously at and around the epicenter of the injury.
Researchers have successfully created reproducible and reliable

contusion and transection models of SCI. Nevertheless, a true

translational model, which could include key characteristics of
both contusion and transection injuries, still is absent. Technical
challenges such as difficulty in independently evaluating two
variables in one research subject have long prevented the
development of SCI models that carry both elements of injuries
concurrently.
Here, for the first time, we intend to present the results of two

most prevalent rodent SCI models, contusion and transection, and
provide a comparative analysis of their functional assessments. This
article describes an analytical evaluation for the onset and progress
of the two SCI models through neuro-electrophysiology by
Somatosensory-evoked potential (SSEP) assessment and locomotion
by Basso, Beattie, and Bresnahan (BBB score) examination. SSEP is
the sensory response recorded from cortices after stimulating
peripheral nerves, which has been adopted to measure the severity
and evolution of spinal cord injuries objectively [17–22]. The BBB
scoring is the traditional behavioral assessment of injury, which is
based on 4min observations of rats in a 90 cm diameter open field
by two examiners [17, 23]. Briefly, during the contusion, most of the
impact energy will be absorbed by the Gray Matter directly
underneath of injury epicenter. Then, it will spread to the
surrounding White Matter and extends to the proximal, distal,
dorsal, and ventral adjacent areas over time, causing utmost
irregular disruption of the spinal cord parenchyma [21, 24–26].

Received: 19 April 2021 Revised: 11 August 2021 Accepted: 12 August 2021
Published online: 7 September 2021

1Department of Chemistry, Faculty of Science, Hong Kong Baptist University, Kowloon Tong, Hong Kong. 2Department of Electrical Engineering, College of Engineering, American
University of Sharjah, University City, Sharjah, UAE. ✉email: angelo@hkbu.edu.hk; hnashash@aus.edu

www.nature.com/sc

http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-021-00698-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-021-00698-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-021-00698-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41393-021-00698-2&domain=pdf
https://doi.org/10.1038/s41393-021-00698-2
mailto:angelo@hkbu.edu.hk
mailto:hnashash@aus.edu
www.nature.com/sc


Clearly, the expansion of the damage depends on the severity of the
impact. The NYU-Impactor is one of the most used devices to create
contusive injuries in mice and rats [1, 25]. On the other hand, the
transection model of SCI is produced by a clean transverse incision
of the spinal cord, which generates a well-defined interruption of
neuropathways with relatively consistent neuro-inflammation at the
site of injury. A small scalpel (No. 11) is usually used to incise rodents’
spinal cord under microscope creating either complete or partial
hemi-transection injury [2, 4, 27–29]. Due to the two very distinctive
injury inductions (impact vs. incision), the histological data are not
reported, though they were extensively presented in our previous
publications [1, 2].
To be applicable for comparison purposes and future studies,

the monitoring of the contusion and transection SCI should strictly
be time dependent. This means the data collection and analysis
for both SSEP signal and BBB scores should be from identical time-
points post-injury. Other critical conditions, such as animal weight,
body temperature, anesthetic drug, anesthesia induction meth-
ods, laminectomy to expose the spinal cord, other surgical
procedures (except for the injury induction itself), post-surgery
recovery care, recording instruments and statistical analysis must
also be identical in both models [1, 2, 30, 31].
It is also important to mention that since these two injuries have

different pathoanatomy and pathophysiology as well as natural
history, we do not intend to correlate the contusion and
transection SCI models. Our goal is to present the comparison
(both similarity and contrast) among various severities of
contusion and transection SCIs and provide a comparative analysis
of the functional changes that start to happen immediately after
onset of injury and the events that continue to progress during
the acute and sub-acute phase of SCI.

MATERIALS AND METHODS
Experimental procedures
As we reported in detail previously [1, 2], equal number of adult (225–250
g) male and female rats were grouped randomly. Anesthesia induction and
maintenance as well as body temperature of all subjects in all groups were
kept identical and constant. Four screw electrodes corresponding to
forelimbs and hindlimbs somatosensory areas of the left and right cortices
and one near Lambda (as reference electrode) were carefully implanted on
the skull of rats without rupturing the dura or penetrating the brain tissue
[1, 2]. These five electrodes were connected to a data acquisition system
for real-time monitoring and offline analysis. Four pairs of needle
electrodes were placed near the left and right Median (forelimbs) and
Tibial (hindlimbs) nerves (without touching the nerve bundles) to induce
electrical stimulation. Each stimulation triggered recording from contral-
ateral skull electrodes as well as three other electrode with one second
pause between stimulations. Laminectomy in rats is a safe, secure, easy,
and relatively fast (15min) procedure to expose the dorsal part of the
spinal cord, where either contusion under NYU-Impactor or clean
transection under microscope was intended. Animal care post-SCI included
s.c. saline injection (~10 cc/day), analgesic (4 days), antibiotic (3 days),
temporary bladder expression twice a day for 3–5 days, adequate room
temperature (18–23 °C) and humidity (40–60%), 12 h day/night cycle, free
access to food and water at the bottom of the cage—all the conditions
and procedures were identical for contusive and transection injuries.

Behavioral assessment
Few days before the injury, locomotion of all animals was assessed using
the BBB rating scale [23]. The BBB scoring is a subjective 21-point scale
used to assess the hindlimb joints movements of the animal in a 90 cm
open-field by two observers independently. BBB score 0 is assigned no
hindlimb motion, while simultaneous movement of the joints in hip, knee,
and ankle in hindlimbs are given score up to 7. Scores 8 to 13 are given
from motion with occasional plantar stepping without weight support to
consistent front-hind limbs co-ordination. Advanced recovery with scores
14–20 is given to better recovery from plantar steps with parallel paw
position, to hindlimb stepping with toe clearance, and fine paw
coordination with tail balancing off the ground. The score 21 is reserved
for animals with absolutely no motor behavior deficit.

Signal analysis
The SSEP signal has mainly four identifiable peaks. After stimulation, which
appears within the first few milliseconds (ms), the first positive peak (P1)
can be identified within the 5ms, which is followed by first negative peak
(N1) at 5–10ms and the second positive peak (P2) appears at 10–20ms,
followed by second negative peak (N2) at 25–50ms in rats. Note that the
P1 peak could be absent often. Conventionally, identification of the N1
peak is used to analyze the latency and the amplitude of N1-P2 peaks is
used for amplitude analyses and measurements [32–42]. In both contusion
and transection experiments, the SSEPs contralateral to the side of limb
stimulation were used for analysis. The signal-to-noise ratio was enhanced
by using ensemble averaging of 100–700 sweeps. Peak detection was then
applied to locate the N1 and P2 peaks of the averaged SSEP. The SSEP
averaged signals were then normalized relative to the respective baseline
signal. Relative here means that the amplitude of the SSEP was measured
relative to the amplitude of the corresponding baseline SSEP signal. This
was done by dividing the N1-P2 peak-to-peak amplitude of SSEPs by the
N1-P2 peak-to-peak of the corresponding baseline. All signal processing
was performed using MATLAB R2019a by The MathWorks, Inc.

Statistical analysis
Statistical analysis of the SSEP data was performed by a repeated measure
analysis of variance over 5 time points: Baseline, Day 4, Week 1, Week 2,
and Week 3. For the contusion experiments, the control group of rats with
laminectomy but without any weight drop (injury) and the injury groups
weight drop impact heights of 6.25mm (mild), 12.5 mm (moderate), 25
mm (severe), and 50mm (very severe) were analyzed. For the transection
experiments, Right T10 hemi-transection injury (RxI); Left T8 and Right T10
double hemi-transection injury (DxI), and T8 complete transection injury
(CxI) were analyzed. Pairwise multivariate “t” tests according to Fisher Least
Significant Difference method and compensation for multiple comparisons
on different days were performed. The null hypothesis was that the relative
amplitudes are the same on different days before and after injury. Similar
statistical analysis was also conducted for the motor behavioral scores.

RESULTS
The relative amplitude of the SSEP signals normalized with respect
to the baseline for the four contusion and three transection injury
groups as well as the control group (which is identical for both injury
models) is shown in Fig. 1. It is observed that the laminectomy only
(control group) has no SSEP amplitude attenuation as expected.
However, the relative SSEP amplitudes of the four contusion and
three transection injury groups reduced corresponding to the
increase in injury severity. In addition, the motor behavior BBB
scores for both contusion and transection injury groups as well as
the control group (which is identical for both injury models) is
shown in Fig. 2. The BBB scores of the four contusion and three
transection injury groups are reduced corresponding to the increase
in injury severity and the BBB score of rats in laminectomy only
(control group) showed no deficit as expected.

Fig. 1 Time course of mean relative amplitude of the
somatosensory-evoked potentials (SSEPs) obtained following mid-
thoracic spinal cord contusion and transection injuries.
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Statistical analysis of the SSEP data from both contusion and
transection injuries indicated that a differential pattern for their
progress of injuries began to appear after week 1 across all injury
groups. Furthermore, significant differences between the pair-wise
groups of the two higher (25 and 50mm) and two lower (6.25 and
12.5 mm) injury severities (P < 0.05). Statistical analysis of the
transection data also rejected the null hypothesis that all relative
SSEP means are the same with (P < 0.05).

DISCUSSION
The contusion model of spinal cord injury is the most relevant
form of SCI in human and approximately one third of contusive
SCIs have also equivalent transection injuries due to the blunt
force that causes vertebral fractures and dislocations. Logically, in
any research model, only one type of injury could be induced and
investigated, while most of the times in real life, the two injuries
happen concurrently.
In this article, we intend to provide a comparative analysis of the

functional assessment and define the contribution and role of the two
major components (contusion and transection) in the overall progress
of injury during the three weeks acute phase of SCI. Evidently, the
anatomopathology and pathophysiology of the contusion and
transection injuries are completely different and hence, realistically
no correlation between the two injuries can be drawn. Contusion
injury (transfer of high energy in a very short time) typically presents
with irregular progress, extending proximally, distally, ventrally,
dorsally, and laterally, within the spinal cord parenchyma over time.
The injury always starts from the epicenter of contusion in Gray
Matter, where the energy is primarily absorbed by higher density
parenchyma. Then, it extends into the surrounding White Matter
involving mostly larger diameter axons. This is because axons present
both circumferential stress or tension and contractility. Hence, thicker
and more rigid axons break easier than small-diameter axons. The
transection injury, on the other hand, is a clean and precise incision
with overall limited extension throughout the spinal cord parench-
yma. The parenchymal transection injury mostly presents as acute
axonal damage that consequently evolves into Wallerian degenera-
tion. Obviously, the contrast between the extensive and irregular
expansion of injury in contusion and the Wallerian degeneration in
the transection injury is significant. Similarly, we do not attempt to
correlate the BBB scores from the two injury models either, but only
presenting their impact based on the severity of each injury group.
To avoid the indistinct and non-stable sub-acute phase of SCI,

we focused on the comparative analysis of the relative amplitudes
of SSEPs during the third-week post-SCI, as it reflects more steady
state of pathophysiological conditions. In the case of mild
(6.25mm) contusion injury, the relative SSEP amplitude drops to
66%, which is nearly similar to the 55% relative amplitude changes
of the right T10 hemi-transection injury. These percentage changes

are comparable because of the similarity in propagation of action
potential via ascending spared fibers (anatomically continued)
through the injury site. However, in the case of moderate
(12.5mm) contusion and double (right T8 and left T10) hemi-
transection injuries, the drop in SSEP amplitude signals is 53% and
48%, respectively. This relatively similar difference could be
attributed to the signals that would still propagate through the
parenchyma owing to the continuity of the axons in the moderate
injury and otherwise healthy neuropathways of the opposite site of
the double hemi-transection injuries. However, in the matter of
severe (25 mm) and very severe (50mm) contusion injury as well as
complete T8 transection injury, there are substantial drop of SSEP
amplitude to 11%, 2%, and 19%, respectively. These changes are
due to considerable axonal interruption in the case of severe injury
and practically no surviving axonal tracks with the injury expansion
to a much larger surrounding parenchyma affecting higher
number of neuropathways in the event of very severe injury.
Wherein, still there is some form of continuity between the two
transected edges of the spinal cord after complete transection
injury at T8 (no insulating material was used), allowing spread of
non-discriminatory electrical signal, which results in a major
reduction of SSEP amplitude. Similar trend of analysis also confirms
resemblance in results for the motor behavior (BBB scores) values.
In conclusion, the similarity of the SSEP amplitude changes and

BBB scores for the severe and very severe contusion injuries to the
complete transection, the moderate contusion injury to double
hemi-transection, and the mild contusion injury to hemi-
transection is noteworthy.
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