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In spinal cord injury (SCI) research there is a need for reliable measures to determine the extent of injury
and assess progress due to natural recovery, drug therapy, surgical intervention or rehabilitation.
Somatosensory evoked potentials (SEP) can be used to quantitatively examine the functionality of the
ascending sensory pathways in the spinal cord. A reduction of more than 50% in peak amplitude or an
increase of more than 10% in latency are threshold indicators of injury. However, in the context of injury,
SEP peaks are often obscured by noise. We have developed a new technique to investigate the morphol-
ogy of the SEP waveform, rather than focusing on a small number of peaks. In this study, we compare SEP
signals before and after SCI using two rat models: a contusion injury model and a focal experimental
autoimmune encephalomyelitis model. Based on mean slope changes over the signal, we were able to
effectively differentiate pre-injury and post-injury SEP values with high levels of sensitivity (83.3%)
and specificity (79.2%).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Based on an average annual incidence of approximately 40
cases per million people in the United States, it is estimated that
more than 12 000 people survive a spinal cord injury (SCI) each
year.1 Around 258 000 people in the United States are reportedly
living with the devastating effects of an SCI.1 On the basis of etiol-
ogy, there are two general types of SCI: traumatic (due to blunt
mechanical impact) and non-traumatic (due to vascular, ischemic
or neoplastic causes, or immunological disorders). Traumatic SCI
accounts for nearly 60% of all injuries to the spinal cord.2

The number of spared axonal fibers and the degree to which they
are demyelinated play important roles in determining the residual
functionality present after SCI. ‘‘Anatomically incomplete” injuries
are those in which a number of spared but demyelinated axons
remain intact across the lesion, without electrophysiological re-
sponses.3–6 Even a small number of spared fibers remaining after
SCI can greatly improve the quality of life of SCI patients. Develop-
ment of therapeutic strategies to reduce secondary injury, and to
remyelinate spared, demyelinated axons has generated considerable
interest in the past.7–9 When evaluating any therapeutic approach for
SCI, a suitable SCI animal model and reliable monitoring measures are
ll rights reserved.
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essential, to allow calibration of the severity of the SCI and monitor-
ing of the progress of injury and extent of recovery.10,11

A popular animal model of SCI for blunt contusion injuries is a
rat model with injury induced using the New York University
(NYU) impactor,12 which is known to reliably emulate the patho-
physiology seen in humans after SCI.13 In this model, some neuro-
nal tissue remains intact along the periphery of the primary site of
injury,13 similar to the situation in humans after blunt injury.3

A chemically mediated SCI model is a targeted approach to sim-
ulate specific aspects of SCI-like demyelination, inflammation,
ischemia or immunological disorders.14 A focal demyelinating
lesion can be induced in the spinal cord of the rat experimental
autoimmune encephalomyelitis (EAE) model by administering
inflammatory factors directly into the spinal cord of the immu-
nized rat.15 This model is analogous to the human paralyzing
disorder transverse myelitis, which often arises idiopathically or
in association with multiple sclerosis.

Various outcome measures for animal models can be used to as-
sess changes due to endogenous recovery, drug therapy, surgical
intervention or rehabilitation. Behavioral tests can be used to
examine functional recovery in laboratory animals after SCI; how-
ever, such tests are often subjective. In contrast, electrophysiolog-
ical techniques present an objective means for quantitative, non-
invasive, accurate assessment of the integrity of neural pathways.
Somatosensory evoked potential (SEP) is the electrophysiological
sory evoked potentials in spinal cord injury for detecting contusion injury
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response of the nervous system to electrical stimulation of a
peripheral nerve. SEPs can be used to examine the functionality
of the ascending sensory pathways, and allow longitudinal mea-
surements. In a number of SCI studies, SEP values have been corre-
lated with neurological deficit scores.16–21 Unfortunately, no
detection standards exist for SEPs; however, a general rule for indi-
cating possible tissue damage has been widely adopted: a reduc-
tion of more than 50% in peak and inter-peak amplitudes or an
increase of more than 10% in latency with respect to baseline are
considered indicative of significant likelihood of injury.22,23 How-
ever, peaks in the SEP waveform are often obscured by noise and
may even be indistinguishable in some injuries. This necessitates
human intervention for the detection of peaks, rendering the pro-
cess subject to error and inter-observer variability. This problem
prompted us to develop a new technique for quantifying the mor-
phology of the SEP waveform as a whole, rather than just focusing
on a few salient peaks.24 The technique is largely borrowed from
shape analysis tools in the field of image processing.25

In this paper, we introduce the slope analysis technique for SEPs
and present the results of our studies in two rodent SCI models (a
contusion model and a focal EAE model).
2. Materials and methods

All experimental procedures were approved by the Institutional
Animal Care and Use Committee of Johns Hopkins University. Prin-
ciples of laboratory animal care as outlined in the National Insti-
tutes of Health publication no. 85–23 (revised 1985) were followed.

2.1. Animals

Adult female Fischer rats (n = 12; 200–220 g; Charles River Lab-
oratories, Raleigh, NC, USA) were used for the contusion model,
and adult female Lewis rats (n = 12; 200–220 g; Charles River Lab-
oratories) were used for the focal EAE model. The rats were housed
individually in cages and had free access to food and water.

2.2. Anesthesia

Anesthesia for all surgical procedures, except SEP recording,
was established using a mixture of 45 mg/mL ketamine and
5 mg/mL xylazine administered via intraperitoneal injection.

For SEP recording, anesthesia was established by placing the rat
in a transparent chamber with 3% isoflurane gas in room air until
the onset of drowsiness. The rat’s mouth and nose were then cov-
ered with an anesthesia mask with a close-fitting rodent-size dia-
phragm. A mixture of 1.5% isoflurane, 80% oxygen and room air
was delivered to the mask at a rate of 2 L/min to maintain anesthe-
sia. The mask was connected to a C-Pram circuit designed to deli-
ver and evacuate the gas through one tube.

That the level of anesthesia was adequate was confirmed by
monitoring the corneal reflex and hindlimb withdrawal to painful
stimuli. Rats continued spontaneous breathing and the depth of
anesthesia was maintained throughout the experiment. Through-
out the entire experiment, rats were placed on a homeothermic
blanket system (Harvard Apparatus; Edenbridge, Kent, UK) to main-
tain their body temperature at 37 ± 0.5 �C, measured using a rectal
probe. Lacrilube ophthalmic ointment (Allergan Pharmaceuticals;
Irvine, CA, USA) was applied to the rats’ eyes to prevent drying.

2.3. Injury

2.3.1. Contusion injury
Following anesthesia, each rat’s dorsal region was shaved and

aseptically prepared with chlorhexidine (Phoenix Pharmaceuticals;
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St. Joseph, MO, USA). A midline incision was made along the tho-
racic vertebrae and the skin was opened. The paravertebral mus-
cles in the region of interest (T6–T12) were retracted. A
laminectomy was performed at thoracic vertebra T8 to expose
the dorsal surface of the spinal cord underneath, without opening
the dura mater. The spinous processes of the vertebrae at T6 and
T12 were secured in stabilization clamps to reduce movement of
the spinal column during the impact. The impact rod was centered
above the exposed part of the spinal cord at the T8 level. The rod
was slowly lowered until it came into contact with the dura. This
event was detected using an alarm triggered by the completion
of an electrical circuit. The exposed dorsal surface of the spinal
cord at the T8 level was then contused with the NYU device by
dropping the 10 g rod with a flat circular cross-section from a pre-
determined height (6.25, 12.5, 25.0 or 50.0 mm). The control group
underwent only laminectomy with no contusion. Various biome-
chanical parameters, such as the impact velocity of the rod, the dis-
tance of cord compression, the cord compression rate, and the
dynamic force applied to the cord were precisely monitored using
a computer, and there was <0.05% variation in these values.

2.3.2. Focal autoimmune encephalomyelitis lesion
Recombinant myelin oligodendrocyte glycoprotein (rMOG; Bio-

gen-Idec; Cambridge, MA, USA) corresponding to the N-terminal
sequence of rat MOG (amino acids 1 to 125) was emulsified in Fre-
und’s incomplete adjuvant (IFA) as a 1:1 mixture (Inject IFA;
Pierce, Rockford, IL, USA). Then 100 lL (50 lg per rat, diluted in sal-
ine) of this emulsified MOG-IFA mixture was injected subcutane-
ously at two sites near the base of the tail, one on each side
(50 lL per injection, to minimize backflow). After 18 days of
MOG sensitization, the rats were anesthetized, then their dorsal re-
gion was shaved and aseptically prepared with chlorhexidine. A
midline incision was made along the thoracic vertebrae and the
skin was opened. The paravertebral muscles in the region of inter-
est (T6–T12) were retracted. A laminectomy was performed at tho-
racic vertebrae T7–T9 to expose the dorsal surface of the spinal
cord underneath without opening the dura mater. The T6–T12 seg-
ments of the spinal column were stabilized in a stereotaxic frame,
then a Hamilton needle (31G) was used to bilaterally inject cyto-
kines (2 � 2 lL; 250 ng of tumor necrosis factor a, 150 U of inter-
feron c and 40 ng of interleukin 6) and ethidium bromide (1 lg)
into the dorsal white matter at T8.

2.3.3. Post-injury procedure
After injury, the muscles were sutured in layers using an

absorbable 2-0 suture, and the skin was closed with a 4-0 suture.
All rats were allowed to recover in a warmed cage and food and
water were easily accessible. Intramuscular gentamicin (5 mg/kg)
(Abbott Laboratories; Abbott Park, IL, USA) was administered
immediately post-surgery and then daily for 4 days. Intramuscular
buprenorphine (0.01 mg/kg using a 0.3 mg/mL preparation; Bupre-
nex, Reckitt Benckiser Pharmaceuticals; Richmond, VA, USA) was
administered post-surgery and daily thereafter for 3 days. After
surgery, the rats’ bladders were expressed twice per day for the
first 4 days or until the rats regained control of urination. There
were no complications or other infections. No sign of autotomy
or autophagy were observed. The rats were maintained for 8 weeks
after injury, and thereafter anesthetized and killed by transcardial
perfusion with formaldehyde.

2.4. Somatosensory evoked potential recording

2.4.1. Electrode implantation
One week prior to injury, the rats were anesthetized and their

head regions were shaved and aseptically prepared with chlorhex-
idine. Lidocaine HCl (2%) (Abbott Laboratories; North Chicago, IL,
sory evoked potentials in spinal cord injury for detecting contusion injury
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USA) was injected under the skin, and an incision was made along
the midline. The skull was cleaned by removing the tissue under
the skin. A standard dental drill (Fine Science Tools; North Vancou-
ver, BC, Canada) was used to drill five burr holes into the exposed
part of the skull. Four holes were located on the somatosensory
cortex corresponding to the hind- and forelimbs in each hemi-
sphere. On each hemisphere, the forelimb recording sites were lo-
cated 0.2 mm posterior to and 3.8 mm lateral to the bregma, and
the hindlimb recording sites were located 2.5 mm posterior to
and 2.8 mm lateral to the bregma. A fifth hole drilled on the right
frontal bone, situated 2 mm from both the sagittal and coronal su-
tures, served as the intracranial reference. Transcranial screw elec-
trodes (E363/20) (Plastics One; Roanoke, VA, USA) were then
screwed into the holes such that they made very light contact with
the dura mater, without causing compression of the brain tissue.
The distal end of each electrode was inserted into one of the slots
of an electrode pedestal (MS363; Plastics One). In order to secure
the electrodes for long-term recording of cortical SEPs, carboxylate
dental cement (Durelon carboxylate cement) (3 M ESPE; St. Paul,
MN, USA) was used to hold the screw electrodes and the electrode
pedestal in place. After the cement hardened, the skin incision was
closed with a 4-0 suture.

2.4.2. Multi-limb monitoring
Subdermal needle electrode pairs (Safelead F-E3-48) (Grass

Technologies; West Warwick, RI, USA) were used to electrically
stimulate the median and tibial nerves of both the left and right
limbs, without direct contact with the nerve bundle. An isolated
constant current stimulator (DS3) (Digitimer; Welwyn Garden
City, Hertfordshire, UK) was used for electrical stimulation of the
limbs. A personal computer (custom-designed by Infinite Biomed-
ical Technologies LLC, Baltimore, MD, USA) was connected to the
stimulator. Custom Intraoperative Neurological Monitoring (INM)
software (Infinite Biomedical Technologies LLC) was used to set
the stimulation parameters and trigger the stimulator. Positive
current pulses of 3.5 mA magnitude and 200 ls duration at a fre-
quency of 1 Hz were used for limb stimulation, which sequentially
stimulated each of the four limbs at a frequency of 0.25 Hz using an
advanced demultiplexer circuit.

Cortical SEPs from the transcranial electrodes were amplified
using an optically isolated biopotential amplifier (Opti-Amp
8002) (Intelligent Hearing Systems; Miami, FL, USA) with a gain
of 30 000. The analog signal from each hemisphere was transferred
to a personal computer via an optical data acquisition system with
four input channels at a sampling rate of 5 kHz. Electroencephalo-
grams (EEGs) for each hemisphere, containing the SEPs for the
respective hemisphere, the stimulation pulse signal and the stimu-
lated limb number, were recorded on separate channels for post-
operative data analysis.

Contralateral SEP recordings were used for analysis. All signal
processing was performed using Matlab 7.0 (MathWorks; Natick,
MA, USA). The signal-to-noise ratio was improved by ensemble
averaging of 100 successive stimulus-locked sweeps, with the
averaging window shifting by 20 sweeps each time. The first
4 ms of an SEP signal is generally corrupted by the stimulation sig-
nal, and does not give much relevant information about spinal cord
integrity, so this part of the waveform is excluded from our
analysis.

2.4.3. Slope analysis of waveforms
Any waveform can be represented in a number of ways, the

time domain representation being the most straightforward. How-
ever, although this representation is complete, it can be often inef-
ficient and not directly amenable to identifying key features of
interest. Hence, the waveform is often represented in a trans-
formed domain (for example, the frequency domain) using opera-
Please cite this article in press as: Agrawal G et al. Slope analysis of somatosen
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tors that are more suitable to its analysis. We propose the use of a
novel technique, involving a differential operator, for transforming
the signal to allow better characterization of the entire shape of the
signal. Unlike traditional SEP analysis methods, the technique
bypasses the need for sophisticated peak-detection algorithms,
and thus in future could bypass the need for expert intervention.
This will make the proposed technique a better candidate for
automation.

As mentioned in earlier sections, the normal SEP waveform (in
rats as well as in humans) consists of standard peaks. SEPs by nat-
ure are low amplitude and also difficult to separate from back-
ground EEG. Furthermore, many types of neural injuries can
drastically reduce the SEP in general. This can often make the peaks
in SEP traces indistinct and difficult to detect due to noise or the
effects of injury, hence the need for a method that can assess a gi-
ven SEP independent of its peaks. The morphology of the entire sig-
nal could be a better focus for development of such a technique.
The morphological information in every SEP sweep could essen-
tially be captured if the magnitude and the slope at each instant
are specified and characterized. This information can be more gen-
eral than the traditional peak amplitude and location information,
since the peaks can be localized by identifying the zero-crossings
of the first derivative signal. Therefore, we developed a slope anal-
ysis method for the SEP waveforms.

The slope d½j� of a signal x½j� over two consecutive samples was
computed using:

d½j� ¼ x½jþ 1� � x½j�
ðjþ 1Þ � j

for j ¼ 1;2; . . . ;N � 1; ð1Þ

where N is the total number of samples in a sweep. The correspond-
ing angular orientation h½j� is then given by:

h½j� ¼ tan�1ðd½j�Þ for j ¼ 1;2; . . . ;N � 1: ð2Þ

The first derivative of signals is usually very noisy, as this oper-
ation amplifies high-frequency noise. To solve this problem, the
slopes were binned along the waveform into time bins of L samples
and the mean of the slopes dmean½j� was computed within each time
bin as:

dmean½j� ¼
1
L

XL

i¼1

d iþ L� ðj� 1Þ½ � for j ¼ 1;2; . . . ;M; ð3Þ

where M ¼ N=L is the total number of time bins in the signal. Be-
sides decreasing noise, the binning and averaging procedure also
has the advantage of reducing the dimensionality of the trans-
formed signal, hence allowing easier computation in this lower-
dimension space.

From the mean slope dmean½j�, the mean angular orientation
hmean½j� was obtained using Eqn (2). The array hmean½j�j¼1;...;M is a vec-
tor in an M-dimensional space. We shall refer to this vector as the
mean slope vector H.

To measure the similarity between any two obtained mean
slope vectors Hi and Hj, the cosine distance26 between them was
computed as:

dði; jÞ ¼ 1� Hi
THjffiffiffiffiffiffiffiffiffiffiffiffiffi

Hi
THi

p ffiffiffiffiffiffiffiffiffiffiffiffiffi
Hj

THj

p ð4Þ

The commonly used Euclidean distance is sensitive to changes
in the magnitude as well as the direction of the mean slope vectors
Hi and Hj. However, the shape of the signal is defined by the direc-
tion of the mean slope vector H alone, while its magnitude scales
the waveform without affecting the overall structure of the wave-
form. The cosine distance better encodes this feature and hence
performs better when two waveforms are compared.

A slope histogram (Supplementary Fig. 1, center panel) was
constructed for the SEP signal by clustering the angular orienta-
sory evoked potentials in spinal cord injury for detecting contusion injury
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tions h½j�j¼1;...;N into time bins of 2 ms and angle bins of 5�. The
mean slope vectors Hpre and Hpost were constructed for the SEP sig-
nals for pre-injury and post-injury stages, respectively, using L =
10, which corresponds to a duration of 2 ms, as shown in Supple-
mentary Fig. 1 (bottom panel).

The major part of the SEP signal is concentrated between 8 ms
and 28 ms, and therefore only this portion is used for all further
analysis. The cosine distance between jHprej and jHpostj was calcu-
lated for all rats and limbs. The mean difference between the co-
sine distances of forelimbs (non-injured) and hindlimbs (injured)
was checked for significance using Student’s paired sample 2-
tailed t-test.

2.4.4. Sensitivity and specificity analysis
Since the spinal cords were injured at the T8 level, the fore-

limb SEP signals were expected to remain constant, as the fore-
limb pathways were not injured. Hence, for calculating the
performance measures for the analysis techniques, the forelimbs
were used as the non-injured group and the hindlimbs as the
injured group. Since the injury was in the midline, the right and
left limb data were pooled. Therefore, 96 data points were used
in total for the non-injured and injured groups (48 data points
for each group).

The sensitivity of an analysis technique was calculated as the
probability that the diagnostic test is positive given that the sub-
ject actually has the disease:

sensitivity

¼ number of true positives
number of true positivesþ number of false negatives

ð5Þ

The specificity was calculated as the probability that the diagnostic
test is negative given that the subject does not have the disease:

specificity

¼ number of true negatives
number of true negativesþ number of false positives

ð6Þ
Fig. 1. Averaged somatosensory evoked potential (SEP) signals from a rat for both pre-in
injury at thoracic vertebra T8 showing that only the hindlimb SEP signals are severely a
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The N1 latency, P2 latency and N1–P2 amplitude of the SEP sig-
nals was computed for both the pre-injury and post-injury stages.
The post-injury values were then expressed as a percentage of pre-
injury values to account for inter-animal variability. These percent-
age values were used to compute the sensitivity and specificity of
the test.

The cosine distance values obtained from the slope analysis
technique were also used to compute the sensitivity and specificity
of the test. The best cut-off point was calculated from the receiver
operating curve (ROC; sensitivity vs 1 – specificity) as the closest
point to the (0,1) coordinate point.

3. Results

The averaged SEP signals for both pre-injury and post-injury
stages in a single rat are shown in Fig. 1. The spinal cord was in-
jured at T8, so only the hindlimb SEP signals are severely affected.
There is a reduction in amplitude for both the right and left hind-
limbs, accompanied by major broadening of peaks. However, no
prominent effect of injury can be seen in the forelimb SEP signals.

Supplementary Fig. 2 shows examples of slope histograms and
mean slope vectors for both pre-injury and post-injury stages in
a single rat. In the forelimb SEP signals, the angular orientations
reach high values for both stages, indicating that injury has not af-
fected the forelimb signals. However, in the hindlimb SEP signals,
the angular orientations become very small after injury as com-
pared with those before injury. There is major broadening or disap-
pearance of peaks in the hindlimb SEP waveforms, indicating the
deleterious effect of SCI on the hindlimb signals.

Box plots for the absolute mean slope vectors jHprej and jHpostj for
the two groups of rats, for all four limbs, are shown in Fig. 2. There
are no apparent significant differences between the two stages for
the forelimb SEP signals. However, for the hindlimbs, a potentially
significant SEP difference between the two stages is evident.

Fig. 3 shows the cosine distances (see Eqn (4)) between pre-in-
jury vectors jHprej and post-injury vectors jHpostj for all rats, for
both forelimbs and hindlimbs. The mean difference between the
jury (cyan/light gray) and post-injury (magenta/dark gray) stages after spinal cord
ffected. (This figure is available in colour at www.sciencedirect.com)

sory evoked potentials in spinal cord injury for detecting contusion injury
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Fig. 2. Grouped box plots of absolute mean slope vectors for all rats, for both pre-injury and post-injury stages. Asterisks indicate the statistical significance of mean
differences between the two stages: *p < 0.05, **p < 0.01, ***p < 0.001. (This figure is available in colour at www.sciencedirect.com).
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cosine distances of forelimbs (non-injured) and hindlimbs (in-
jured) was found to be strongly significant (p-value of
<0.00001). An ROC curve was plotted for these cosine distance
values using different cut-off points, as shown in Fig. 4. The best
cut-off point was found to be 0.1491; that is, a distance of more
than 0.1491 between pre-injury and post-injury signals was an
indicator of injury.
Fig. 3. Mean cosine distance of absolute mean slope vectors for both pre-injury and
post-injury stages, for forelimbs and hindlimbs, for all rats. Error bars represent the
standard errors for each limb.
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Table 1 shows the calculation of the various performance mea-
sures of slope analysis for SCI detection using this cut-off point. It
also shows the sensitivity and specificity measures of the latency
and amplitude parameters. Clearly, the slope analysis technique
is more sensitive and specific than the latency and amplitude
parameters.

4. Discussion

Somatosensory evoked potentials can be used to reliably assess
the integrity and functionality of the sensory pathways in the
spinal cord. However, the peaks in these signals are not always dis-
cernible. For instance, the SEP flattens following severe SCI, result-
ing in especially indistinct peaks. This problem prompted us to
develop a new technique that is not based on peak detection,
and can be used to analyze the slope of the evoked potentials more
reliably, without human intervention. The presence of peaks in a
waveform is largely indicated by slopes; however, peaks are virtu-
ally instantaneous and only indicate potential inversions. They do
not frame the entire signal breadth of the SEP waveform. The use
of slope changes gives a more global representation of potential
changes throughout the waveform.

In this paper, we propose a new slope analysis technique for
SEPs, and present data demonstrating the efficacy of the technique
based on SEP recordings obtained in rats before and after contusion
injury or a focal EAE lesion. The method was effectively able to dif-
ferentiate between the pre-injury and post-injury signals based on
mean slope changes over the entire signal, with high sensitivity
sory evoked potentials in spinal cord injury for detecting contusion injury
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Fig. 4. Receiver operating curve using cosine distance (see Equation (4)) for spinal
cord injury detection. The best cut-off point (circled) was selected on the basis of
distance from the unit-slope line.

Table 1
Sensitivity and specificity of somatosensory evoked potential monitoring for spinal
cord injury detection using various parameter measurements

Sensitivity (%) Specificity (%)

N1 latency 64.58 62.50
P2 latency 66.67 72.92
N1–P2 amplitude 68.75 45.83
Slope analysis 79.17 91.67
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and specificity. Hence, using this technique it is possible to identify
changes in the entire structure of the evoked potentials, as opposed
to the focus on the peaks when using time-domain analysis, which
does not reflect the full extent of the deformational change that oc-
curs after injury. In conclusion, our study demonstrates the appli-
cability, value and validity of analyzing slope changes over the
entire SEP waveform, in conjunction with traditional amplitude/la-
tency measurements of the peaks in SEP signals, to improve
reliability.
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Supplementary data associated with this article can be found, in
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