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Abstract—In this paper, spectral coherence (SC) is used to study
the somatosensory evoked potential (SEP) signals in rodent model
before and after spinal cord injury (SCI). The SC technique is
complemented with the Basso, Beattie, and Bresnahan (BBB) be-
havior analysis method to help us assess the status of the motor
recovery. SC can be used to follow the effects of SCI without any
preinjury baseline information. In this study, adult female Fis-
cher rats received contusion injury at T8 level with varying impact
heights using the standard New York University impactor. The re-
sults show that the average SC between forelimb and hindlimb SEP
signals before injury was relatively high (≥0.7). Following injury,
the SC between the forelimb and hindlimb SEP signals dropped
to various levels (≤0.7) corresponding to the severity of SCI. The
SC analysis gave normalized quantifiable results for the evalua-
tion of SCI and recovery thereafter using the forelimb signals as
an effective control, without the need of any baseline data. This
technique solves the problems associated with the commonly used
time-domain analysis like the need of a trained neurophysiologist
to interpret the data and the need for baseline data. We believe that
both SC and BBB may provide a comprehensive and complemen-
tary picture of the health status of the spinal cord after injury. The
presented method is applicable to SCIs not affecting the forelimb
SEP signals.

Index Terms—Basso, Beattie and Bresnahan (BBB) score, New
York University (NYU) impactor, somatosensory evoked potentials
(SEPs), spectral coherence (SC), spinal cord injury (SCI).

I. INTRODUCTION

THE spinal cord serves as the transmission pathway for
all electrical activities, including efferent or motor infor-

mation and afferent or sensory information, between the central
nervous system (CNS) and the peripheral nervous system (PNS).
Any injury to the spinal cord, partially or completely, impairs
the transmission via these pathways, leading to sensory and/or
motor function’s loss. Many patients worldwide are living with
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the devastating effects of spinal cord injuries (SCIs). There are
approximately 400 000 SCI patients in the United States alone,
with nearly 15 000 new injuries each year [1]. Clearly, there is
a need to diagnose SCI [2]–[6] and develop novel therapeutic
approaches [7]–[14]. Current approaches to SCI detection in-
clude electrophysiological [2]–[4] and imaging [5], [6]. Many
therapeutic approaches have been proposed including functional
electrical stimulation [7], [8], pharmacologic or genetic thera-
pies [9], cellular and tissue engineering [10]–[12], and stem cell
therapy [13], [14].

The existing approaches, like MRI, only give information
about the location of the injury and the anatomical damage, and
not the functional integrity of the spinal cord [5], [6]. It is im-
portant to identify if there are any functional fibers after incom-
plete SCI. Even a small number of spared fibers, with immediate
treatment, can greatly improve the quality of life of patients with
SCI. There are other techniques that are more applicable to an-
imal SCI models. These methods include histological analysis
and behavioral analysis [15]. Histological analysis may provide
detailed information about the injury; however, it is possible
only after sacrificing the animal, which does not give any idea
about the progress of injury/recovery. The most common behav-
ioral approach in rodent models is developed by Basso, Beattie,
and Bresnahan (called the BBB method) [15], [16]. It involves a
4-min observation of a rat in an open field, in which a score from
a scale of 0 to 21 is given. The BBB score is an observational
measure that reflects the animal’s locomotor capabilities. It is
well accepted and easy to execute; nevertheless, it is subjective,
assesses only motor function, and does not account for the un-
willingness of the rodent to move. A complementary objective
quantitative assessment method is required to enable researchers
in the area of SCI recovery and rehabilitation to accurately and
objectively evaluate possible therapeutic mechanisms to reverse
and prevent the effects of SCI.

One powerful technique used in SCI studies is the evoked
potential, which reflects the electrophysiological response of
the neural system to an external stimulus. Of particular interest
are the cortical signals recorded in response to sensory stimu-
lation, namely somatosensory evoked potentials (SEP), which
have the potential to provide complementary measure to the
BBB-based behavioral scoring of the motor function recovery.
SEPs are obtained by electrical stimulation of the median or the
tibial nerve [17]. This technique, together with other motor path-
ways testing methods such as the BBB, is used by researchers to
evaluate the ongoing neurophysiological changes throughout the
recovery period after SCI. Previous studies using SEP data for
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SCI detection have used changes in latency and peak amplitude
of SEP signals [17]. The inherent disadvantage of the time-
domain analysis of SEPs is that complex signal shape changes
make it difficult to locate signal peaks and obtain amplitude and
latency trends. Hence, various signal processing methods have
been developed to analyze SEP signals including autoregressive
algorithms, adaptive latency measurement, and kinematic mea-
sures [18]–[20]. However, these methods do not allow a critical
comparison between cortical response recordings made through
stimulation of different limbs.

In this paper, we propose the use of spectral coherence (SC)
to not only allow analysis of varying signal shapes but also
comparison between multiple SEP signals before and after SCI
[21], [22]. SC is the normalized cross-power spectrum computed
between two signals. This method has many advantages such as
it: 1) is a normalized quantitative measure; 2) does not require
a trained examiner; 3) does not necessarily require the baseline
or preinjury signals; and 4) is an objective method. It is also
programmable for real-time analysis. This paper presents the SC
method, the experimental setup, and the results of our studies
in a rodent SCI model. Contusion SCIs were induced in adult
female Fischer rats using standardized New York University
(NYU) impactor with varying degrees of injury severity. This
injury mainly affects the dorsal (sensory) pathways of the spinal
cord. The progress of this primary injury may result in further
damage to the gray matter and the central part of the spinal cord,
and even ventral (motor) pathways in case of severe injuries.
This rodent model was used because the injury is reproducible
and the evolution of injury is similar to that in humans. The SC
method was used to evaluate the sensory function of the spinal
pathways, complemented with BBB to assess the locomotor
capabilities.

II. PROTOCOL AND DATA COLLECTION

All experimental procedures were carried out in accordance
with the guidance provided in the Rodent Survival Surgery
manual and were approved by the Institutional Animal Care
and Use Committee at the Johns Hopkins University. Fif-
teen female adult Fischer rats, with an average body weight
of 200 g, were used in this investigation. Rats were housed
individually per cage and had free access to food and wa-
ter. Their bladders were expressed regularly and there were
no complications or infections. All the surgical procedures
were performed under anesthesia (45 mg/kg ketamine and
5 mg/kg xylazine) via intraperitoneal injection (0.1 mL/100 g
weight).

Prior to laminectomy, an incision was made on anesthetized
rat’s head and the cranium bone was cleaned. Four transcranial
screw electrodes (E363/20, Plastics One, Inc.) were implanted
on the cranium at the forelimb and hindlimb somatosensory
cortex area on the right and left hemispheres, making very light
contact with the dura mater. A fifth screw electrode was im-
planted on the frontal bone of the cranium, serving as a reference
electrode. Subcutaneous needle electrodes (Safelead F-E3-48,
Grass-Telefactor, West Warwick, RI) were used to electrically
stimulate the median and tibial nerves of both left and right

TABLE I
LIST OF RATS AND CORRESPONDING INJURY LEVELS

limbs, without direct contact with the nerve bundle. Positive
current pulses of 3.5 mA magnitude and 200 µs duration at a
frequency of 1 Hz were used for limb stimulation, which se-
quentially stimulated each of the four limbs at a frequency of
0.25 Hz. Each SEP recording was performed on anesthetized
rats (uniform anesthesia level), with their body temperature
maintained at 37 ± 0.5 ◦C using a heating pad. The cortical
SEPs were amplified with a gain of 30 000 and sampled at
5000 Hz.

After implanting the skull SEP electrodes, a 30–60 min “base-
line” SEP was recorded. This was followed by laminectomy
(exposing the dorsal part of T7–T9 vertebrae). Right after that,
“postlamin baseline” SEP was recorded for 30–60 min. The rat
was then removed from SEP setup, and SCI was administered
using the well-known and standardized NYU impactor [23]. The
injury was administered at T8, and graded levels of SCI were
produced by dropping a 10.0-g rod with a flat circular impact
surface from heights of 6.25, 12.5, 25, or 50 mm to cause mild,
moderate, severe, and very severe injuries, as listed in Table I,
with three animals in each group. The contusion impact height,
velocity, and compression were precisely monitored.

The first 250 SEP responses of each raw experimental data
were not included in signal analysis to ensure a stable steady-
state measurement. In addition, the first 4 ms of data containing
the stimulus artifact was excluded from the SC analysis. To im-
prove the signal-to-noise ratio of the SEP signal, 100 responses
were averaged with the window shifted by 20 responses every
time.

In this paper, the SC is found between right forelimb SEP and
right hindlimb SEPs for different stages. Hence, this method
would not suffer from the problem of a common reference sig-
nal, and consequently, there would no problem of any false
increase in SC.

III. METHODS

A. Basso, Beattie, and Bresnahan Score

The BBB test involves observations of a rat in an open field
over a time period of 4 min, which are translated into a number
on a scale of 0–21 [15], [16]. The BBB score is an observa-
tional measure that reflects the animal’s locomotor capabilities.
It classifies the recovery after SCI into three phases-–early (iso-
lated joint movements), intermediate (gradual improvement of
hindlimb movement and limb coordination), and late (fine paw
coordination with the tail balancing off the ground) [24]. Fig. 1
illustrates the BBB score over time for a rat from both control
group and 50 mm injury group. Only two rats are included in
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Fig. 1. BBB scores for a rat from control group and 50 mm injury group.

this figure for illustration. A clear drop in the BBB score below
21 is observed for 50 mm injury case indicating severe injury.

B. Somatosensory Evoked Potentials

The SEP signals can reflect the integrity and conductivity of
the sensory pathways with high fidelity [17], [25]–[27]. Pre-
vious studies have shown that SCI causes a reduction in SEP
amplitudes and an increase in latencies. Unfortunately, SEP sig-
nals do not always show detectable peaks, particularly following
severe SCI. Fig. 2 shows a sequence of (a) baseline time-domain
SEP signals obtained from a rat in the 25 mm injury group and
(b) week 3 postinjury time-domain SEP signals obtained from
the same rat. The figure demonstrates that the hindlimb SEP
signals have been severely affected by injury while the forelimb
SEPs are similar to those obtained during the baseline period.
The signal has no detectable latency and peak amplitude. This
example demonstrates the difficulty in measuring amplitude and
latency trends and the disadvantage of time-domain analysis in
the cases of severe injury. Similar results are obtained in all
6.25, 12.5, 25, and 50 mm injury groups. Such a disadvantage
prompted us to find an alternative to amplitude and time latency
measure to quantify spinal injury cord injury.

C. Spectral Coherence

SC is the normalized cross-power spectrum computed be-
tween two signals [28]. The coherence function gives a measure
of similarity between signals and is related to cross-correlation
function. The magnitude-squared SC γ2

xy (ejω ) function of any
two arbitrary signals x(n) and y(n) is a normalized version of
the cross-power spectral density between them and is defined
as [28], [29]

γ2
xy (ejω ) =

∣∣Pxy (ejω )
∣∣2

Pxx(ejω )Pyy (ejω )
(1)

where Pxy (ejω ) is the cross-power spectrum between x(n) and
y(n) signals, Pxx(ejω ) is the power spectrum of x(n) signal,
and Pyy (ejω ) is the power spectrum of the y(n) signal.

To examine how magnitude-squared SC function may be used
in SCI studies, consider Fig. 3. Assume that a 1-Hz stimu-
lus pulse signal S(n) is applied to the forelimbs or hindlimbs.
The repetitive stimulus signal S(n) is portioned into contiguous

Fig. 2. SEP signals recorded from a rat (rat 8) in the 25 mm injury group
(a) before and (b) three weeks after injury.

Fig. 3. Stimulus passing through two systems H1 and H2 , which represent
the biological system from the simulation site to the recording site.

frames of N -samples long. The ith frame of S(n) is

Si(m) = S(iN + m), where 0 ≤ m ≤ N − 1. (2)

Assume that x(n) and y(n) are the SEP signals recorded
at the cortex as a result of stimulating the right forelimb and
right hindlimb, respectively. The signals x(n) and y(n) can also
be obtained from stimulating other limb combinations of right
forelimb, right hindlimb, left forelimb, and left hindlimb. The
SEP signals x(n) and y(n) are repetitive like the stimulus signal
S(n) and portioned into contiguous frames of N -samples long.
The ith frames of x(n) and y(n) are

xi(m) = x(iN + m) (3)
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Fig. 4. Equivalent model of the biological system from the simulation site to
the recording site.

and

yi(m) = y(iN + m). (4)

We assume that the SEP signals x(n) and y(n) are related to
the stimulus signal S(n) through linear systems H1(ejω ) and
H2(ejω ), respectively, but they also contain additive indepen-
dent noise υ1(n) and υ2(n). H1(ejω ) and H2(ejω ) are used to
model the transfer function of the biological system from the
stimulation site to the recording site at the cortex. To improve
the signal-to-noise ratio (SNR) of the SEP signals, ensemble
averaging is performed on M frames. In humans, M would
have to be much larger than what we would normally use in
the animal model to achieve a relatively high SNR. Since S(n),
H1(ejω ), and H2(ejω ) are assumed to be unaltered during av-
eraging, only noise power is reduced. The frequency spectrum
of the averaged estimates x(m) and y(m) are

X(ejω ) = H1(ejω )
[
S(ejω ) + υ̃1(ejω )

]
(5)

and

Y (ejω ) = H2(ejω )
[
S(ejω ) + υ̃2(ejω )

]
. (6)

Substituting (5) into (6) yields

Y (ejω )=
H2(ejω )
H1(ejω )

[
X(ejω )+H1(ejω )

(
υ̃2(ejω ) − υ̃1(ejω )

)]
.

(7)
Assume that both H1(ejω ) and H2(ejω ) have no zeros on the

unit circle with H(ejω ) = H2(ejω )/H1(ejω ) and the total noise
spectrum υ̃(ejω ) = H1(ejω )

(
υ̃2(ejω ) − υ̃1(ejω )

)
. Hence, the

model described in Fig. 3 can now be reduced to the equiva-
lent model shown in Fig. 4 where the power spectral densities
Pyy (ejω ) and Pxy (ejω ) are

Pyy (ejω ) =
[
Pxx(ejω ) + Pυυ (ejω )

] ∣∣H(ejω )
∣∣2 (8)

and

Pxy (ejω ) = H(ejω )Pxx(ejω ). (9)

Hence, the magnitude-squared SC γ2
xy (ejω ) function is

γ2
xy (ejω ) =

∣∣H(ejω )Pxx(ejω )
∣∣2

Pxx(ejω ) |H(ejω )|2 [Pxx(ejω ) + Pυυ (ejω )]
.

(10)
It can be hypothesized that for a normal healthy spinal cord

transmission system, H(ejω ) is expected to have a finite- and
fixed-frequency transfer characteristics [21], [22]. With a finite

Fig. 5. Average of the SC for the right hindlimb baseline with the right forelimb
baseline for all rats.

H(ejω ) and low noise power density, which is the case af-
ter ensemble averaging, we expect γ2

xy (ejω ) to approach unity.
However, following SCI, H(ejω ) will be modified and the sig-
nal power Pyy (ejω ) will be primarily due to uncorrelated noise
power. Consequently, γ2

xy (ejω ) will decrease and may reach
zero under severe SCI conditions. In conclusion, γ2

xy (ejω ) will
indicate whether the signals x(m) and y(m) are really from the
same source S(m) or just from the residual noise originating
from other sources.

In this paper, γ2(ejω ) is computed for M epochs averaged,
with an SC given by

γ̄2(ejω ) =
1
M

M∑

i=1

γ2
i (ejω ). (11)

The SEP data size controls the selection of M , which was
taken as 20 in our study for all the average SC values shown
in Fig. 5. This number is selected because higher values of M
did not show any visual improvement in the SC. The average
coherence was performed for a band concentrating on the region
with the highest baseline SC. This was called the global SC. Ac-
cording to literature, the frequency band containing most of the
power spectral density of SEP signals is 0–200 Hz [27]. Choos-
ing the right frequency band of interest for the SC between the
baseline right forelimb and other right hindlimb signals is very
important. This frequency band was chosen to maximize SC be-
fore injury. Closer observation of the average of the SC in Fig. 5
revealed that SC peak value was at 150 Hz. The frequency band
of interest was chosen to be −3 dB (or half-power) bandwidth,
which was calculated to be 75–225 Hz.

IV. RESULTS

The results were obtained for a cohort of 15 rats with 3 rats
in each group. A larger number of animals would normally be
required in the case of clinical or electrophysiological studies.
Nevertheless, this number of rats is adequate to investigate the
application of SC method to SCI. Data analysis of left versus
right side responses is not considered in this paper. The SC of
the cortical signals of each rat, recorded in response to sensory
electrical stimulation, namely SEPs, is computed.
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Fig. 6. Average of the global SC of forelimbs for all the rats from both control
group and 50 mm injury group.

Fig. 7. (a) Global SC between the right hindlimb and the baseline right fore-
limb signals. (b) BBB scores for the rats from the control group.

A. Coherence of Baseline Right Forelimb With Other
Forelimb Signals

Observing the SC changes over time before and after injury
helps us to understand the effect of injury on the limbs. Since the
SCI is at the thoracic level, it is expected that the injury would
affect mostly the hindlimbs and not the forelimbs. Therefore,
the coherence associated with forelimb signals should be high.
Fig. 6 compares the averaged global SC between the forelimb
signals for all the rats from both control group and very severe
injury group. The global SC obtained from the forelimb signals
was affected slightly by the hindlimb injury or the experimental
conditions, and was always relatively high (≥0.7). Hence, any
right forelimb signal can be used, instead of its baseline, for the
analysis of SEPs of injured rats.

Fig. 8. (a) Global SC between the right hindlimb and the baseline right fore-
limb signals. (b) BBB scores for the rats from the 6.25 mm injury group.

B. Coherence of Baseline Right Forelimb With
Hindlimb Signals

In a typical clinical situation, baseline hindlimb information
would not be available when monitoring is done following SCI.
Therefore, using the baseline hindlimb as a control signal is of
no practical importance. Hence, after injury, forelimb signals
can be used as a control signal for the hindlimb.

Fig. 7 shows (a) the global SC between the right hindlimb and
baseline right forelimb signals and (b) the BBB scores for the
control rats. Control 1 and control 2 rats show consistent high SC
for all days indicating no injury. Nevertheless, control 3 rat did
not respond the same way to the surgery. The existence of insult
demonstrated by both BBB and SC indicates that the spine was
touched involuntarily during the laminectomy process. These
changes in BBB and SC scores were only temporary and dis-
appeared after few days. Our SC results for the control rats are
in harmony with the results attained by professionals using the
BBB technique on the control rats.

Fig. 8 shows (a) the global SC and (b) the BBB scores for
the rats from the mild injury group. Although ideally SC close
to 1 is anticipated prior to injury, SC values as low as 0.75 may
be obtained depending on factors including some very light in-
sult to the spinal cord during the surgical procedure. It can be
observed that all the rats recover to different degrees relative
to the same level of coherence before injury. The complemen-
tary BBB results do not show any variations of motor recovery
with time. Fig. 9 shows the averaged time-domain SEP signals
obtained from rat 13 before injury and on days 4 and 44 after
injury. We note that on day 4, the SEP signal has lost all normal
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Fig. 9. Averaged right hindlimb SEP signals recorded from a rat (rat 13) in
the 6.25 mm injury group before, 4 days, and 44 days after injury.

features. This is concurrent with a low SC (≈0.32). On day 44,
the similarity of the SEP’s morphology to that of the baseline
has increased, corresponding to the increased SC (≈0.69). This
example demonstrates how the SC of the cortical signals in re-
sponse to sensory electrical stimulation shows some recovery
while the BBB complement shows no motor function recovery.
A recovery in the shape of the waveform of the SEP produced
by stimulating the right hindlimb reflects the health of the right
hindlimb spinal pathway. While not all results are included due
to space constraints, similar results were obtained from the left
hindlimb spinal pathway.

Fig. 10 shows (a) the global SC and (b) the BBB scores for
the rats from the moderate injury group. It is interesting to note
that the right hindlimb sensory pathways of rat 10 seem to have
recovered with SC of 0.3 on day 4 after injury to SC of 0.79 on
day 82. Rats 11 and 12 do not show any right hindlimb recovery.
The complementary BBB results do not show any variations of
motor recovery with time. The time-domain SEP signals shown
in Fig. 11 obtained from rat 10 before injury and on days 4 and
82 after injury support the SC results. This is another example
where the SC of the sensory signals of one of the rats shows
recovery while the BBB complement shows no motor function
recovery.

The aforementioned two examples presented in Figs. 8 and
10 demonstrate that neither SC nor BBB reflects the complete
status of the SCI. The SC may be used to reflect the health of the
sensory function while the BBB helps to assess the status of the
motor recovery. Hence, it shows that due to their complementar-
ities, SC and BBB together can provide a more comprehensive
picture of the health status of the spinal cord after injury.

C. Statistical Analysis

Fig. 12(a)–(c) shows the box-and-whisker plots of the SC
at baseline, two weeks postinjury, and eight weeks postinjury,
respectively. The figures depict the range of extreme values and
the median of SC with values always ≥0.7 during the baseline.

The Jarque–Bera test was also performed on all SC values
obtained from the 15 animals to test the null hypothesis that the
SC sample comes from a normal distribution. The test returns
the logical value h = 1 if it rejects the null hypothesis at the
5% significance level, and h = 0 if it cannot. The Jarque–Bera

Fig. 10. (a) Global SC between the right hindlimb and the baseline right
forelimb signals. (b) BBB scores for the rats from the 12.5 mm injury group.

Fig. 11. Averaged right hindlimb SEP signals recorded from a rat (rat 10) in
the 12.5 mm injury group before, 4 days, and 82 days after injury.

test results on our SC data sample are h = 0 with p = 0.0503,
which increases confidence that our SC data sample comes from
a normal distribution. The Jarque–Bera test was also performed
on SC data samples during the baseline, two weeks postin-
jury, and eight weeks postinjury. The results are h = 0 with
p = 0.2196, h = 0 with p = 0.1406, and h = 0 with p = 0.1571,
respectively.

Analysis of variance (ANOVA) was then conducted on SC
values obtained during the three time points to test the hypothesis

H0 : µno injury = µMild = µMedium = µSevere = µVery severe

H1 : At least 2 of the means are not equal.

The null hypothesis, that all the SC means are equal, was
tested against the alternative hypothesis that at least two of
them are different. The p-values were found to be 0.443
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Fig. 12. Box-and-whisker plots of the SC at the (a) baseline, (b) two weeks
after injury, and (c) eight weeks after injury.

(statistical power = 47%), 0.005 (statistical power = 60%),
and 0.0006 (statistical power = 60%) for baseline, two weeks
postinjury, and eight weeks postinjury, respectively. At 5% sig-
nificance level, we conclude that the null hypothesis that the
mean SC is the same for all rats during baseline cannot be re-
jected. However, the null hypothesis that the mean SC is the
same for all rats two weeks and eight weeks postinjury can be
rejected. The box plots in Fig. 12(a)–(c) support the ANOVA
results.

The Tukey-honestly significantly different (HSD) test was
also performed on the SC data eight weeks postinjury (Table II).
The p-values obtained from the different animal groups show
that after eight weeks, there was a significant difference between
control and all other groups at 5% significance level. The Tukey-
HSD statistical test was also performed on the available SC data
where we compared the baseline SC values with those obtained
at different times within the same injury level group, and the
results of which are shown in Table III. The statistical power
was found to be 40% for control data, 80% for 6.25 mm, 50%
for 12.5 mm, 60% for 25 mm, and 73% for 50 mm injury levels.

V. CONCLUSION

The main objective of this paper is to provide a low-cost
quantitative method for the detection and assessment of SCI.
The proposed method of SC analysis of SEP signals meets the

TABLE II
TUKEY-HSD TEST RESULTS PERFORMED ON SC DATA

EIGHT WEEKS AFTER INJURY

TABLE III
TUKEY-HSD TEST RESULTS PERFORMED ON BASELINE SC DATA WITH THOSE

OBTAINED AT DIFFERENT TIME POINTS WITHIN SAME INJURY LEVEL GROUP

aforementioned requirements. The results obtained using SC
tested on 15 rats show that the proposed method has many ad-
vantages such as it: 1) is a normalized quantitative measure;
2) does not require a trained examiner to interpret waveform
shapes; 3) does not necessarily require the baseline signals; and
4) can be easily programmed for real-time use. However, SC
also has some weaknesses, which are also addressable. First,
every rat has a different frequency band of interest because of
the natural differences that occur in biological nonlinear sys-
tems. Therefore, SC requires careful tuning of the frequency
band of interest. Moreover, it is also very susceptible to ran-
dom noise introduced during the acquiring of SEP signals. This
problem can be ameliorated by sufficient averaging. The power
line interference is not included because it was reduced by using
state-of-the-art low-noise amplifiers with high common-mode
rejection ratio and notch filtering. The power spectrum density
of the acquired SEP signals showed that the 120 Hz harmonic
was not higher than the signal power at that frequency.

The SC assumes that we would always have a reference sig-
nal. In this study, the forelimbs acted as the reference signal. If
the injury is at a higher level on the spinal cord and affects the
forelimb, then this technique may not be used. In this research,
we have assumed that averaged peak coherence before injury
coincides for all rats and have used a constant frequency band of
interest to compute the global SC. Using this approach, one of
our first and most important results is that the global coherence
between the baseline right forelimb signals and other forelimb
signals is always relatively high. Therefore, it can be assumed
that the effect of injury on the forelimb is insignificant. Hence,
any right forelimb signal can be used instead of its baseline for
the analysis of rats injured by the NYU impactor. Our results
confirm the usability of forelimb signals, even after SCI, as
control signals for SC computation. Furthermore, the SC
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analysis of the SEPs, obtained as a response to sensory electri-
cal stimulation, complements the BBB scoring technique, which
reflects the motor function recovery. SC and BBB together can
provide a more comprehensive picture of the health status of the
spinal cord after injury.

The SC also reveals small but specific experimental differ-
ences, and such dissimilar left- and right-side responses are
missing in conventional methods of assessing SCI. Similarly,
the progression of improvement in global SC over the recovery
period differs among the rats from the same injury group. This
could be due to several reasons such as the differences in every
individual’s recovery pattern or the exact location of the injury.
SC analysis allows us to map individual recovery in somatosen-
sory pathways, hence permitting us to deduce the conditions
of the spinal cord in particular. The statistical analysis results
demonstrate that all rats show similar and relatively high SC
(≥0.7) before injury and relatively low SC (≤0.6) two weeks
after injury.

ACKNOWLEDGMENT

The authors would like to thank Dr. H. Sulieman from the
Department of Mathematics and Statistics, American University
of Sharjah, Sharjah, UAE.

REFERENCES

[1] L. Sekhon and M. G. Fehlings, “Epidemiology, demographics, and patho-
physiology of acute spinal cord injury,” Spine, vol. 26, pp. S2–S12, 2001.

[2] W. A. Truccolo, M. Ding, K. H. Knuth, R. Nakamura, and S. L. Bressler,
“Trial-to-trial variability of cortical evoked responses: Implications for
the analysis of functional connectivity,” Clin. Neurophysiol., vol. 113,
pp. 206–226, 2002.

[3] N. B. Finnerup, C. Gyldensted, A. F. Frederiksen, F. W. Bach, and T.
S. Jensen, “Sensory perception in complete spinal cord injury,” Acta
Neurol. Scand., vol. 109, pp. 194–199, 2004.

[4] M. Nuwer, “Spinal cord monitoring,” Muscle Nerve, vol. 22, pp. 1620–
1630, 1999.

[5] M. Shepard and M. Bracken, “Magnetic resonance imaging and neurolog-
ical recovery in acute spinal cord injury: Observations from the National
Acute Spinal Cord Injury Study 3,” Spinal Cord, vol. 37, pp. 833–837,
1999.

[6] O. A. Glenn and J. Barkovich, “Magnetic resonance imaging of the fetal
brain and spine: An increasingly important tool in prenatal diagnosis: Part
2,” Amer. J. Neuroradiol., vol. 27, pp. 1807–1814, 2006.

[7] P. Peckham, M. Keith, and A. Freehafer, “Restoration of functional con-
trol by electrical stimulation in the upper extremity of the quadriplegic
patient,” J. Bone Joint Surg., vol. 70A, pp. 144–148, 1988.

[8] P. Peckham, E. Marsolais, and J. Mortimer, “Restoration of key grip and
release in the C6 tetraplegic patient through functional electrical stimula-
tion,” J. Hand Surg., vol. 5, pp. 462–469, 1980.

[9] A. Blesch and M. H. Tuszynski, “Gene therapy and cell transplantation
for Alzheimer’s disease and spinal cord injury,” Yonsei Med. J., vol. 45,
pp. 28–31, 2004.

[10] D. A. Kerr, J. Llado, M. J. Shamblott, N. J. Maragakis, D. N. Irani, T.
O. Crawford, C. Krishnan, S. Dike, J. D. Gearhart, and J. D. Rothstein,
“Human embryonic germ cell derivatives facilitate motor recovery of rats
with diffuse motor neuron injury,” J. Neurosci., vol. 23, pp. 5131–5140,
2003.

[11] D. A. Kerr, T. Larsen, S. H. Cook, Y. R. Fannjiang, E. Choi, D. E. Griffin,
J. M. Hardwick, and D. N. Irani, “BCL-2 and BAX protect adult mice
from lethal Sindbis virus infection but do not protect spinal cord motor
neurons or prevent paralysis,” J. Virol., vol. 76, pp. 10393–10400, 2002.

[12] L. Shi, G. P. Tang, S. J. Gao, Y. X. Ma, B. H. Liu, Y. Li, J. M. Zeng, Y.
K. Ng, K. W. Leong, and S. Wang, “Repeated intrathecal administration of
plasmid DNA complexed with polyethylene glycol-grafted polyethylen-
imine led to prolonged transgene expression in the spinal cord,” Gene
Ther., vol. 10, pp. 1179–1188, 2003.

[13] N. S. Roya, T. Nakanoa, L. Xuingb, J. Kangb, M. Nedergaardb, and
S. Goldmana, “Enhancer-specified GFP-based FACS purification of hu-
man spinal motor neurons from embryonic stem cells,” Exp. Neurol.,
vol. 196, pp. 224–234, 2005.

[14] H. Wichterle, I. Lieberam, J. Porter, and T. Jessell, “Directed differen-
tiation of embryonic stem cells into motor neurons,” Cell, vol. 110,
pp. 385–397, 2002.

[15] D. Basso, M. Beattie, and J. Bresnahan, “A sensitive and reliable locomo-
tor rating scale for open field testing in rats,” J. Neurotrauma, vol. 12,
pp. 1–21, 1995.

[16] D. Basso, M. Beattie, and J. Bresnahan, “Graded histological and loco-
motor outcomes after spinal cord contusion using the NYU weight-drop
device versus transection,” Exp. Neurol., vol. 139, pp. 244–256, 1996.

[17] M. Nuwer, “Fundamentals of evoked potentials and common clinical
applications today,” Electroencephalogr. Clin. Neurophysiol., vol. 106,
pp. 142–148, 1998.

[18] S. Cerutti, G. Chiarenza, D. Liberati, P. Mascellani, and G. Pavesi, “A
parametric method of identification of single-trial-event-related potentials
in the brain,” IEEE Trans. Biomed. Eng., vol. 35, no. 9, pp. 701–711, Sep.
1988.

[19] K. Xuan and N. V. Thakor, “Adaptive estimation of latency changes in
evoked potentials,” IEEE Trans. Biomed. Eng., vol. 43, no. 2, pp. 189–197,
Feb. 1996.

[20] R. Jung, E. A. Knapp, A. K. Thota, B. T. Thompson, S. Mulligan, N. Ravi,
and A. Quick, “Quantitative outcome measures for assessing motor con-
trol in a rodent model of spinal contusion injury,” in Proc. Joint IEEE
EMBS/BMES Conf., 2002, vol. 3, pp. 2556–2557.

[21] N. Fatoo, N. Mirza, R. Ahmed, H. Al-Nashash, N. Thakor, and A. All,
“Detection and assessment of spinal cord injury using spectral coherence,”
in Proc. IEEE Conf. Eng. Med. Biol. Soc., 2007, pp. 1426–1429.

[22] A. All, N. Fatoo, N. Mirza, R. Ahmed, H. Al-Nashash, and N. Thakor,
“Using spectral coherence for the detection and monitoring of spinal
cord injury,” presented at the GCC Ind. Electr. Electron. Conf., Manama,
Bahrain, 2007.

[23] W. Young, “Spinal cord contusion models,” Prog. Brain Res., vol. 137,
pp. 231–254, 2002.

[24] N. S. C. I. S. Center, Spinal Cord Injury: Facts and Figures at a Glance.
Birmingham, AL: Univ. of Alabama, Dec. 2003.

[25] D. Rowed, J. McLean, and C. Tator, “Somatosensory evoked potentials
in acute spinal cord injury: Prognostic value,” Surg. Neurol., vol. 9,
pp. 203–210, 1978.

[26] C. Li, D. Houlden, and D. Rowed, “Somatosensory evoked potentials and
neurological grades as predictors of outcome in acute spinal cord injury,”
J. Neurosurg., vol. 72, pp. 600–609, 1990.

[27] Z. Hongxuan, Y. Oweis, H. Mozaffari-Naeini, S. Venkatesha, N. Thakor,
and A. Natarajan, “Continuous quantitative motor evoked potentials for
spinal cord injury detection,” in Proc. IEEE EMBS Conf. Neural Eng.,
2005, pp. 430–433.

[28] M. Rangaraj, Biomedical Signal Analysis: A Case-Study Approach. New
York/Piscataway, NJ: Wiley/IEEE Press, 2002.

[29] S. Stearns and R. David, Signal Processing Algorithms. Englewood
Cliffs, NJ: Prentice-Hall, 1988.

Hasan Al-Nashash (M’99–SM’03) received the
B.Sc. and Ph.D. degrees in electronic engineering
from the University of Kent, Kent, U.K., in 1984 and
1988, respectively.

He is currently a Professor and the former Chair
of the Department of Electrical Engineering, Amer-
ican University of Sharjah, Sharjah, UAE. He was
involved in establishing several electrical and elec-
tronic engineering departments in Jordan, Oman, and
UAE, where he developed curricula and teaching and
research laboratories. Furthermore, he designed and

developed several electronic instruments to measure various biodynamic param-
eters. He has worked closely with several biomedical engineering departments
and hospitals at John Hopkins University, American Hospital, Dubai, and Jordan
University Hospital. He is the author or coauthor of around 80 refereed journal
and conference papers, a book chapter, and holds two issued U.S. patents. His
current research interests include the area of neuroengineering with applications
to brain and spinal cord injuries.



AL-NASHASH et al.: SPINAL CORD INJURY DETECTION AND MONITORING USING SPECTRAL COHERENCE 1979

Noreen A. Fatoo (S’05) received the B.S. degree in electrical engineering
and the B.A. degree in economics from the American University of Sharjah,
Sharjah, UAE, in 2007. She has worked as a Research Assistant at American
University of Sharjah, focusing on micro-electro-mechanical systems. She is
currently working as Industrial Services Pricing Leader for General Electric,
Atlanta, GA.

Nabil M. Mirza (S’06) received the B.S. degree in electrical engineering from
the American University of Sharjah, Sharjah, UAE, in 2007.

He is currently working as a Solution Manager for VAS in the Application
and Software Department at Huawei Technologies Ltd., Riyadh, Saudi Arabia,
since 2009. He has worked as an Executive Commercial Salesperson at Eurostar
Group, Dubai, UAE, in 2008 and as an Executive Systems Engineer at Siemens,
during 2007–2008. His research interests include signal processing systems, data
communications, mobile and wireless communications, and GSM intelligent
network systems and applications.

Rabi I. Ahmed received the B.S. degree in electrical engineering from the
American University of Sharjah, Sharjah, UAE, in 2007.

He is currently a Field Engineer with Bahri and Mazroei Trading Company,
Dubai, UAE.

Gracee Agrawal (S’07) received the B.E. degree in
biomedical engineering from the Manipal University,
Karnataka, India, in 2006. She is currently working
toward the M.S. degree in biomedical engineering at
the Johns Hopkins University School of Medicine,
Baltimore, MD.

From 2006 to 2007, she was a Research Assistant
at the Indian Institute of Technology, Delhi, India.
She has authored or coauthored around 5 papers in
peer-reviewed journals. Her current research interests
include neural signal processing of evoked potentials

for spinal cord monitoring.
Ms. Agrawal was the recipient of the Dr. TMA Pai Gold Medal for Best

Outgoing B.E. Graduate and the Gold Medal for First Rank in Biomedical
Engineering from Manipal University in 2006.

Nitish V. Thakor (S’78–M’81–SM’89–F’97)
received the B.Tech. degree in electrical engineering
from the Indian Institute of Technology Mumbai,
India, in 1974, and the M.S. degree in biomedical
engineering and the Ph.D. degree in electrical
and computer engineering from the University of
Wisconsin, Madison, in 1978 and 1981, respectively.

He is currently a Professor in the Department
of Biomedical Engineering at the Johns Hopkins
University School of Medicine, Baltimore, MD,
where he is the Director of the Laboratory of

Neuroengineering and Biomedical Instrumentation and the Neuroengineering
Training Program. He has authored or coauthored more than 180 peer-reviewed
journal papers, and holds six patents. His current research interests include the
areas of neural diagnostic instrumentation, neural signal processing, optical
imaging of the nervous system, and neural prosthesis.

Prof. Thakor is the Editor-in-Chief of the IEEE TRANSACTIONS ON NEURAL

AND REHABILITATION ENGINEERING. He is the recipient of the Research Career
Development Award from the National Institute of Health and the Presidential
Young Investigator Award from the National Science Foundation. He is a
Fellow of the American Institute of Medical and Biological Engineering and
the Founding Fellow of the Biomedical Engineering Society. He is also the
recipient of the Centennial Medal from the University of Wisconsin School
of Engineering, the Honorary Membership from the Alpha Eta Mu Beta
Biomedical Engineering Student Honor Society, and the Distinguished Service
Award from the Indian Institute of Technology, Bombay.

Angelo H. All received the M.D. degree from the
Verona School of Medicine and Surgery, Verona,
Italy, in 1996, and the M.B.A. degree from the Johns
Hopkins Carey Business School, Baltimore, MD, in
2008.

From 2001 to 2004, he was Postdoctoral Fellow
in the Department of Biomedical Engineering, Johns
Hopkins University School of Medicine, Baltimore,
where he is currently an Assistant Professor. He has
authored or coauthored around 20 papers in peer-
reviewed journals. His current research interests in-

clude neuroelectrophysiological studies in central nervous system, spinal cord
injury, and human embryonic stem cells.

Dr. All was a member of the Italian Medical and Surgeon Association (1995),
the American Medical Association (2000), the American Neuro-Science Asso-
ciation (2001), and the International Society of Cardiovascular Medicine and
Science (2002). He is the recipient of the Aumann and Frank House of Delegates
Scholarship, State of Maryland, for 2007–2009.


