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Light scattering from rat nervous system measured
intraoperatively by near-infrared reflectance
spectroscopy
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Abstract. Our goal is to quantify scattering properties of near-IR light
in the rat spinal cord region and to differentiate healthy and demyeli-
nated peripheral nerves intraoperatively based on differential light
scattering. For the rat spinal cord, optical reflectance is measured from
the spinal cord surface at spatial intervals of 1 mm using a needle
probe. Data are acquired from left and right lumbar regions of the
animals as well as on the central blood vessels. The reduced scatter-
ing coefficient �s� is found to be higher �34.2±2.1 cm−1� in the lum-
bar regions of the spinal cord than on the central blood vessel
�19.9±1.0 cm−1�. This methodology is extended to detect differences
in the rat sciatic nerves following left L4 spinal nerve ligation. The
reflectance is taken at the same five regions at postoperative days 1, 4,
7, and 14. Significant differences are seen in both the spectral slope
and �s� values on postoperative days 4, 7, and 14, indicating that
either of the two quantities could be used as a marker for demyelina-
tion. We prove the usefulness of the technique, which may have a
possible clinical application for minimally invasive, intraoperative di-
agnosis and monitoring of demyelination diseases, such as multiple
sclerosis in the central nervous system or degeneration of the periph-
eral nervous system. © 2005 Society of Photo-Optical Instrumentation Engineers.
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1 Introduction to Optical Techniques
Magnetic resonance imaging �MRI� is well suited to measure
the central nervous system �CNS�, and it is widely used in
evaluation of patients with CNS diseases as it provides greater
sensitivity and specificity for the majority of CNS disease
states in comparison to other radiological imaging modalities.
It has established itself as an important clinical tool and the
most common method in the diagnosis of CNS dysfunctions,
such as stroke, inflammatory and degenerative diseases, and
brain neoplasm, as well as in detection, characterization, and
determination of tumor extent.1,2

Near-infrared �NIR� spectroscopy and imaging, on the
other hand, have been widely investigated for a variety of
biomedical applications using the wavelength range of
700 to 900 nm, where light scattering is more prominent than
light absorption. The differences in light scattering properties
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between healthy and diseased tissues exist due to the possible
changes in cellular and intracellular structures. NIR radiation
offers the advantage of being nonionizing, and therefore, re-
peated doses can be given to the subject. Moreover, optical
imaging instrumentation is inexpensive, robust, unobtrusive,
and portable. Recently, optical methods have been used to
detect both physiological and pathological conditions of tis-
sue, including measurements for blood flow3 and hemoglobin
concentration4 as well as for cancer diagnosis5,6 and tissue
distinction.7–10

In particular, optical properties of human brain tissue mea-
sured in the NIR range have been reported for both ex vivo
and in vivo data: van der Zee et al. measured the reflectance of
gray and white matter in postmortem neonatal and adult hu-
man brain tissue and showed that gray matter has a smaller
scattering coefficient and larger absorption coefficient than
white matter.11 Bevilacqua et al. measured optical properties
of brain tissue in children intraoperatively and reported that
white matter has a greater scattering coefficient.12 Such dif-
1083-3668/2005/10�5�/051405/8/$22.00 © 2005 SPIE
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ferences in light scattering between gray and white matter
have resulted in the development of a new optical reflectance
methodology that can be used to differentiate white and gray
matter in the human brain to guide functional neurosurgery
intraoperatively.13–15 Moreover, the feasibility of using NIR
for intraoperative monitoring of spinal cord oxygenation has
been recently tested and discussed.16,17

However, there has been no report on optical properties
from the spinal cord of either animals or humans, measured
either ex vivo or intraoperatively. The goals of this paper are
�1� to report the measurement of reduced light scattering co-
efficient ��s�� from the lumbar segment of the rat spinal cord
surface intraoperatively using the fiber optic optical reflec-
tance and �2� to demonstrate that differential light-scattering
properties in the NIR region can also be used to differentiate
healthy and diseased peripheral nerves. One potential applica-
tion of this study is to utilize the light-scattering parameter as
a biosignature for identifying demyelinated legions intraop-
eratively in the lumbar region of the spinal cord with a low-
cost, portable, fiber optic reflectance system. Such a portable,
miniaturized technique could be developed for minimally in-
vasive localization of demyelinated legions along the spinal
cord, particularly, for detection of certain characteristics of
multiple sclerosis �MS� lesions in either animal models or
humans in the near future.

2 Central Nervous System and Its Optical
Properties

In a cross section, the spinal cord is made up of a piece of
butterfly-shaped gray matter �Fig. 1� that is in the middle of
the cord and is completely surrounded by white matter. Gray
matter is comprised of nerve cell bodies, dendrites, short in-
terneurons, glia, and large blood volume.18 It is divided into
anterior and posterior horns, and the right and left are con-
nected by the gray commissure. White matter is made up of
bundles of mostly myelinated axons, which give white color
and have less hemoglobin concentration than gray matter.
Myelin increases light scattering, so white matter is expected
to have a greater degree of scattering. The formation of gray
matter in the spinal cord is H-shaped, as shown in Fig. 1. This
shape remains the same throughout the cord, though there are
regional variations in size and shape of gray and white matter.

The peripheral nervous system consists of axons that re-
ceive sensory input and send motor output. Some peripheral
nerves are purely sensory, while others are purely motor in
nature. Depending on the location of their paths, most nerves
have both components. For example, each segment of the
lumbar spinal cord has a dorsal root and a ventral root on each
side. A dorsal root receives somatosensory input from a cer-
tain area of the body part, whereas a ventral root will inner-
vate certain groups of muscle. Shortly outside the spinal cord,
the dorsal root and ventral root will merge to form the spinal
nerve; thus, the spinal nerve has both sensory and motor com-
ponents. Farther down to the periphery, several lumbar spinal
nerves form the sciatic nerve. In Sprague-Dawley rats, it is
found19,20 that the sciatic nerve is composed of spinal nerves
L4 to L6, while a further study showed that it was only L4
and L5 that made up the major part of the sciatic nerve, and

21
that the contribution of L3 or L6 varied from rat to rat.
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Over the years, a large number of research activities on the
spinal cord have been involved with the electrophysiological
measurements using microelectrodes to explore fundamental
neurophysiological mechanisms in the spinal cord.22–24 In
spite of the advantages the microelectrode technique has, it
provides neither a real time imaging map of the spinal cord
intraoperatively nor information on the extent of spatial-
temporal pattern of neural activity. Other research investiga-
tions on detection of neural activities using fluorescent dyes in
vitro have been intensively performed and reported,25–30 while
the development in methodology of using optical imaging to
detect neural activity in vivo becomes increasingly popular.31

In our study, we have performed our NIR reflectance mea-
surements on both �1� the spinal cord and �2� sciatic nerves of
rats. Because of these two regions of measurements, we orga-
nize the rest of paper to include two parallel subsections ac-
cordingly in each of Secs. 3–5, i.e., materials and methods,
experimental results, and discussions.

The spinal nerve is a nerve mixed with sensory and motor
axons. Cell bodies of the sensory component are located in
the dorsal root ganglion, whereas cell bodies of the motor
component are located in the ventral horn of the spinal cord.
Both are proximal to the ligation site of the spinal nerve. It is
known that damage to the nerve �e.g., tight ligation� will in-
duce axonal degeneration at the distal part because of lack of
nutrition from the cell body, further leading to a loss of my-

Fig. 1 Cross-sectional view of the lumbar region of the spinal cord.
The darker region is gray matter surrounded by the lighter region of
white matter, and the diameter of this section of the spinal cord is
around 4 mm. Such formations are prominent throughout the spinal
cord, though the conformations are different in each region. The bi-
furcated fiber optical probe contains two 100-�m fibers and located
0.575 mm above the spinal cord. Both the probe tip and the spinal
cord surface were covered with mineral oil. The drawing is not to
scale.
elin. It is our hypothesis that either demyelination or degen-
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eration of the axon will lead to a decrease in light scattering of
the nerve. A part of this study is to prove our hypothesis and
to demonstrate that differential �s� values in the NIR region
can be used to differentiate healthy and demyelinated periph-
eral nerves. Our recent study based on NIR spectral slopes
with a large group of animals has been reported.32

3 Materials and Methods
3.1 Materials and Methods for Spinal Cord

Measurements

3.1.1 Subjects and surgical methods
Fourteen adult male Sprague-Dawley rats �250 to 350 g, Uni-
versity of Texas at Arlington vivarium� were used. They were
initially administered with sodium pentobarbital �50 mg/kg,
intra peritoneal �ip��. The body temperature was continuously
monitored at 37 °C using a heating blanket with a control
unit �Harvard Apparatus, Inc., Holliston, Massachusetts�. Be-
fore preparing the animal for surgery, care was taken to ensure
that all reflexes were eliminated. Tail pinches and eye-blinks
were assessed.

Laminectomy was performed to expose the thoracic and
lumbar regions of the spinal cord. For the continuous supply
of anesthetic during the course of the experiment, intrajugular
canulation was performed. Tracheotomy was performed to al-
low artificial ventilation. After surgery, the rat was mounted
on a stereotaxic frame. Mineral oil ��1 cm in height, Fig. 1�
was used to prevent the drying of the exposed surface. The
vital signs such as heart rate ��360 beats/min�, respiration
rate, and partial pressure of carbon dioxide �PCO2
=25 mm Hg� were regularly monitored. During the entire
course of study, care was taken to minimize animal suffering
and to reduce the number of rats used. All the experiments
have been conducted under the strict regulation of IACUC
�Institution for Animal Care and Use Committee� of the Uni-
versity of Texas at Arlington and the guidelines of Interna-
tional Association for Study of Pain.33

3.1.2 Experimental setup
The optical reflectance experiments from the rat spinal cord
were taken intraoperatively using a light source, a bifurcated
fiber optic probe, a spectrometer and a laptop computer, as
shown in Fig. 2, in common with our previous work.10,13,15

The incident optical signal was generated by a tungsten-
halogen light source �LS-1, Ocean Optics, Inc., Dunedin,
Florida� and delivered to the tissue through the probe. The
optical reflectance signals from the tissue were collected by
the same probe and converted to electrical signals by a por-
table, real-time display spectrometer �USB 2000, Ocean Op-
tics, Inc.� in the wavelength region of 450 to 1000 nm. The
bifurcated probe contained two fibers, one acting as the source
and the other as a detector, each with a 100-�m diameter. The
two fibers were placed adjacent to one another within a
400-�m stainless steel probe. The optic fiber probe was
placed near lumbar level 5 �LL5� region of the rat spinal cord,
which was mounted on a stereotaxic frame to assure a firm
position of the animal. With the help of a microdrive �Bur-
leigh 6000 ULN Controller, Burleigh Instruments, New York�
the probe was held at a height of 575 �m above the exposed

spinal cord surface, while the surface was covered with min-
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eral oil ��10 mm in height, Fig. 1�. Since the difference in
refractive index between mineral oil and tissue is minimal, the
specular reflection from the spinal cord surface could be in-
significant. This height was chosen to optimize the reflectance
signals.32 Because of the clearness of mineral oil, the height of
575 �m would not generate any significant difference be-
tween the current study and the previous results obtained from
Refs. 14 and 34.

3.1.3 Data acquisition and analysis

The optical reflectance were recorded from three regions of
the exposed rat spinal cord, i.e., left lumbar, right lumbar, and
the blood vessel running near the center of the cord. From
each region, the data were recorded at 1-mm intervals ros-
trally starting from LL5. Data were taken at 1 Hz sampling
rate with an integration time of 60 ms for a period of 60 s at
each point. The raw reflectance data were firstly converted to
the spectral slope values between 700 and 850 nm without
calibration,10 followed by further processing to quantify the
reduced scattering coefficient �s�, using a calibrated spectrum
taken from the standard reflectance �WS-1, Diffuse Reflec-
tance Sample, Ocean Optics, Inc., Dunedin, Florida�.

The goals of this set of measurements were �1� to show a
heterogeneous map of light scattering in the region of rat spi-
nal cord and �2� to quantify �s� values of the rat spinal cord.
For purpose �1�, an interpolated gray-scale map of the slope
values was obtained using Matlab®. Specifically, the slope
values at each point were firstly averaged over the sixty sec-
onds, and then the adjoining points were interpolated to gen-
erate a smoothed image. For purpose �2�, we utilized our
newly developed algorithm14,34 to determine �s� values of the
rat spinal cord based on the needle-probe reflectance readings.
According to the algorithm, for a range of �s� values between
5 to 60 cm−1 and refractive index n=1.38, the relationship
between �s� and the measured reflectance data taken with a

Fig. 2 Experimental setup to obtain data from both the spinal cord
and sciatic nerves consists of two 100-�m fibers separated by a dis-
tance of 100 �m, a broadband light source, a universal serial bus
�USB� CCD spectrometer, a stereotaxic frame to hold the rat with the
probe focused on either the spinal cord or the sciatic nerve, and a
laptop computer for data acquisition.
100-�m source-detector separation can be approximated by
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R = a0 � �1.6696 � �s� − 1.5437� , �1�

where R is the measured reflectance, and a0 is the intensity
factor calibrated from the experiments. The unit of �s� is in-
verse centimeters, and the unit of R is the number of photons
per unit area �i.e., number of photons per square centimeter�.
The absorption coefficient �a was not included in Eq. �1� as
Monte Carlo simulations14,34 showed negligible changes in
reflectance for typical tissue �a values of 0.01 to 0.5 cm−1 in
the NIR range. After performing multiple tissue-phantom ex-
periments for empirical calibrations,14,34 we have determined
a0 to be equal to 0.0034 and rewritten Eq. �1� as

�S���0� =
R��0� + 1.5437 �0.0034�

1.6696 �0.0034�
cm−1, �2�

where �0 denotes a wavelength within the range of
700 to 850 nm.

Notice that the constant term a0 must be determined ex-
perimentally, and that Eq. �2� was obtained through the em-
pirical calibration only for the specific probe used for the
study. During the algorithm development, it was seen that
there was large variation in �s� values due to the small source-
detector separations and their similarity to mean free paths.
Our solution to this problem was to take 60 reflectance read-
ings for 60 s at each point to reduce the noise. In statistical
analysis, the slope and �s� values are reported as
mean±standard error of mean. To show significant differ-
ences of �s� at different spinal cord regions, we performed a
paired t test with a confidence level of 95%.

3.2 Materials and Methods for Sciatic Nerve
Measurements

3.2.1 Spinal nerve ligation
We used the modified spinal nerve ligation model35 to induce
demyelination in the sciatic nerve. The difference between the
model and our procedure is that we ligated the L4 spinal
nerves and not L5 and L6. Demyelination and degeneration
should occur following the spinal nerve ligation.

On the day of ligation, the rats were anesthetized with
isoflurane in 100% oxygen �3% induction, 2.25% mainte-
nance�. Before preparing the animal for surgery, care was
taken to ensure that all reflexes �tail pinches and eye-blinks�
were eliminated. A small cut was made unilaterally on the left
side lateral to the L5 to L6 level lamina, and the spinal nerves
L4 and L5 were exposed. The L4 spinal nerve was then
tightly ligated using a 6-0 silk suture. The exposed area was
then washed with antibacterial solution of Betadine, and the
wound was stapled. After the surgery, the animal was kept in
their habitual environment and maintained in the same condi-
tions as during the preoperative period. More details on post-
operative care can be found elsewhere.32

3.2.2 Subjects and surgical methods
For this set of experiments, 28 adult male Sprague-Dawley
rats �250 to 350 g, University of Texas at Arlington vivarium�
were used. On the day of the experiment, i.e., 1, 4, 7, or
14 days after ligation, the rats were first anesthetized with
sodium pentobarbital. All surgical procedures were the same

as described in Sec. 3.1 except without laminectomy. The
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thigh region was dissected to expose 2.0 to 2.5 cm of the
sciatic nerve on both the left and right sides. After the experi-
ment, the animals were euthanized.

3.2.3 Experimental setup
An experimental setup similar to the one for the spinal cord
measurements was used for the sciatic nerve measurements.
The optic fiber probe was placed on the distal region of the
sciatic nerve of the rat mounted on the stereotaxic frame. The
probe tip was held perpendicularly at a height of 575 �m
above the sciatic nerve �Fig. 1�.

3.2.4 Data acquisition
The measurements were taken on the left �ligated� and right
�control� sciatic nerves: on each side, five readings were taken
starting from the distal side. Similar to the procedures used
for the spinal cord readings, the data were recorded for a
period of 60 s at each point at 1 Hz sampling rate with inte-
gration time of 60 ms. We quantified the slope values for
relative comparison between ligated and control nerves, and
the slope differences are reported as mean±standard error of
mean. In statistical analysis, to show the differences in light
scattering between the ligated and control side, we performed
a paired t test with a confidence level of 95%.

4 Experimental Results
4.1 Results from the Spinal Cord Measurements
Using the experimental protocols and data processing proce-
dures, we generated gray-scale maps of the light scattering
index, i.e., the slope values, of the spinal cord near left L5.
Figure 3�A� shows one example of the maps: the darker re-
gions on the map show lower scattering �with smaller slope
values�, while the lighter regions show more scattering. The
region with lower slopes �0.34 to 0.67� at the center corre-
sponds to a blood vessel; on the spinal cord per se, the slope
values read between 1.12 and 3.02. Figure 3�B� shows the
gray-level bar for the map. Furthermore, Fig. 4 shows a sum-
marized map of the rat spinal cords taken from all slope val-
ues of the 14 rats, and this map has aspects similar to those

Fig. 3 �A� Spectral-slope map with its gray-scale bar �B� to show dif-
ferences in spectral slope of the rat spinal cord. The dark region,
representing lower slope values, at the center corresponds to the lo-
cation of the blood vessels; the lighter regions, representing larger
slope values, are the lumbar regions of the spinal cord. The example
map is taken from a single rat in experiment 6.
explained for Fig. 3. The blood vessel region near the center

September/October 2005 � Vol. 10�5�4



Radhakrishnan et al.: Light scattering from rat nervous system…
shows a slope value of 0.4 to 0.6, while the rest of the mapped
regions on either side of the central blood vessel have slope
values ranging from 1.35 to 1.61. We performed several t tests
to study the light-scattering characteristics on the spinal cord.
The left and right lumbar regions showed no significant dif-
ference in slope values �p=0.80�, while a significant differ-
ence existed between the lumbar regions �both left and right�
and the central area where the blood vessels were �p
�0.001�.

The more meaningful and quantitative parameter to show
tissue properties is the reduced scattering coefficient �s�. Fig-
ure 5 shows a plot of �s� values at 750 nm from one rat,
which are obtained using Eq. �2�. Pooling the relative groups
of data together leads to 40.4±2.2 cm−1 for the lumbar re-
gions �left and right together since there is no significant dif-
ference between them� and 17.3±0.7 cm−1 for the central
blood vessel region. If the data from the 14 rats are consid-
ered, we have obtained 34.2±2.1 and 19.9±1.0 cm−1 for the
lumbar regions and the central region containing the blood
vessels, respectively. It is evident that the values of �s� are
much higher in the nervous regions than the blood vessels.

Fig. 4 �A� Slope map with its gray-scale bar �B� to show the average
values of slope taken from 14 rats.

Fig. 5 Plot to show variation in �s� values from the left, right, and
central lumbar regions of the spinal cord. The �s� values are computed
at 750 nm with the unit of inverse centimeters. The example map was

obtained from a single rat in experiment 6.
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It is known10,13 that the raw reflectance spectra of brain
tissue between 700 and 850 nm are nearly linear with the
maximum located at 700 nm. Thus, the spectral slopes of tis-
sue reflectance have been used as an index to mark light
scattering.13–15 Equation �1� also clearly indicates that the re-
flectance is highly correlated with �s�. Figure 6�A� plots aver-
age values of �s� map taken from the 14 rats. The similarity
seen in Figs. 4�A� and 6�A� demonstrates that the two indices,
i.e., the slope and �s�, can be used as a marker to differentiate
levels of light scattering on the spinal cord. Similarly, a t test
shows that a significant difference in �s� values exists only
between the lumbar regions �both left and right� and the cen-
tral blood vessel area �p�0.001�.

4.2 Results from the Sciatic Nerve Measurements
In this set of experiments, 28 rats were divided into four
groups based on postoperative days after L4 ligation �n=7 in
each subgroup�, i.e., days 1, 4, 7, and 14. For simplicity, we
first used the slope values for relative comparison among the
left �ligated� and right �control� groups. The slope values for
the left sciatic nerve at postoperative days 1, 4, 7, and 14 are
0.97±0.08, 0.46±0.02, 0.64±0.03, and 0.55±0.02, respec-
tively. The slope values for the right sciatic nerve at postop-
erative days 1, 4, 7, and 14 are 0.98±0.04, 0.81±0.08,
0.94±0.08, and 0.82±0.02, respectively. To show the differ-
ences in light scattering between the ligated and control side,
we performed a paired t test with a confidence level of 95%.
This gives rise to the following conclusion, as shown in Fig.
7: �1� there was no significant difference in slope readings
between the left and right sciatic nerves on postoperative day
one; �2� slopes of the left sciatic nerves were significantly
lower than those of the right side on postoperative day 4 �p
�0.01�, day 7 �p�0.05�, and day 14 �p�0.001�; �3� there
were no statistical significant changes for the right sciatic
nerves along the course of postoperative days; �4� signifi-
cantly lower slope values �p�0.001� of the left sciatic nerves
were found on postoperative days 4, 7, and day 14 as com-
paring with day 1.

To be more quantitative, we quantified the �s� values for
the sciatic nerve measurements and found that the trend of �s�

Fig. 6 �A� A �s� value map with its gray-scale bar �B� to show the
average values of �s� �in inverse centimeters� in the lumbar regions of
the spinal cord, taken from 14 rats. We see that the map is similar to
Fig. 4�A� obtained using slope values.
changes due to ligation followed a similar pattern to the slope,
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as expected. The average �s� values on the left side on post-
operative days 1, 4, 7 and 14 were found to be 27.3±1.3,
23.1±0.4, 25.7±0.5, and 23.3±0.3, respectively, while the
right side had average values of 26.5±0.7, 29.1±1.5,
32.5±1.1, and 27.5±0.4 after postoperative days 1, 4, 7, and
14, respectively �Fig. 8�. No significant difference in �s� was
found between the left and right on postoperative day 1, but
�s� values of the left sciatic nerves were all significantly lower
�p�0.001� than those of the right side on postoperative days
4, 7, and 14.

5 Discussion
The primary goal of this study was �1� to quantify the reduced
scattering coefficient, �s�, of the rat spinal cord intraopera-
tively and �2� to determine if the optical reflectance and the
�s� values could be used to differentiate healthy and demy-
elined nerves connected directly to the rat spinal cord. We
discuss the two kinds of measurements separately first, fol-
lowed by a joint discussion to address common issues and
future work.

Fig. 7 Mean slope values are obtained on postoperative days 1, 4, 7,
and 14 following left L5 spinal nerve ligation. The left sciatic nerves
�ligated� show significantly smaller spectral slopes than the right sci-
atic nerve �control� on days 4, 7, and 14. For each subgroup, n=7.

Fig. 8 Mean values of �s� illustrated to show differences in scattering
between the left �ligated� and right �control� sciatic nerves on postop-
erative days 1, 4, 7, and 14. The �s� value was computed at 750 nm.

For each subgroup, n=7.
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5.1 Discussion of the Spinal Cord Measurement
The results from the spinal cord measurements showed that
the quantified �s� values are most likely in a range of
34.2±2.1 cm−1 in the lumbar regions and 19.9±1.0 cm−1

near the blood vessels at the center of rat spinal cord. Such
differences in �s� values are expected due to the variations of
anatomical and hemophysological structures around the spinal
cord. Larger scattering signals detected on the lumbar regions
of the spinal cord are an indication of the abundance of white
matter present in those regions. It has been shown that the �s�
values of gray and white matter in the human brain are in the
range of 30±12 and 80±10 cm−1, respectively,14 while for
the rat brain the �s� values36 range from 15 to 61 cm−1. Thus,
the �s� results of the rat spinal cord reported here are consis-
tent with the previous finding for the rat brain.

There have been a large number of studies using NIR spec-
troscopy on the assessment of hemoglobin and other chro-
mophore concentrations. Such studies can be mostly benefited
if the corresponding �s� values are known. Since the optical
measurements of tissues are strongly influenced by both light
scattering and absorption, quantification of light scattering
will help decouple light scattering from absorption, leading to
better interpretation on the optical measurements of tissue and
their physiological responses to various stimulations. To our
knowledge, this paper is the first report on the light scattering
parameters from the rat spinal cord and associated nerves.

On the other hand, because of the limitation of fiber optic
mapping, the spatial resolution of the scattering coefficient
maps is low, lower than what we expected. A possible way to
improve the spatial resolution of light scattering mapping is to
utilize a CCD camera and to take reflectance images at mul-
tiple selected wavelengths. Then, the algorithm to obtain �s�
maps of the measured tissue has to be developed and vali-
dated accordingly. While we expect that our existing algo-
rithm for the fiber optic probe could be modified and adapted
for the CCD camera approach, we require further investiga-
tion to validate our expectation.

5.2 Discussion of the Sciatic Nerve Measurement
The sciatic nerve measurements demonstrated that light scat-
tering from the spinal nerves correlate well with the patho-
logical changes, i.e., demyelination, following peripheral
nerve injury. Light scattering in the sciatic nerve depends
mainly on the presence or absence of myelin and some other
components that might alter the degree of scattering. A higher
slope or �s� value shows more scattering due to the presence
of myelin, and a lower slope or �s� value results from the lack
or decrease of myelin. It is known that damage to nerves �e.g.,
tight ligation and transection� will induce axonal degeneration
at the distal part because of lack of nutritional supply from the
cell body. Similarly, ligation and transection of the spinal
nerve will lead to degenerative processes distal to the site of
lesion. Although it is known that at 36 to 48 h after ligation,
myelin breaks down, and at 48 to 96 h, there is a loss of
axonal continuity,37,38 we were unable to show such change by
the NIR technique on postoperative day 1. We speculated that
early inflammatory processes in the sciatic nerve would con-
tribute to the discrepancy on day 1. However, significant

changes in light scattering were found on postoperative days
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4, 7, and 14, correlating well with the pathological changes.
Moreover, the idea that variations in light scattering can be
used to identify intraoperatively possible diseases of the spi-
nal cord is novel, and our preliminary finding encourages fur-
ther exploration in this direction.

5.3 Joint Discussion of Common Issues
A close look at the cross-sectional view of the lumbar region
shows a larger H-shaped gray matter area compared to the
thoracic spinal cord. A common question often asked is how
deep into the white matter we are able to detect, or if we are
able to reach gray matter by fiber optic reflectance measure-
ment. To answer this question, we must address the “look-
ahead distance” �LAD� for the probe used in the study. Our
previous study has demonstrated that LAD is shown as a
function of �s� and is approximately around 1.0 to 1.5 mm
for the current probe15,36,39 with �s� values in the range of
4 to 35 cm−1. The diameter of segments of the lumbar region
is about 4 mm �Fig. 1�, and the white matter that covers the
dorsal horn is about 0.5 mm thick. Taking these values into
account, if light was to travel 1.1 mm from the surface of the
spinal cord/nerve, it is possible that the fiber optic reflectance
may reach gray matter. Variation highly depends on the local
anatomy of the spinal cord and dorsal roots. We did not ad-
dress this issue in this study, and further research could be
conducted in this direction.

Further inspection on the measured data reveals that there
exists a certain variation in the data, which is one of the
drawbacks of the technique. Imaging by point measurement in
the spinal cord is highly variable as there is no standard mea-
sure to ensure the placement of the probe to be at the same
point for all experiments. For the spinal cord, subject-to-
subject variability could be attributed to various factors, such
as anatomical variation of the spinal cord, position of dorsal
roots when they enter the spinal cord, number and site of
branching of the blood vessel, and slight body movement due
to respiration. All these factors played a certain role in caus-
ing variability. For the sciatic nerve measurements, the vari-
ability could result from probe localization, animal body
movements, tension of the sciatic nerve, and inhomogeneous
demyelination. While we have not provided any histology
support to our findings as it requires the use of trained per-
sonnel, our evidence of demyelination induced by ligation lies
in the numerous published reports.37,38,40,41

While numerous studies have focused on light-scattering
properties of the brain, there is still a large discrepancy of
light-scattering coefficients taken between in vivo and in vitro,
particularly for �s� values of white matter. Most common val-
ues of �s� for the human brain reported through noninvasive,
in vivo methods42–44 are within 10 to 20 cm−1, whereas those
of �s� reported through in vitro measurements11,45–48 are in the
range of 40 to 100 cm−1. We attribute the reason of having
such large disagreement to the following factors: �1� the non-
invasive in vivo measurements using the photon migration
approach actually include all the signals from the scalp, skull,
and gray matter, resulting in a mean of optical properties of
multilayers; and �2� in the case of invasive measurements, it is
lack of validated algorithms to quantify �s� when a limited
tissue volume is measured with a limited source-detector

separation. It was previously shown by our group that the �s�
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values of gray and white matter in the human brain are in the
range of 30±12 and 80±10 cm−1, respectively,14 while the
�s� values from the rat brain36 range from 15 to 61 cm−1. The
�s� values of the rat spinal cord and sciatic nerves given in this
paper are highly consistent with those reported values.

The primary aim of this study was to investigate light scat-
tering from the spinal nerves and to explore whether light
reflectance can be used to detect nerve/spinal cord demyeli-
nation. The NIR reflectance technique is minimally invasive,
low-cost, and portable and it can be used in vivo without
requirement of separating nerves and spinal cord from the
surrounding tissue. Its potential applications may include �1�
intraoperative identification of degenerated nerves before
nerve grafting, helping locate the degenerated segment along
the nerve and decide the length of nerve graft required, and
�2� characterization of light scattering under external neuronal
or neurological stimulations in vivo to gain insight into func-
tional brain physiology.

In summary, both spectral maps and the �s� maps of the rat
spinal cord have been generated with higher �s� values in the
lumbar regions �34.2±2.1 cm−1� and lower values at the cen-
ter of cord �19.9±1.0 cm−1� near the blood vessels. Either the
spectral slopes or the �s� values could be used as a marker to
indicate demyelination of the nerves. The results reported in
this paper prove the usefulness of the technique, which may
have a potential clinical application for minimally invasive,
real-time, intraoperative monitoring of subjects suffering from
demyelinating CNS diseases. For future work, this method
could be utilized to measure scattering differences in the spi-
nal cord when the animals are subject to peripheral nerve
stimulations.
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