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ABSTRACT The sciatic nerve is the longest and widest single nerve in the human body and is responsible
for the signal transduction of the entire hind limb region. Its wide nerve dynamic range and size makes
it sensitive to injury. The branching and location of the sciatic nerve are important, and unlike histology,
optical coherence tomography (OCT) can provide rapid non-destructive cross-sectional images. The sciatic
nerves of ten rats were analyzed using swept-source (SS)-OCT. The sufficient depth penetration of the
SS-OCT system allowed clear identification of the internal bifurcation point of the external branching and the
internal route for the three terminal nerves in cross-sectional images. Internal bifurcation is observed through
interfascicular epineurium resulting from epineurium division. Two bifurcations occur at the bottom of the
sciatic nerve. The first and second bifurcations occur approximately 7 and 5 mm, respectively, above the
external branching. SS-OCT enabled visualization of surgical needle positioning during direct injections
into the sciatic nerve, which is beneficial for drug injection or microelectrode placement for electrical signal
processing as a nerve detection guide. Therefore, analysis of the internal structure obtained in real time and
needle position information inside the nerve are expected to act as a guide for neurosurgery.

INDEX TERMS Nerves, sciatic nerve, intraneural injection, bifurcation, swept-source optical coherence
tomography.

I. INTRODUCTION
The sciatic nerve is a large, long single nerve (the longest
and thickest single nerve in the human body) responsible
for movements in the entire hind limb of animals. The sci-
atic nerve arises from L4 (lumbar vertebrae position) to
S3 (sacral vertebrae position), a collection of nerve fibers
that emerge from the sacral part of the spinal cord in the
human-body [1], [2]. Signal transduction of the sciatic nerve
involves muscle movements and skin awareness in the hind
limb region. Therefore, when problems occur in the sciatic
nerve, hind limb movements and skin awareness may be
affected. Several pathological problems can occur due to
damage of the sciatic nerve, such as sciatica, injury through
deep intramuscular injections, piriformis syndrome, and sci-
atic nerve block failure. [3], [4]. Treatment and pain relief
of these diseases requires an internal and external handle
for the sciatic nerve. Especially, the failure of deep intra-
muscular injection, intraneural injection and sciatic nerve

block are iatrogenic problems. The branching and location
of the sciatic that occurs when localization of the sciatic
nerve fails, is the major cause of sciatic nerve damage accord-
ing to major medicolegal claims [5]–[7]. Intraneural needle
trauma or injection are major risk factors, which can be
occuredwhile perfoming the surgeries for the aforementioned
diseases. Minimizing the error for the localized placement
of the needle or local anesthetic solution can eliminate the
major risk factors for the nerve. Conventional techniques
have advantages in extraneural placement, however, tech-
niques for handling intraneural placement in real-time are
scarce.

Nerves diseases may be caused by internal or external
damage. Because of the characteristics of the nerve derived
from the root, the point of injury and the point of pain
may be different. Since the internal structure is deformed
according to the bifurcation point, it is necessary to obtain
the exact positions of the internal and external bifurcations.
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Hence, quantitative analysis of the sciatic nerve or branching
is needed for precise treatment and pain relief in related dis-
eases. The sciatic nerve is divided into three peripheral nerves
in the rat: the fibular, tibial, and sural nerves. These three
nerves are divided into three different positions depending
on the nerve signal transduction [8], [9]. Several bundles
proceeding from L4 and L5 (sometimes L6) are merged into a
single bundle. However, when L4 and L5 (sometimes L6) are
independent, each nerve fiber has its own epineurium. Thus,
a precise understanding regarding the formation of nerve
fibers is essential, and internal bifurcation is not limited to
structural branching alone, but it can also provide a structural
framework of neuronal interactions.

To gain a better understanding of the branching of the
sciatic nerve, histological experiments have been performed
to observe the microanatomy of its tissues. Nevertheless,
nerves can be damaged during histological observation of the
sciatic nerve [10]. Moreover, techniques such as computed
tomography (CT), ultrasound (US), and magnetic resonance
imaging (MRI) are unable to acquire images of the inter-
nal structure of the sciatic nerve due to their low resolu-
tion [11], [12]. Sciatic nerves can also be damaged or ionized
while using these techniques.

Optical coherence tomography (OCT) is an ideal method
to detect nerve structures due to its non-invasive, non-
ionizing, and high-resolution properties [13]–[17]. In addi-
tion, rapid real-time imaging technique can be used to
identify the structures of living organisms, for functional
observation of organisms, and for pharmacokinetics. Due
to the micrometer resolution and three-dimensional (3D)
imaging capability, OCT can detect nerves internally and
externally with sufficient resolution. Therefore, it enables
observation of the bifurcation of fascicles in the sciatic nerve
and provides a better understanding of how the internal
sciatic nerve fascicles are constructed and divided. Previ-
ously, neurological OCT studies were performed on micro
units, but our study is focused on structural changes due to
bifurcation. Thus, our OCT with high-resolution and high-
penetration features can reflect all the information about
the inside of the sciatic nerve that is important in medical
surgery [18], [19].

In this study, an external structure for the sciatic nerve was
formed and further internal bifurcation was detected. By dis-
tinguishing between the inner and outer membrane bound-
aries of the nerve’s external bifurcation and nerve bundle,
OCT can be used as a guide for electrical signal processing
and drug injection inside the fascicle [20]–[22].

II. MATERIALS AND METHODS
A. SAMPLES PREPARATION OF IN VIVO ANIMAL MODELS
The animal experiments were conducted in accordance with
the guidelines of the Institutional Animal Care and Use
Committee of Kyungpook National University. Ten sciatic
nerve specimens (Sprague Dawley rats 5 to 8 weeks old
weighing 130-170 mg) were used. Each rat was placed in an

FIGURE 1. Schematic of 1300-nm SS-OCT system. BD: balanced detector;
PC: polarization controller; swept laser: MEMS VCSEL swept laser.

anesthetic cage for 5 minutes, and anesthesia was induced
with oxygen mixed with 1% isoflurane. Once the anesthe-
sia was successfully completed, the rat was placed on the
operating table and a mouthpiece was mounted to administer
anesthetic gas to maintain continuous anesthesia during the
surgical procedure. To obtain the in vivo sciatic nerve images,
the hair of both hind limbs were removed. The skin and mus-
cles covering the nerve were surgically removed. To obtain a
clean image free of impurities, the sciatic nerve was washed
with phosphate-buffered saline (PBS) and pH 7.4, to min-
imize biological reactions. During the imaging, PBS was
continuously sprayed on the nerve to prevent dehydration.
The experiment was carried out at room temperature (24 ◦C).
After obtaining the images, the rats were euthanized and dis-
posed of at the designated location according to the guidelines
for animal processing.

B. OCT SYSTEM CONFIGURATION
The swept-source (SS)-OCT system (OCS1310V1 OCT
Thorlabs Inc.) used has a center wavelength of 1300 nm and
a spectral bandwidth of >97 nm. The coherence length is
50 mm and the axial scan rate is 100 kHz. Therefore, it is
possible to acquire 200 B-scans per second with 500 axial
scans within 2.5 seconds to construct a single 3D image. The
resolution of the 2D cross sectional image is 25 µm in trans-
verse and 16 µm in axial direction, respectively. The maxi-
mum volume size is 10 mm× 10 mm× 12 mm. A schematic
of the OCT system is shown in Figure 1. The sample was
placed underneath the probe and the X, Y stage was used
for specimen rotation. A charge-coupled device (CCD) pro-
vided a microscopic view of the sample. CCD images and
OCT images were acquired in real time. The acquired real-
time two-dimensional (2D) images were post processed for
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the reconstruction of 3D images using volumetric imaging
software.

The 2D images with a size of 309 × 509 pixels were
obtained from in vivo samples. The field of view of the
sciatic nerve specimens was 3 mm × 10 mm. After real-time
image acquisition, we used 500 b-scan cross-sectional images
obtained in real-time to obtain post-processed rendering
images. The quantitative assessment was performed using a
customized automated program coded using MATLAB R© to
obtain amplitude scans (lateral direction intensity fluctuation)
in transverse directions for evaluating the microstructures in
the lateral direction.

FIGURE 2. Left side: external image of the sciatic nerve. Right
side: (a) Sciatic nerve; (b) Rendered image without needle.
(c) Sciatic nerve with needle (d) Rendered image with needle.
Yellow outlined box is the field of view of the rendered images.

III. RESULTS
A. INTERNAL AND EXTERNAL IMAGES
OF THE SCIATIC NERVE
We were able to obtain images with a CCD camera by first
surgically exposing the sciatic nerve within the muscle. The
large image shown in Figure 2 depicts the external appearance
of the sciatic nerve, which consists of one bundle that then
divides into three distal nerves. The sciatic nerve is merged
with L4 and L5 (sometimes L6) nerves, and the merged
nerves cannot be identified visually as shown in Figure 2. The
sciatic nerve is then divided into the fibular nerve, tibial nerve,
and sural nerve. Each nerve transmits nerve impulses to its
own region of the body. However, whether the nerve fibers in
the sciatic nerve are fused to each other or whether L4 and L5
(L6) fascicles remain separate from the vertebrae and separate
from each other has not been able to be observed. Thus,
the formation (or not) of a bifurcation would distinguish
between these two possibilities.

Figure 2 shows the CCD and 3D OCT views of the sciatic
nerve with and without needle penetration with a field of view
of 3 × 10 mm. As shown in the image, the sciatic nerve was

placed on a thin film layer to separate it from muscles and
other tissues in order to observe only the sciatic nerve bundle.
Later, the sciatic nerve was washed with PBS to remove
impurities.

FIGURE 3. OCT images of sciatic nerve on a support fixture.
(a) Three-dimensional rendered image of the sciatic nerve.
(b)–(d) B-scan images corresponding to yellow dashed lines
1–3 in (a). (d) Tibial nerve, fibular nerve, and sural nerve from
left to right. The support fixture is vinyl tape. The field of view
in (a) is 3.00 mm (X) × 10.00 mm (Y) × 2.0 mm (Z).

The 3D OCT image of the sciatic nerve after volume
rendering is shown in Figure 3(a) and the correlated cross-
sectional images are shown in Figure 3(b)–(d). In Figure 3(b),
a single fascicle can be observedwithout a compartment. This
confirms that the nerve fibers inside the L4 and L5 (L6 in
each) descending from the spinal cord are wrapped in one
perineurium and fused into one fascicle. Figure 3(c) provides
a clear visualization of the bifurcation in the middle of the
sciatic nerve. Fascicles are divided into perineurium and
interfascicular epineurium due to the clearly visible bifurca-
tion. Between the fascicles is the interfascicular epineurium.
Quantitatively, image analysis revealed the position of the
first bifurcation at approximately 7 mm above the external
branching position. This was based on the point where the
branching can be visually identified. Figure 3(d) depicts
more compartments, and thus an additional interfascicular
epineurium can be seen. This point is 5 mm above the branch-
ing point. Eventually, three bundles of fascicles emerge. The
external bifurcation of the sciatic nerve is formed at the
bottom of Figure 3(a). However, the initial two consecutive
bifurcations later develop and branch into three bifurcations.
In Figure 3(d), three differentiated nerves can be detected,
from left to right: the tibial, fibular, and sural nerves. Finally,
they are not differentiated from their respective independent
lumbar nerves. It can be seen that the fibers are fused with
one fascicle and then divided into three.

B. EN FACE IMAGE OF SCIATIC NERVE BIFURCATION
To apply OCT as a surgical tool for the sciatic nerve,
we need a complete coordinate system of 3D bifurcation
points. By acquiring en face images of the sciatic nerve,
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FIGURE 4. En face image of the sciatic nerve. (a) Upper region of the
sciatic nerve. (b) and (c) En face images corresponding to the yellow
dashed lines above.

detailed information can be obtained about the bifurcation
point about the Z-axis. Figure 4(a) shows the upper region
of the sciatic nerve but provides no information regarding the
bifurcation point externally. Figure 4(b) and (c) are the en face
images rendered from 3D images. In Figure 4(b), the image
is shifted approximately 100 µm from the top of the sciatic
nerve to the bottom of the Z-axis. Depending on the position,
the thickness of the sciatic nerve is different and the lower part
is not visible. However, the region indicated by the red arrow
in Figure 4(b) shows complete separation of the fascicle into
two parts, confirming that the interfascicular epineurium is a
bifurcation point. The sciatic nerve consists of two perineuri-
ums in one nerve bundle. The second bifurcation point can be
detected below 200µm. The interfascicular epineuriummade
at the second bifurcation point was confirmed in the en face
image in Figure 4(c). However, owing to the complexity of the
3D structure of the bifurcation, it is obscured by the structure
and appears to be invisible owing to the shallow penetration
depth. However, the interfascicular epineurium was exposed
near the surface of the sciatic nerve, confirming the junction
of the three lines using OCT. It was confirmed that this was
connected to the last three ends of the sciatic nerve.

C. EVALUATION OF RAT SCIATIC NERVE BIFURCATION
THROUGH LATERAL DIRECTION INTENSITY
FLUCTUATION PROFILES
This quantitative evaluation was performed to confirm the
bifurcation point of the sciatic nerve with objective evidence.
The lateral direction intensity fluctuation profile was per-
formed at the point where the interfascicular epineurium
inside the sciatic nerve was located as evidence of bifurcation.
The fascicle is a highly scattering medium with a higher
intensity than the interfascicular epineurium.

The interfascicular epineurium confirms the bifurcation,
showing 70% lower intensity than the inside of the fascicle.
The interfascicular epineurium was considered as objective
evidence for bifurcation as a gap due to the distribution
of the fascicles. The intensity analysis program was coded
using MATLAB R©. Each image was loaded first for analysis.

The red lines shown in Figure 5 illustrates lateral direc-
tion three intensity lines, which were later summed up
and averaged to obtain the pixel intensity plot. The inten-
sity representation shown in the graphs provide a relative
representation of the quantitative value of the scatter sig-
nal obtained from the sample. By comparing these values,
the degree of contrast can be compared. In Figure 5(a),
no interfascicular epineurium is seen. Likewise, analysis of
the lateral direction intensity fluctuation profile of the inter-
fascicular epineurium space (Figure 5(d)) does not demon-
strate a low-intensity fluctuation, which clearly correlates to
Figure 5(a). In Figure 5(b), the interfascicular epineurium
space accurately matches with the lateral direction intensity
fluctuation profile shown in Figure 5(e). Similarly, the image
in Figure 5(c) matches the data presented in Figure 5(f). The
results obtained from the lateral direction intensity fluctua-
tion profile of Figure 5(c) illustrate a clear correlationwith the
obtained OCT image and confirms the bifurcation. Therefore,
it can be confirmed that OCT can be an ideal non-destructive
surgical tool for the detection of microstructure of the sciatic
nerve with no large error.

D. SCIATIC NERVE WITH SURGICAL NEEDLE
FOR INTRANEURAL INJECTION
Understanding the electric signal transmission according to
the sciatic nerve branching is an essential requirement in
surgery. Intraneural injection for signal detection or injec-
tion requires acquisition of structural information through
functional histology. Therefore, as an initial feasibility test,
we further extended our experiment by inserting a surgical
needle inside the sciatic nerve. We investigated how fea-
sible the implemented SS-OCT system was to detect the
needle insertion non-destructively. The difference between
the branching points were well visualized from the obtained
cross-sectional and 3D OCT images.

Figure 6(a) is a 3D rendered image obtained using volu-
metric software. The obtained 3D OCT image along with en
face and cross-sectional images provide a clear view of needle
insertion, and the corresponding fascicle information can be
distinguished as well. Figure 6(c) is the cross-sectional image
of the point where the needle penetrates. The refractive index
values of the air and the sciatic nerve are different, so the
needle does not appear linear, but there is no big problem
in terms of position. It can be seen that the needle passed
through all three fascicles. This provides accurate 2D needle
position information. Since the needle pierced diagonally
from the right side, the position information of the needle
about the Z-axis can be obtained through the en face image.
Figure 6(d) is the corresponding en face image obtained
from the depth range (yellow dotted line) of Figure 6(b).
The ability to use OCT to guide surgical needle positioning
suggests that, in vivo observation may allow needle insertion
into selected fascicles, thus controlling each internal fascicle
of the sciatic nerve. Finally, it can also prevent damage to
nerves or other unrelated structures. Thus, future studies can
be performed on surgical procedures using the electronic
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FIGURE 5. Lateral direction intensity fluctuation of sciatic nerve cross-sectional images. (a)-(c) Cross-sectional images of the sciatic nerve. (d)-(f) Analysis
of the bifurcation points.

FIGURE 6. Image of the sciatic nerve image with a tungsten needle.
(a) 3D rendered images with a needle. (b) A image represented by the
baseline of the enface image. (c) Cross-sectional image of the sciatic
nerve with needle at a pass point. (d) En face image of the sciatic nerve
enface confirming that the needle is inserted.

response of each fascicle directly by inserting a needle with
OCT guidance.

IV. CONCLUSION
In this study, the divergence point of the sciatic nerve was
non-destructively identified using OCT. Owing to the fast
acquisition speed of the 1300-nm SS-OCT system, we were
able to acquire rapid cross-sectional images and 3D rendered
images of the sciatic nerve in real time. The actual size of
the sciatic nerve and the quantitative size of the internal
fascicles were obtained through the lateral direction intensity
fluctuation profile processing. Two bifurcations occurred in
the sciatic nerve from the spine to the feet. Owing to this
bifurcation, the sciatic nerve is not composed of individual

independent fascicles but merged into a single fascicle. The
fascicle then divides again once it reaches toward the end.
All the aforementioned structural formations were precisely
confirmed through the acquired SS-OCT images. In addi-
tion, while inserting a needle to confirm the electrical sig-
nal transmission, it was possible to accurately identify the
position of the needle despite the strong scattering of the
tungsten needle. Although the 3D images were reconstructed
by using a post-processing technique, the exact location of
the needle was confirmed through real-time cross-sectional
images. The obtained results clearly revealed the needle pen-
etration. Subsequently, the obtained results confirmed that
OCT can play a major role in needle guidance, which can be
used as a non-destructive inspection tool for sciatic nerves,
leading to advances in nervous system surgery. Moreover,
similar experimental process can be demonstrated for the
identification of other nerves, which sufficiently satisfies the
resolution parameters of the SS-OCT. Therefore, the animal
model experiment in this study provides an informative path
and confirms the applicability of the developed inspection
protocol for future related experiments.
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