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Abstract
Stating backround This study was designed to examine
the entire intramuscular nerve distribution pattern of vari-
ous human skeletal muscles in fetuses.
Methods In the present study rhomboid major, trapezius,
long head of the biceps femoris and masseter muscles were
investigated in Wve 18 weeks old fetal cadavers. Anatomi-
cal microdissection was applied to one fetal cadaver. In two
fetuses, the extramuscular (main), major and minor nerve
branches, and anastomosis were examined using Sihler’s
staining and labeling. In the remaining two fetuses, consec-
utive slices with 0.5 mm interval and 5 �m thickness were
obtained from each skeletal muscle. These slices were
stained with S100 for the demonstration of the nerve Wbers
and thereafter 3D reconstruction images were constituted
using PC software.
Results Anatomical microdissection, Sihler’s staining and
computerized reconstruction methods were compared to
demonstrate the intramuscular nerve distribution pattern.
Demonstration of the intramuscular minor nerve branches
and anastomosis showed diYculties in anatomical dissected
specimens when compared with three-dimensionally recon-
structed images and specimens obtained with Sihler’s stain-
ing technique. Nevertheless, anatomical dissection is a
simple method whereas Sihler’s technique and computer
aided 3D reconstruction are complex methods and take a
long time to complete.

Conclusion The obtained information exposed that staining
technique and the 3D reconstructions appeared to provide
better results than did anatomical dissection.

Keywords Anatomical dissection · Staining method · 
3D reconstruction · Intramuscular innervation

Introduction

Comprehensive knowledge of neural distribution within
viscera or muscles provides important and useful informa-
tion about the function of the muscle for anatomists, physi-
ologists and clinicians [11]. Distribution of nerves within
the muscles can be demonstrated in 2D with widely used
histological methods. However with these methods it
becomes diYcult to perceive the nerve distribution pattern
in skeletal muscle in 3D. There are three ways of visualiz-
ing and analyzing the route and distribution of a nerve
innervating a muscle. First, anatomical dissection has been
the most commonly used method up to now [3, 8, 9, 17].
Second is to render all but neural tissue translucent while
staining the neural tissue. This method is known as Sihler’s
staining and labeling and was found by Sihler [21]. The
third method is to acquire serial images of histological or
anatomical sections. Images of serial macroscopic or
microscopic sections are digitized, transferred to a com-
puter and these images are reconstructed to obtain a 3D
appearance of the organ or muscle [13]. Though this
method has been available for some time, it gained popular-
ity within the past 10–15 years in conjunction with
advances in computer technology [6].

The Wrst 3D reconstruction was performed by Born [2]
and His [7] using serial sections. These scientists performed
reconstruction by placing paraYn plates on top of each other.
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Prior to the 1970s, graphical reconstruction represented the
initial attempt to generate 3D models and consisted of
tracing outlines of histological structures on opaque paper.
Outlines were superimposed providing a 3D model [13]. The
Wrst computer-aided 3D reconstruction was achieved by
Glaser and Van der Loos [4]. Considerable eVort was spent
during the 1980s to develop algorithms capable of modeling
surfaces. Two general approaches were developed: surface
modeling and solid modeling. Surface modeling reconstructs
the object as a shell. Structures are digitized manually or
automatically and tissue edges are represented as streams of
coordinates or contours. Many reconstruction algorithms and
software have been devised for gross or microscopic anat-
omy. The important point is to use software that fulWls users’
requirements, is easy to use and one that is not costly. Nowa-
days it is possible to obtain good quality and aVordable 3D
images using reconstruction software [13].

A literature search has shown that there are an insuY-
cient number of studies on traces of nerves within muscles.
Studies on this subject were done mainly by anatomical dis-
sections or Sihler’s staining. This study is aimed to qualita-
tively compare three methods (anatomical microdissection,
Sihler’s staining and labeling and computerized 3D recon-
struction) for the demonstration of intramuscular nerve dis-
tribution pattern. The advantages, weakness and/or
limitations of these techniques were also discussed.

Materials and methods

Five 18-week-old human fetuses were used in this study.
Fetuses were aborted therapeutically for spina biWda cys-
tica. Prior to the therapeutic abortion, written consents from
families and ethical approval from the Hospital Ethics
Board were obtained. After the fetal materials were Wxed in
10% formalin solution, skeletal muscles were excised
totally, including their origins and insertions. The muscles
were excised under £12.5–25 magniWcation using a dissec-
tion microscope (Zeiss Opmi Pico, Oberkochen, Germany)
so as not to cause any damage to the neuromuscular com-
partment or the main nerves or its branches innervating the
muscle. Rhomboid major, trapezius, long head of the
biceps femoris and masseter muscles were used in this
study. Intramuscular nerve ramiWcation and distribution
was investigated using anatomical microdissection, Sihler
staining and labeling and 3D reconstruction methods. None
of the fetuses had distal nerve modiWcations in their ramiW-
cation and distribution associated with spina biWda cystica
in the investigated skeletal muscles.

We chose fetuses in this study because fetal skeletal
muscles are thinner and smaller when compared to adult
cadaveric muscles; thus it is much easier to demonstrate the
nerve distribution pattern in muscles and reduced time is

spent for Sihler’s staining and labeling and 3D reconstruc-
tion procedures in fetuses.

In our knowledge, it is the Wrst time that these methods
were realized on fetal cadavers.

Anatomical microdissection

Rhomboid major, trapezius, long head of the biceps fem-
oris, and masseter muscles on both sides of one fetus were
dissected under the stereoscopic microscope. The dissec-
tion in each muscle began from the entry point of the extra-
muscular (main) nerve branch, followed by the
intramuscular major and minor nerve branches until it was
no longer possible to follow them.

Sihler’s staining procedure

In order to demonstrate the distribution pattern of nerves
within the muscles, Sihler’s staining and labeling improved
by Liem and Van Willigen [10] and Wu and Sanders [22]
was carried out in two fetuses step by step in order to:

Maceration and depigmentation

All muscles were macerated in 3% aqueous potassium
hydroxide. For the depigmentation, three drops of 3%
hydrogen peroxide were added per 100 ml of 3% potassium
hydroxide for 21 days.

DecalciWcation

All the macerated specimens were decalciWed in Sihler’s
solution I (one part glacial acetic acid, one part glycerin and
six parts 1% aqueous chloral hydrate) for 14 days. This
solution was changed every two days.

Staining

After decalciWcation, the specimens were stained with Sih-
ler’s solution II (one part Erlich’s hematoxylin stock solu-
tion, one part glycerin and six parts 1% aqueous chloral
hydrate) at least for 20 days.

Destaining

For destaining, Sihler’s solution I was used. The solution
was changed when it became purple. The progress of
destaining was checked under a dissecting microscope and
was stopped just before the Wnest branches of the nerves
began to fade. Afterwards, the specimens were washed in a
weak aqueous solution of lithium carbonate (0.05 g lithium
carbonate per 100 ml distilled water) so that the colors of
the nerves changed from purple to deep blue.
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Clearing

The specimens were cleared with 40% glycerin for 12 h,
50% glycerin for 12 h and 75% glycerin for 24 h, respec-
tively. Finally, they were stored in pure glycerin.

Fascia around the skeletal muscles were carefully
removed under a surgical microscope and care was taken
not to cause any damage to the nerve running within the
muscle after the muscles were stained with Sihler’s stain.
This technique was carried out on whole muscles and pic-
tures were taken using a photography apparatus (SZ-PT and
PM-10K) attached to Olympus SZ-40 stereo microscope.

Computer-aided reconstruction

This method was applied to the remaining two fetuses.
First, serial histological sections of skeletal muscles were
obtained. For this purpose, 5 �m thick sections with
0.5 mm interval were obtained. Skeletal muscle sections for
computer-aided reconstruction did not include the tendons
of the muscles both at origin and insertion. Slices from each
level of section were stained with a nerve tissue speciWc
immunohistochemical stain (S100) (DAKO Corp., Carpin-
teria, CA, USA) [1]. The sections were examined and eval-
uated under microscope (Leica DM 4000B, Germany),
transferred to the computer through CCD camera and num-
bered. Three-dimensional reconstruction software (Surf-
driver v3.5, Kailua, Hawaii, USA) was used to reconstruct
images. Using the Surfdriver software, the contours were
drawn around the nerves on each image semi-automati-
cally. Finally, all individual images were transferred into a
single volume in a way that when all images were over-
lapped, the contours of nerve branches generated the 3D
reconstruction of the nerve branches. Computer aided

reconstruction images were produced by using both Surf-
driver and Cinema 4D v.8.1 (MAXON Computer, Inc. 566
St Charles Drive, Suite 2 Thousand Oaks, CA 91360) soft-
ware.

Results

Anatomical microdissection

The main nerve branches entered between the fusion point
of one-third proximal and one-third middle part in all the
muscles dissected. Afterwards each main nerve branch
divided into two to four major branches in all the muscles.
The major nerve branches could be followed in their whole
length but after they gave oV minor nerve branches it was
no longer possible to follow them even with £25 magniW-
cation.

Sihler’s staining and labeling

In the context of this study, we manage to demonstrate the
route of the nerve running through the muscle disclosed in
detail using the Sihler staining and labeling. While the mus-
cle was translucent, the nerve appeared dark blue or purple,
creating a good contrast, contributing to the examinations
of morphological relations of nerve branches (Fig. 1a, b).

Computer-aided 3D reconstruction of the nerve branches

While there was a marked staining of Schwann cells of the
peripheral nerve branches with S100, a non-speciWc stain-
ing was observed in the muscle Wbers so that the identiWca-
tion of nerve Wbers was easily made (Fig. 2a). Serial

Fig. 1 Nerve distribution pat-
tern of trapezius (a) and masse-
ter (b) muscles by using Sihler’s 
staining method
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histological sections were examined under the microscope
and transferred to a computer. We made the tracing from
the each histological section semi-automatically with the
contour-tracing tool provided by Surfdriver 3.5.3 (Fig. 2b).
The edges of nerve Wbers in original pictures traced semi-
automatically were irregular, therefore we used schematic
images for 3D reconstruction to provide smooth contours
(Fig. 2c). Major and minor branches could easily be seen in
3D reconstructions (Fig. 3). Intramuscular nerve distribu-
tion pattern demonstrated in both the 3D reconstruction
image and Sihler’s specimen was found in harmony
(Fig. 4a, b). Spatial relations between these branches could
easily be demonstrated by rotating the reconstructed ana-
glyph image in any plane (Fig. 5). It should be remembered
that rotation of the reconstructed images can only be done
on a computer. In regions where the diameter of the nerve
was large, even anastomosis were visible in the Weld of
reconstruction. It was observed in reconstructions that the
diameters of the major nerve branches were larger than
those of minor ones and the diameters got smaller as it got
closer to the periphery. Reconstruction was of better quality
when the intramuscular nerve branches were aligned and in
order (Fig. 4b). On the other hand, when the intramuscular
nerve branches had a wavy course, the reconstructed
images had jagged edges. Similarly, reconstructed images
were distorted where the nerves branched (Fig. 6).

Discussion

Sihler’s staining and labeling is one of the most chosen
techniques for the investigation of the nerve distribution
pattern within skeletal muscles [5, 10, 12, 14, 15, 16, 18,
19, 20, 22]. In their study, Liem and Van Willigen [10] sug-
gested that serial sections obtained from an organ or skele-
tal muscle require to be stained for their nervous tissues by
silver impregnation techniques or silver proteinate methods
whereas nowadays a more speciWc staining method like
S100 is to be of use. During 3D reconstruction, we also
used S100 which is speciWc to myelin sheath in order to
stain neural Wbers well and to diVerentiate them from the
surrounding tissues.

A literature search revealed very few studies on distribu-
tion of nerves reconstructed from serial histological stained
sections. This shows that the number of studies on intra-
muscular nerve distribution is still insuYcient. When all
studies to date have been scrutinized, it was noted that
those related with intramuscular nerve distribution pattern
were carried out with anatomical dissections. Anatomical
dissections carry the risk of being damaged accidentally as
they get thinner from extramuscular nerve branches to
intramuscular terminal branches, as the latter are very Wne
and invisible while they course thorough the muscle [12].
Moreover, it is not always possible to demonstrate the ends
of intramuscular nerve branches, even with a dissection
microscope. On the other hand, it is possible to demonstrate
the full course and branches of the nerve without inXicting
an injury to the nerve by using Sihler’s staining and label-
ing. The muscle is rendered translucent and the nerve itself
is stained with this method. This method gives someone the
advantage to examine the whole muscle since there are no
invasive procedures involved that could injure the muscle

Fig. 2 Histological section stained with S100 (a) and nerve tissue
traced with semi-automatic contour-tracing tool (b) (magniWcation
£40). Schematic drawing of the same section (c)

Fig. 3 Three-dimensional reconstruction image of major (open
arrows) and minor (small arrow) nerve branches
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and the continuity of the nerve branches. This method also
has some disadvantages. The success of the method
depends on the size of the muscle to be examined. As the
size of the muscle increases, the clearing process becomes
more diYcult, resulting in loss of distribution details and
quality. Therefore, the smaller and thinner the muscle, the
better the nerve is demonstrated. In the present study, the
nerve distribution pattern in rhomboid major and trapezius
muscles was clearly demonstrated due to their thinness
whereas it was diYcult to demonstrate in masseter and long
head of the biceps femoris muscles due to their thickness.
Another disadvantage is the staining process. The staining
process requires several weeks or months to achieve ade-
quate contrast for visualization while computerized recon-
struction can be accomplished in a much shorter time.
Three-dimensional reconstruction technique also has
advantages and disadvantages. When serial sections are
obtained from the muscle for reconstruction of the struc-
tures, some sections fold onto themselves and become use-
less. In addition, diYculties are encountered during
superposition of images, in other words in the placement of

contours. Finally this results in poor visualization of the
course of the nerve within the muscle in reconstruction
images. Three-dimensional reconstruction images can show
nerve branches to the full as well as detailed spatial
relationships between branches, which is not possible with
Sihler’s staining and labeling. Three-dimensional recon-
structed digital images of nerve branches can be rotated and
displayed in any plane (x, y, or z plane). Further, these
images can be used to create stereo and anaglyph images
for 3D perception. The term “anaglyph” originally referred
to a stereoscopic motion or still picture in which the right
component of a composite image, usually red in color is
superposed on the left component in a contrasting color to
produce 3D eVect when viewed through correspondingly

Fig. 4 Demonstration of the intramuscular nerve distribution pattern
in the long head of the biceps femoris muscle using the Sihler’s stain-
ing method (a) and 3D reconstruction image of a diVerent specimen (b)

Fig. 5 Anaglyph stereo image of the intramuscular nerve distribution
pattern in the long head of the biceps femoris muscle. Special eye-
glasses (red-blue) should be used for the perception of depth

Fig. 6 Three-dimensional reconstruction image of an intramuscular
nerve showing a wavy course. Note the distortion (open arrows) on the
branching or anastomosing point of the nerve Wber and the jagged
edges
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colored Wlters in the form of spectacles. It should be not
forgotten that rotation and creation of stereo anaglyph
images can only be done on a computer. A disadvantage of
the 3D reconstruction method is that the number of sections
increases with the size of the muscle. Increase in number
and area of serial sections results in increase in number of
nerve branches within sections, which makes contour trac-
ing of nerve branches very diYcult. In other words, large
muscles comprise too many numbers of sections so that
reconstruction of the whole muscle could not be done. Due
to 3D reconstruction technique, a wavy course of the intra-
muscular nerve branches demonstrated with Sihler’s stain-
ing and labeling showed sharp edges on the reconstructed
images. Similarly, reconstructed images were distorted
where the nerves branched or anastomosed. These factors
altogether decrease the success rates of the reconstruction
and aVect the image quality whereas none of these prob-
lems are encountered with the Sihler staining and labeling.

Following recent advances in microsurgery there is an
increase in transplantation of Xaps. A thorough knowledge
of the course of the nerve branches within the Xap and its
variations are one of the major factors that would increase
the success of the surgeon during muscle Xap transfer.
Based on this assumption, we have tried to look at the intra-
muscular nerve distribution pattern from a diVerent point of
view. Anatomical microdissection requires the least amount
of time spent working with the specimen whereas Sihler’s
technique takes weeks or months. On the other hand, the
whole intramuscular nerve distribution pattern can be dem-
onstrated in computer aided 3D reconstruction images but
not in anatomical microdissections. Although, we com-
pared the three techniques, the obtained information
exposed that staining technique and the 3D reconstructions
appeared to provide better results than did anatomical dis-
section. These techniques complement each other and both
of them would be helpful to researchers conducting studies
on the course of nerves within muscles and in muscle
microsurgery.
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