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Abstract

Introduction: The long thoracic nerve typically originates from ventral primary rami at the C5, C6, and C7 levels at the root of the neck, and

follows a long and superficial course before innervating the serratus anterior muscle. When the long thoracic nerve suffers an insult, it can lead to
serratus anterior dysfunction and ensuing scapular winging. However, many cases of serratus anterior dysfunction have been reported without a
clear etiology of long thoracic nerve damage; these cases appear to be most common in certain athletes with exaggerated arm movements at the
limits of the shoulder’s range of motion and do not appear to have any correlation to athlete traits. To date, no studies have attempted to identify a
connection between any specific variant long thoracic nerve anatomy and risk for nerve injury during shoulder movements. Methods: This study
describes the origin and branching patterns of 50 long thoracic nerves across 25 cadavers. Serratus anterior dimensions and morphology was also
recorded. Results: We describe seven distinct patterns of the long thoracic nerve’s emergence from neck musculature and its branching thereafter,
and propose links between certain patterns and their potential susceptibility to nerve injury. The morphologies of the serratus anterior muscle
slips are also described, and direct muscular injury to the superior slip is suggested as another potential cause of dysfunction in these athletes.
Conclusions: Several etiologies for atraumatic serratus anterior dysfunction are described in this study, with a focus on anatomical variations that
may predispose individuals to this pathology especially in the setting of sports with repetitive exaggerated arm movements.

Keywords: Long thoracic nerve; Serratus anterior; Peripheral nerve palsy

List of Abbreviations: AS: Anterior Scalene; IT: Inferior Trunk; LTN: Long Thoracic Nerve; MS: Middle Scalene; MT: Middle Trunk; PS: Posterior
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Introduction

The long thoracic nerve (LTN) typically originates from ventral
rami at the C5, C6, and C7 spinal levels and innervates one mus
cle - the serratus anterior [1]. Prior anatomical studies report that
in most cases, the C5 and C6 roots pierce the middle scalene (MS)
muscle, joining with the C7 root contribution after it passes be-
tween the anterior (AS) and middle scalene (MS) muscles [1-3].
Variations in the LTN’s course through the upper thoracic wall have
been well documented due to potential for iatrogenic injury during

@ ® This work is licensed under Creative Commons Attribution 4.0 License|ANN.MS.ID.000889.
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thoracotomy, mastectomy, and other procedures of the chest wall
[2-7]. These previous studies used both cadaveric dissection and
in vivo surgical and radiographic studies to identify variant LTN
origins, terminations, and relationships with other thoracic struc-
tures. In addition to traumatic and iatrogenic damage to the LTN,
cases of idiopathic LTN dysfunction and palsy have been recorded.
There is a lack of evidence supporting a clear etiology for atrau-
matic isolated LTN palsy, which can lead to significant disability
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by serratus anterior paralysis and subsequent scapular winging.
Several conflicting theories about the etiology of this neurological
disorder have been studied, including neuralgic amyotrophy (Par-
sonage-Turner syndrome), inflammatory neuritis, nerve traction
injury, and entrapment of the nerve in the scalene muscles of the
neck.

Some of the more interesting cases of LTN dysfunction are
those observed in athletes in certain sports such as archery, swim-
ming, weightlifting, javelin, tennis, golf, and others [8]. The ques-
tion of how these sports cause insult to the LTN is open and there
is no clear or definitive answer that can be drawn from the current
available literature. Many other peripheral nerve injuries are well
documented and more clearly understood; often there is a clear
etiology which is easy to localize. Common examples of these etiol-
ogies include traumatic radial nerve injury with midshaft humerus
fractures, anterior interosseous nerve traction injuries seen with
pediatric supracondylar humerus fractures, ulnar nerve compres-
sive neuropathies at the wrist by bicycle handlebars [9-11]. Other
examples include entrapment of nerves by muscles on either side
of its course, as seen in scalene syndrome, or muscles though which
the nerve passes, as seen in pronator syndrome, supinator syn-
drome or coracobrachialis syndrome, or non-muscular compres-
sive neuropathies like carpal and cubital tunnel syndromes [12]. In
these classical examples of peripheral nerve injury, there are clear
direct insults to the nerve. However, the etiology in case of LTN in-
jury with certain sports is not as clearly defined or understood. Fur-
thermore, in these sports which may be associated with LTN injury,
only relatively small percentages of athletes are affected, raising the
question as to why certain individuals are more susceptible to the
LTN injury and subsequent serratus anterior dysfunction.

Due to the controversial and incomplete nature of the available
literature on the role of LTN course in serratus anterior palsy, more
data on the LTN’s course through the thoracic wall is warranted. It
seems plausible that anatomical variants of the LTN and its course
as it relates to other thoracic anatomy could theoretically increase
the risk for athletes in these sports to develop palsy. Currently,
there are no reports correlating LTN course variations with risk of
LTN palsy. This study aims to provide baseline data on different an-
atomical variants of the LTN, using a larger sample than previously
used and more thorough nerve course analysis. We hope this data
may be used in the future alongside patient imaging to identify any
correlation between certain anatomical variants of the LTN and risk
of LTN injury in these sports, ideally helping to guide clinical deci-
sion making in the management of serratus anterior palsy.

Methods

In this study, 50 long thoracic nerves in 25 cadavers (right and
left LTN in each cadaver) were identified and dissected from sur-
rounding tissue from their origins at the cervical spinal nerve roots
to their terminal innervations of the serratus anterior muscle. Data
recorded for each nerve included: the course of the C5, C6, and C7
nerve roots relative to the anterior, middle, and posterior scalene
muscles; and the location of convergence of the C5-C6 and C7 roots
to form the main trunk of the LTN relative to skeletal landmarks. Ca-
daver dissection was conducted by the authors in a routine fashion
to prepare for upper extremity and brachial plexus study by pre-
clinical medical students. As the root and proximal part of the LTN
are found deep to the trunks of the brachial plexus, these trunks
were transected and reflected posteriorly proximally and anteriorly
distally. Great care was taken during cleaning axillary fat to expose
the LTN roots without inadvertently cutting roots. In addition to
LTN anatomy, we also report a detailed description of the first slip
of serratus anterior, which we believe may play a significant role in
preventing scapular winging. After complete dissection of the LTN
and its root, photographs were taken at different magnifications
and angles. The appropriate images were imported into CorelDraw
software to make composite figures and adjust brightness, contrast
and labels.

Disclaimer regarding use of human donor patients

This study was performed in the Laboratory of Anatomical Sci-
ences at the University of Toledo College of Medicine and Life Sci-
ences. The cadavers examined in this case were acquired through
the University of Toledo Anatomical Donation program, and the
donor patients had given written informed consent for use of their
remains in research and medical education at the time of enrolling
in the program. All human tissue dissection and specimen prepara-
tion was performed following the appropriate established proto-
cols endorsed by the University of Toledo Department of Graduate
Medical Education. The authors wish to sincerely thank those who
donated their bodies to science so that anatomical research could
be performed. Results from such research can potentially improve
patient care and increase mankind’s overall knowledge. Therefore,
these donors and their families deserve our highest gratitude.

Results

Systematic dissection of the brachial plexus in 21 cadavers
(42 sides) revealed 7 different patterns of long thoracic nerve root
origin, root course relative to the scalene muscles, nerve course
through the axilla, and location of root convergence to form the
main trunk of the LTN (Table 1).

Table 1: Different patterns of C5, C6, and C7 roots of the LTN in relations scalene muscles. Asterisks indicate that C7 always emerged between and

AS and MS in all patterns.

Pattern Pattern I Pattern II Pattern III Pattern IV Pattern V Pattern VI Pattern VII
C 5 root . .
Description of the exit emerged C 5 pierced C5 pierced MS. C 5 pierced MS
oints of C5 and C6 roots C5andCé C5andCo6 between AS | MS and C6 and
p of the LTN C5 and C6 emerged emerged emerged 4 MS emerced C6 emerged be-
between AS and MS | between MS | between AS an betweegn AS tween AS and MS. C6 emerged
Description of the exit . and PS and MS C6 root and MS c7 Contrlbl}lltei';;\/]vo betwe(le\fllsAS and
point of C7 root of the N . pierced MS roots to the
LTN exit * * *
*
Frequency
25 13 8 1 1 1 1
(n)
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Pattern I

(Figure 1) In this pattern, the C5 and C6 roots of the LTN pierced
the MS muscle and emerged as one nerve trunk (Figure 1A, 1B, ma-
genta arrows), hereinafter referred to as the superior root of the
LTN. The superior root of the LTN then ran deep to the trunks and
divisions of the brachial plexus (Figure 1A, 1B, cut and reflected to
better visualize the superior root of the LTN). The C7 root to the LTN
(Figure 1A, 1B, green arrows) emerged from the posterior aspect of
the C7 anterior primary ramus, which continues to form the middle
trunk (MT) of the brachial plexus. We refer to this C7 nerve root to
the LTN hereafter as the inferior root of LTN. The inferior root of the
LTN coursed under the inferior trunk (IT) of the brachial plexus and

subclavian artery (SCA) (Figure 1A, 1B, green arrows). The superi-
or and inferior roots of the LTN (Figure 1A, 1B, magenta and green
arrows, respectively) ran over the superior slip of serratus anterior
(SSSA, outlined in red dashed line in Figure 1A, B) and united to
form the main trunk of the LTN (Figure 14, 1B, white arrows) at the
lower border of the 2nd rib. To further elucidate that the superior
root of LTN, which was presumably originating from the C5 and C6
roots, is in fact arising from C5 and C6, we reflected the superfi-
cial fibers of the middle scalene muscles to show the precise root
contributions. The superior root was in fact receiving contributions
from C5 and C6 (Figure 1C, red and blue arrows, respectively). A
simple illustration of pattern I is depicted in Figure 1D.

-
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Figure 1: The long thoracic nerve anatomy in Pattern I. A) a low magnification image of the scalene triangle which demonstrates the superior
root (magenta arrow) of the LTN piercing the middle scalene muscle. B) a higher magnification image of the scalene triangle showing the
superior (magenta arrow) and inferior (green arrow) roots of the LTN. The inferior root of LTN (green arrow) arises from the C7 root of the
brachial plexus and passes between the anterior and middle scalene muscles. The trunks and divisions of the brachial plexus and the SCA are
cut and reflected anteriorly to show the deep roots of the LTN. The superior and inferior roots of the LTN cross over the SSSA (red dotted line)
and join at the lower border of the second rib to form the main trunk of the LTN (white arrow). C) a higher magnification image of the superior
root of the LTN (magenta arrow) after reflecting the superficial fibers the middle scalene muscle which shows that the superior root of the LTN
receives contribution from C5 (red arrow) and from C6 (blue arrow). D) a simple illustration which summarizes the findings displayed in A-C.
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Pattern II

(Figure 2) In this pattern, the C5 and C6 roots form the supe-
rior root of the LTN (Figure 2A-C, magenta arrows) and emerged
between the MS and PS muscles. The superior root passed laterally,
then curved sharply downward crossing over the SSSA (Figure 24,
SSSA outlined in red dotted line). The inferior root to the LTN (Fig-

ure A-C, green arrows) emerged from the posterior surface of the
C7 anterior primary ramus of the brachial plexus between the AS
and PS and passed directly downward to join the superior root of
the LTN (Fig 2. A-C, magenta arrows) at the lower border of SSSA
to form the main trunk of the LTN (Figure 2A-C, white arrows). A
simple illustration of pattern Il is depicted in Figure 2D.

-

in A-C.

Figure 2: The long thoracic nerve anatomy in pattern Il. A) a low magnification image of the axilla after deep dissection and reflection of the
trunks of the brachial plexus and subclavian artery (SCA). This photo shows an overview of the root contributions, the entire course and the
end of LTN (white arrow). The SSSA is outlined in red dotted line. B) a higher magnification image of the lower area of the interscalene triangle
showing C5 and C6 contributions forming the superior root (magenta arrow). The C7 contribution (green arrow) emerges from the posterior
surface of the C7 anterior primary ramus before it continues as the middle trunk (MT). C) a higher magnification of the lateral angle of the
interscalene triangle showing the details of the superior root (magenta arrow) and inferior root (green arrow) as they unite at the level of the
lower border of the first rib to form the main trunk of the LTN (white arrow). D) a simple illustration which summarizes the findings displayed

/Post Scalene

C5to LTN

C6to LTN

Sup trunk

Mid trunk
Inf trunk

Citation: Adam Pasquinelly, Megan Busch, Patrick Frank, David Giovannucci, Hamoun Delaviz and Adel Maklad*. The Anatomy of the Long Page 4 of 13
Thoracic Nerve Origin, Course, And Branching Pattern: Implications for Long Thoracic Nerve Palsy and Serratus Anterior Dysfunction. Arch
Neurol & Neurosci. 16(3): 2024. ANN.MS.ID.000889. DOI: 10.33552/ANN.2024.16.000889


http://dx.doi.org/10.33552/ANN.2024.16.000889

Archives in Neurology and Neuroscience

Pattern III

(Figure 3) In this pattern, the C5 and C6 roots (Figure 3 B-D,
red and blue arrows) united in the gap between the MS and PS and
emerged as one nerve, the superior root of the LTN (Figure 3A-C,
magenta arrows). The superior root of the LTN passed behind the
superior trunk of the brachial plexus, then above and parallel to it,
and finally dove beneath all trunks of the brachial plexus (Figure
3A, magenta arrow). Only after the trunks of the brachial plexus

Volume 16-Issue 3

were cut and reflected could the superior root of the LTN be seen
again turning caudally (Figure 3B-C, magenta arrows). The inferior
root of the LTN emerged from the posterior surface of C7 anteri-
or ramus of the brachial plexus (Figure 3B-C, green arrows). The
superior and inferior roots of the LTN (Figure 3B-C, magenta and
green arrows) joined high up above the level of the first rib to form
the main trunk of the LTN (Figure 3B-C, white arrows). A simple
illustration of pattern Il is depicted in Figure 3D.

-
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Figure 3: The long thoracic nerve anatomy in pattern Ill. A) a low magnification image of the axilla after deep dissection showing the brachial
plexus, subclavian vessels, and axillary vessels. Other anatomical landmarks are labeled for orientation purposes including sternocleidomastoid,
trapezius, and biceps. This photo also shows the superior root (magenta arrow) of the LTN running above the superior trunk (ST). B) a high
magnification image after the three trunks (ST, MT, IT) were divided to show the roots contributing to the LTN. The superior root (magenta
arrow) formed by contributions of the C5 and C6 roots can be seen deep to the ST of the brachial plexus and the inferior root (green arrow) can
be seen deep to the MT. The two roots of the LTN join above the level of the first rib to form the main trunk of LTN (white arrow). C) a higher
magnification image of the interscalene triangle showing the details of C5, C6 and C7 contributions to the LTN. A C5 nerve branch (red arrow)
arose from C5 primary ramus, and a C6 nerve branch (blue arrow) arose from the primary ramus of C6. The C5 and C6 nerve branches unite
anterior to the middle scalene to form the superior root (magenta arrow) of the LTN. A nerve root emerges from the anterior primary ramus of
C7 and forms the inferior root of the LTN (green arrow). The superior and inferior roots joined at the lower border of the first rib to form the main
trunk of the LTN (white arrow). D) a simple illustration which summarizes the findings displayed in A-C.
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Pattern IV

(Figure 4) Pattern IV was rare, occurring once in the 42 spec-
imens, and unusual in that the C5 root of the LTN emerged be-
tween the AS and MS (Figure 4A-C, red arrows) as seen in pattern
I, whereas the C6 root pierced the MS (Figure 4A-C, blue arrows)
as seen in pattern I. The C5 and C6 roots continued for a relatively
longer distance lateral to the lateral border of the MS, forming a

primary loop before they joined to form the superior root of the
LTN (Figure 4B-C, magenta arrow). The inferior root of the LTN
emerged from the inferior surface of the anterior primary ramus
of C7 (Figure 4A-C, green arrows). The superior and inferior roots
joined (Figure 4, magenta and green arrows) at the lower border
of SSSA (Fig 4A, red dotted line) to form the main trunk of the LTN
(Figure 4 B-C, white arrows) at the lower border of the second rib.
A simple illustration of pattern IV is depicted in Figure 4D.

( N
\e5roottol N
C5 root to LTN
Cé root to LTN
Sup root to LTN
Sup Trunk
Sup Trunk
Sup Trunk
Figure 4: The long thoracic nerve anatomy in pattern IV. A) a low magnification image of the axilla after all trunks of the brachial plexus were
reflected, leaving only the roots and trunks of the LTN. The SSSA is outlined in a red dotted line. B) a higher magnification image of the roots
and cut trunks of the brachial plexus and the roots and main trunks of the LTN. A C5 nerve branch (red arrow) emerges from the C5 primary
ramus anterior to the middle scalene, and a C6 nerve branch pierces the middle scalene (blue arrow). The C5 and C6 nerve branches unite to
form the superior root of the LTN (magenta arrow). A C7 nerve branch emerges from the C7 primary ramus and continues alone as the inferior
root (green arrow). The superior and inferior roots of the LTN join at the level of the second rib to form the main trunk of the LTN. C) the same
view shown in B with higher magnification and more detailed labels. D) is a simple illustration which summarizes the findings displayed in A-C.
N )
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Pattern V

(Figure 5) Pattern V was also rare, appearing only once. In this
pattern, the C5 root (Figure 5A-B, red arrows) emerged as an indi-
vidual root from the belly of the MS and coursed through the axilla

and unlike all other patterns, the C6 and C7 roots (Figure 5A-B, blue
and green arrow) joined at the upper border of SSSA (Figure 5 A-B,
red dotted line) to form the inferior root of the LTN (Figure 5A-B,
green double-headed arrow). Interestingly, before the C6 and C7

roots united, they passed on either side of the suprascapular ar-
tery (SSA) (Figure 5A-B, black arrows). The superior and inferior
roots of the LTN (Figure 5A-B, magenta and green double-headed
arrows) joined at the lower border of SSSA at the level of the second
rib to form the main trunk of the LTN (Figure 5A-B, white arrows). A
simple illustration of pattern V is depicted in Figure 5C.

forming alone the superior root of the LTN (Figure 5 A-B, magenta
arrows) without joining the C6 root. In contrast, the C6 root (Fig-
ure 5 A, B, blue arrows) emerged from the posterior surface of the
C6 anterior primary ramus between the AS and MS. The C7 root
(Figure 5A-B, green arrows) arose from C7 anterior primary ramus,

( ‘ ) )

Post scalene
Crootto LTN

Sup trunk

——Sup trunk

Figure 5: The long thoracic nerve anatomy in pattern V. A) a low magnification image of the axilla after deep dissection with trunks of the
brachial plexus cut and reflected. The C5 (red arrow), C6 (blue arrow) and C7 (green arrow) roots contributions to the LTN (white arrow) are
shown. B) a higher magnification image of the same area in A with more details of the exit points of different roots of the LTN in relation to
the scalene muscles and SSSA (outlined in red dotted line) and their union to form the LTN. The C5 nerve root (red arrow) pierces the middle
scalene and continues downward and alone forms the superior root of the LTN (magenta arrow). The C6 (blue arrow) and C7 (green arrow)
roots emerge anterior to the middle scalene and unite to form the inferior root (green double-headed arrow). As the C6 and C7 roots unite
to form the inferior root, they embraced the suprascapular artery (SSA) arising from subclavian artery (SCA). The superior and inferior roots
(magenta and green double-headed arrow) unite at the level of the 2nd rib to form the main trunk of LTN (white arrow). C) a simple illustration
which summarizes the findings displayed in A and B.
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Figure 5: The long thoracic nerve anatomy in pattern V. A) a low magnification image of the axilla after deep dissection with trunks of the
brachial plexus cut and reflected. The C5 (red arrow), C6 (blue arrow) and C7 (green arrow) roots contributions to the LTN (white arrow) are
shown. B) a higher magnification image of the same area in A with more details of the exit points of different roots of the LTN in relation to
the scalene muscles and SSSA (outlined in red dotted line) and their union to form the LTN. The C5 nerve root (red arrow) pierces the middle
scalene and continues downward and alone forms the superior root of the LTN (magenta arrow). The C6 (blue arrow) and C7 (green arrow)
roots emerge anterior to the middle scalene and unite to form the inferior root (green double-headed arrow). As the C6 and C7 roots unite
to form the inferior root, they embraced the suprascapular artery (SSA) arising from subclavian artery (SCA). The superior and inferior roots
(magenta and green double-headed arrow) unite at the level of the 2nd rib to form the main trunk of LTN (white arrow). C) a simple illustration
which summarizes the findings displayed in A and B.
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(Figure 6) Pattern VI also appeared only once. Here, the C5 root
(Figure 6A-B, red arrow) arose from the inferior surface of the an-
terior primary ramus of C5 to the superior trunk (ST) deeply within
the MS, requiring removal of the superficial part of the muscle to
expose the nerve root. The C6 root of the LTN (Figure 6A-B, blue
arrow) arose from the deep surface of the C6 root of the superior
trunk of the brachial plexus. In contrast to the C5 root, the C6 root
emerged between the AS and MS rather than within the muscle bel-
ly. The C5 and C6 roots were widely separated over the breadth of
the MS, uniting lateral to the lateral border of the MS (Figure 6A-C).
Immediately after the C5 and C6 roots converged, they were joined
by an accessory root from C7 (Figure 6A-B, yellow arrows) that

Pattern VII

arose from the C7 anterior primary ramus. The combined C5, C6
and C7 roots (Figure 6A-B, red, blue and yellow arrows) joined to
form the superior root of the LTN (Figure 6A-B, magenta arrows).
The second C7 root (Figure 6A-B, yellow double-headed arrow)
arose from the anterior ramus of C7 and ran down the surface of the
SSSA muscle to form alone the inferior root of the LTN (Figure 6A-B,
green arrow). The superior and inferior roots of the LTN joined at
the lower border of the second intercostal space to form the main
trunk of the LTN (Figure 6A, white arrow). In summary, C7 has con-
tributed two roots to the LTN in this pattern; one joining the supe-
rior root and the other alone forming the inferior root. A simple
illustration of pattern VI is depicted in Figure 6C.

-

== — Ant. scalene

P.&

C7 root to LTN

Mid. scalene

Figure 7: The long thoracic nerve anatomy in pattern VII. A) a low magnification image after the trunks of the brachial plexus have been
reflected to show an overview of the entire course of the LTN. A C5 nerve branch emerges (yellow arrow) from the C5 primary ramus and
courses downward to independently supply the SSSA (outlined in red dotted line) through two smaller nerve branches (white arrowheads)
without joining the LTN. A C7 nerve branch (green arrow) emerges from the C7 primary ramus and courses downward to directly supply the
SSSA without joining the LTN. The LTN is formed by two roots; one from C6 (red arrow) and a second from C7 (blue arrow). The C6 and C7
roots to the LTN unite above the level of the first rib, i.e., in the root of the neck, to form the main trunk of LTN (white arrows). B) a higher
magnification image of the upper area of A showing the roots of the brachial plexus and their contributions to both the LTN and the independent
nerve to SSSA. C) a higher magnification image of the lower area in A showing the main trunk of the LTN and the independent innervation to
SSSA through the independent C5 and C7 nerve branches. D) a simple illustration which summarizes the findings displayed in A-C.
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(Figure 7) Pattern VII was also seen only once. The C5 nerve
root (Figure 7A-C, yellow arrow) emerged from the C5 anterior pri-
mary ramus, piercing the MS and running over its lateral border to-
ward the center of the posterior triangle, where it divided into two
smaller branches (Figure 7A-C, arrowheads) both terminating in
the SSSA independent of the LTN (Figure 7A-C, SSSA outlined in red
dotted line). The C6 root emerged from the anterior primary ramus
of C6 (Figure 7A-B, red arrows) and alone formed the superior root
of the LTN nerve. The C7 root emerged from the anterior primary
ramus of C7 (Figure 7A-C, blue arrows) to form the inferior root of
the LTN. The superior and inferior roots (Figure 7A-C, red and blue
arrows) united high up in the axilla above the level of the first rib to
form the main trunk of the LTN. Furthermore, two more nerve roots
emerged from the C7 anterior primary ramus to supply the SSSA in-
dependent of the LTN (Figure 7A-C, green arrows). In summary, the
traditionally known LTN receiving contributions from C5-7 did not
exist in this pattern, but rather the LTN was formed only from con-
tributions of C6 and C7 roots, while the SSSA received innervation
from C5 and C7 independent of LTN. A simple illustration of pattern
VIl is depicted in Figure 7D.

Anatomical remarks on the serratus anterior muscle

(Figure 8) The first slip of the serratus anterior arises from the
first and second ribs, just lateral to the costochondral junction, with
a more significant contribution from the second rib than from the
first rib. This slip is known to insert into the anterior surface of the
medial border of the scapula at the angle.[13] However, in all cases
examined in this study, the slip was found to insert into the superior
border of the scapula between the origin of the inferior belly of the
omohyoid and the insertion of the levator scapulae scapula (Figure
8A). The first slip was triangular in shape with an average length

it the shortest slip. The second slip averaged 13cm in length, the
fifth slip averaged 16cm in length, and the eighth (last) slip was the
longest, measuring an average of 20.2cm in length. We also noted
that the first slip was more massive than any other slip in the entire
muscle, averaging 3cm in width and 2.2cm in thickness (Figure 8C);
the remaining slips measured 0.2-0.3cm in thickness (not shown).

Branching pattern of the LTN and innervation of the ser-
ratus anterior muscle

(Figure 8) The distal branching pattern of the LTN was cate-
gorized based on the three zones of the serratus anterior (upper,
middle, and lower) that were consistently innervated by distinct
branches or groups of branches. The upper zone consisted of the
first slip of the serratus anterior, which was fed by 3-4 sizable
branches from the LTN (Figure 94, red arrows). These branches
almost exclusively arose from the superior root of the LTN, usual-
ly from the C5 root. As each branch neared the muscle, it bifurcat-
ed into two smaller branches which then further divided into the
muscle (Figure 8A; arrowheads). The middle zone branches fed the
second, third, and fourth slips. These 5-6 branches were very thin
branches (Figure 9B; red arrows), each bifurcating into thinner up-
per and lower ‘twigs’ (Figure 8B; red arrowheads); the upper twig
appeared to supply the lower border of the muscle slip above it, and
the lower twig appeared to supply the upper border of the muscle
slip below. The lower zone of the serratus anterior consisted of the
lower four slips (Figure 8C). In this zone, the main trunk of the LTN
came to an end and splayed into four to five sizable branches (Fig-
ure 9C; arrows), which diverged away from the main trunk of the
LTN and entered the remaining four slips at different points with
consistent pattern. A simple illustration of the branching pattern of
the LTN and innervation of the different zones of serratus anterior

from origin to insertion of approximately 7cm (Figure 8B), making is depicted in Figure 9D.
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Figure 8: Morphological measurements of the superior slip of serratus anterior. A) a high magnification image of the SSSA which is outlined
in a red dotted line. B) the method used to measure length of the SSSA. C) the cross section of the mid segment of the SSSA showing the
width and thickness.
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Figure 9: Detailed branching pattern of the LTN and different innervation patterns of the serratus anterior muscle. A) the branches of the LTN
to the SSSA. Four branches (red arrows) emerge from the superior root of LTN (C5 and C6 contributions) and supply the SSSA. Each branch
divides into smaller branches (red arrowheads) before diving into the SSSA. B) LTN branches (red arrows) and their terminal branches (red
arrow heads) to the middle 3 slips of the serratus anterior. C) Terminal branches of the LTN (red arrows) to the lower 4 slips of the serratus

Sup root of LTN

J

Discussion

The serratus anterior muscle arises from eight or nine digita-
tions of the upper eight or nine ribs. These eight digitations join to
form a continuous sheet, which runs over the lateral thoracic cage
and inserts into the ventral aspect of the entire medial border of
the scapula [1,13]. The serratus anterior is supplied by the LTN and
functions as: a powerful protractor of scapula to move the arm ante-
riorly; an upward rotator of the glenoid cavity to allow raising of the
arm above the head; and an anchor to keep the scapula tightly at-
tached to the chest wall [1,13]. The serratus anterior is an essential
element to the integrity of the entire shoulder complex, providing

support to the shoulder joint, sternoclavicular joint and functional
scapulothoracic joint [14]. Dysfunction of the serratus anterior due
to either direct muscular injury or LTN insult can cause pain and
loss of function, leading to severe limitations in movements at the
shoulder complex and resulting in significant disability. Since the
serratus anterior is supplied solely by the LTN, isolated serratus
anterior weakness or palsy is typically approached primarily as an
LTN insult, with differential diagnoses including nerve entrapment,
direct nerve injury, and other neuropathies. This study was under-
taken to provide a thorough analysis of the anatomy of the LTN from
its roots to its termination in the serratus anterior muscle, hopeful-
ly serving as an anatomical foundation for a better understanding
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of the etiology of LTN lesions and thus better prevention and treat-
ment of serratus anterior dysfunction.

The course of the LTN is of particular importance to physicians
and surgeons planning interventions at the chest wall. The distal
LTN typically lies superficial to the serratus anterior as it courses
caudally along the lateral chest wall, placing it in danger of iatro-
genic injury during thoracotomy, mastectomy, and other invasive
procedures. Proximally, the LTN may be seen running in one of sev-
eral locations: in the interscalene triangle between the anterior and
middle scalene, within the middle scalene, or between the middle
and posterior scalene, and typically courses caudally deep to the
roots, trunks, and division of the brachial plexus, as described in
this and other studies [1]. A more informed understanding of these
variable anatomical relationships allows for better surgical plan-
ning, avoidance of harmful patient positioning during operations or
imaging, and an overall improvement in patient safety as it relates
to iatrogenic LTN injury.

The LTN'’s course has been studied to identify potential sites of
entrapment or traction that could explain isolated LTN palsy seen
in patients without a known history of thoracic trauma [8,15,16].
The LTN’s long anatomical course through the crowded and highly
mobile regions of the root of the neck and apex of the axilla may
render it susceptible to compression injury by nearby muscle hy-
pertrophy and traction injury during excessive stretching or manip-
ulation of the head and neck. The diagnosis of atraumatic isolated
LTN palsy due to entrapment at the scalene muscles remains con-
troversial; a 2017 retrospective MRI analysis study by Maldonado
et al. [17] identified peripheral nerve or skeletal muscle changes
beyond the LTN and its target muscles in all 7 patients in the study
population that had been diagnosed with atraumatic isolated LTN
palsy, suggesting a regional inflammatory etiology rather than a
true focal entrapment neuropathy. In contrast, there have been sev-
eral case reports published that describe participants of activities
with exaggerated abduction and external rotation of the shoulder -
like archers, swimmers, people working with their hands overhead
for a prolonged time, and some weightlifters - that have developed
shoulder weakness and scapular winging associated with LTN palsy
[8,16,18-21]. This overuse of the scalene muscles has been linked
to LTN entrapment and subsequent serratus anterior paralysis,
which responds well to surgical release of the LTN from surround-
ing tissue, implying mechanical compression as an etiology of the
neuropathy [22].

Another explanation for isolated LTN injury in these patients
is traction to the nerve during prolonged or exaggerated shoulder
motions that stretch the nerve between two relatively fixed attach-
ment points, such as its emergence from the MS and its destina-
tion in the SSSA [23]. Makela et al. described isolated LTN palsy
in Finnish military recruits carrying heavy backpacks during field
work, and hypothesized that prolonged shoulder retraction with
heavy load carriage may cause traction injury to the nerve [24].
Interestingly, the results of EMG studies in patients with isolated
LTN palsy do not appear to correlate with either clinical recovery
over the natural course of the disease or with intraoperative LTN
excitability during decompression and/or nerve transfer surgeries,
further clouding the explanation [25]. The complex origins, course,
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and branching patterns seen in this study demonstrate the pres-
ence of significant variability of the LTN between individuals, and
also indicate a potential consequence of that variability as it intro-
duces sites of possible entrapment and traction by nearby struc-
tures. We have reported seven different patterns of LTN nerve root
emergence points as well as different locations where the primary
roots (C5, C6, C7) converge into their respective secondary roots.
Another source of variation in the LTN anatomy is where the sec-
ondary roots - the superior (C5 and C6) and the inferior (C7) roots
- join, ranging from the root of the neck above the first rib to the 3rd
intercostal space. Such variations in the site of union of the prima-
ry roots and secondary roots can introduce significant variation to
the length of the LTN between individuals, and therefore influence
the nerve’s tolerance to stretch with movement. For example, pa-
tients with a similar LTN course to Pattern V in this study may be
relatively more prone to irritation or anchoring of the nerve by the
suprascapular artery, predisposing them to LTN pathology. Similar-
ly, Patterns I, IV, and V all involved nerves or nerve roots piercing
scalene muscle bellies, which are also potential sites of entrapment.

Among our sample set, we have also noted more than 10 deli-
cate branches emerging from the LTN to supply different zones of
the serratus anterior as the nerve courses superficially to the mus-
cle, causing the nerve to appear as if pinned down to the muscle
from the first intercostal space to its termination (Figure 9). This
unique branching pattern may limit the nerves tolerance to move-
ment regardless of the length of the nerve. Constant movement
of the shoulder seen in sports mentioned above may either put a
strain on the relatively fixed nerve or may place constant tension
on these tiny branches, potentially causing microtears in the nerve
fibers which may not be evident in any imaging modality. Regard-
less of pattern, the superficial nature of the LTN as it relates to the
serratus anterior almost certainly contributes to its vulnerability
to trauma and mechanical entrapment. While most major motor
nerves in the body are protected in deep neurovascular bundles
and shielded from external damage by muscle tissue and fascia, the
LTN rests superficially on the serratus anterior just below the skin
and subcutaneous tissue. Though the full development of the ser-
ratus anterior muscle is not entirely clear, the prevailing theory is
that the serratus anterior’s embryological origin in the cervical my-
otomes may indicate that it attaches to the trunk before extending
into the limb bud, which would occur before full LTN development
and would thus leave the muscle deep to the nerve [1,13,26,27].

Another curious anatomical observation we noted was the size
disparity between the first slip and the remaining slips of serratus
anterior. The superior was the thickest slip at 22mm compared to
all other slips at ~2mm. Similarly, the width of the superior slip was
roughly double that of any other slip. However, the superior slip’s
length (7cm) was less than half the length of the 4th slip (16 cm)
and less than one-third of the length of the 8th slip (22cm) (Figure
8). Although more massive in breadth and thickness, the short span
of this slip decreases the arm of force of the 1st slip in the lever sys-
tem and significantly decreases the moving torque of this slip. It is
possible that the superior slip is not as significant in terms of move-
ment produced by serratus anterior, but rather may serve as an ex-
tensible, dynamic check ligament that that stabilizes scapula and
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preserves the integrity of the shoulder complex by preventing ex-
cessive elevation, retraction and rotation of the scapula. Therefore,
sports that requires excessive retraction, elevation, and extension
of the shoulder may result in a traumatic myopathy from repeated
stretching of this slip; the winging of the scapulae observed in select
cases of these sports may be a pseudoparalysis from superior slip
weakness similar to that seen rotator cuff pathology, rather than an
LTN injury. We are currently testing this hypothesis by selectively
dividing the superior slip of serratus anterior and testing scapular
movement and winging in a surgical-reality embalmed cadaver, and
plan to present this data in a later manuscript.

Possible non-mechanical etiologies of atraumatic isolated
LTN palsy include neuralgic amyotrophy, also known as Parson-
age-Turner syndrome, which is believed to be immune-mediated
and is strongly associated with viral infections [28,29]. Neuralgic
amyotrophy is a poorly understood peripheral nerve dysfunction
that usually affects the nerves of the brachial plexus - most often
the LTN - and presents with shoulder pain and sustained scapular
elevation, followed by muscle weakness, paralysis, and atrophy in
the ensuing weeks and months [28]. Though it has been shown to
have associations with viral illnesses, a definitive cause of neuralgic
amyotrophy has not been established, and thus it is not always dif-
ferentiable from entrapment neuropathy of the LTN.

The most obvious limitation of this cadaver study is the lack
of any clinical correlation between LTN pattern and presence of
LTN entrapment symptoms or palsy. While our sample size of 42
LTNs on 21 cadavers is not terribly underpowered, the fact that sev-
eral patterns were seen only once would indicate that other LTN
variations are likely present in the general population that we did
not see in our sample. Future studies with larger sample size and
potential clinical correlation with living medical history would be
beneficial for a better understanding of LTN course variation and its
relationship to serratus anterior dysfunction. Furthermore, com-
puter-assisted modeling of the LTN’s dynamic relationships to tho-
racic structures and measurement of subsequent tension or com-
pression forces on the nerve during shoulder motions may be an
interesting addition to future research if this software is available.

Conclusions

Long thoracic nerve palsy resulting in dysfunction of the ser-
ratus anterior muscle can have multiple etiologies, including both
traumatic and atraumatic causes. Atraumatic isolated LTN pal-
sy due to entrapment or traction is not well understood and may
be more prevalent with certain anatomical variants of LTN nerve
course as well as with certain activities. This cadaver study demon-
strated seven different LTN branching patterns in a sample of 42
LTNs from 21 donor patients, some of which may predispose the
nerve to mechanical entrapment with muscle overuse or traction
during movement. A better understanding of the LTN’s most com-
mon course variations will not only enable clinicians to better avoid
iatrogenic LTN trauma during procedures, but also aid in workup
for serratus anterior dysfunction by identifying potential mechani-
cal etiologies for nerve palsy.
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