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Abstract

Recurrent laryngeal nerve palsy is a common post-operative complication of many head and
neck surgeries. Theoretically, the best treatment to restore partial function to a damaged recur-
rent laryngeal nerve would be reinnervation of the posterior cricoarytenoid muscle via anasto-
mosis of the recurrent laryngeal and phrenic nerves. The pig is an excellent model of human
laryngeal anatomy and physiology but a more thorough knowledge of porcine laryngeal anato-
my is necessary before the pig can be used to improve existing surgical strategies, and develop
new ones. This study first identifies the three most common recurrent laryngeal nerve branching
patterns in the pig. Secondly, this study presents three-dimensional renderings of the porcine lar-
ynx onto which the recurrent laryngeal nerve patterns are accurately mapped. Lastly, heat maps
are presented to display the spatial variability of recurrent laryngeal nerve trunks and primary
branches on each side of 15 subjects (28 specimens). We intend for this study to be useful to
groups using a porcine model to study posterior cricoarytenoid muscle reinnervation techniques.
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Introduction

Vocal cord paralysis is a common post-operative complication of head and neck
procedures that is caused by damage to the recurrent laryngeal nerve (RLN) (Li et
al., 2013). Vocal cord paralysis can cause respiratory compromise if innervation to the
posterior cricoarytenoid muscle (PCA) is compromised. PCA dysfunction renders the
vocal folds unable to abduct, yielding respiratory compromise. In theory, the most
effective way to correct this problem would be to selectively reinnervate the PCA (Li
et al., 2013). Reinnervation of the PCA has been achieved via anastomosis of the RLN
with the phrenic nerve in both human and animal models (Crumley, 1983; Jacobs et
al., 1990; Sanders et al., 1993; van Lith-Bijl et al., 1998). The phrenic nerve is the best
choice for anastomosis with the RLN because the two nerves are compatible in histo-
logical, electrophysiological, and anatomical parameters (Crumley, 1983; Jacobs et al.,
1990; Sanders et al., 1993; van Lith-Bijl et al., 1998). In theory, phrenic/RLN anasto-
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mosis would be the best treatment for vocal cord paralysis (Li et al., 2013) but current
methods are not consistently successful. Improvements need to be made to this surgi-
cal technique to increase its effectiveness.

Animal models have long been used to develop and improve surgical strategies
for use on human patients. Animal model selection for surgical development is gen-
erally dependent on how analogous a particular animal is to human anatomy. The
pig larynx is the most similar to that of humans in its anatomy (Gorti et al., 1999),
neuroanatomy (Stavroulaki and Birchall, 2001), mucosal histology (Gorti et al., 1999),
and phonatory characteristics (Jiang et al., 2001; Knight et al., 2005) among the various
animal models that have been used in past studies. Due to these similarities between
human and porcine laryngeal anatomy the pig is the ideal choice for the development
and improvement of PCA reinnervation surgical procedures. As with any surgery a
detailed understanding of the anatomy and possible anatomical variations is necessary
so that effective pre-clinical studies can be developed using the porcine model.

Traditional anatomy atlases contain detailed 2D drawings of body structures. A
two dimensional atlas does not include vital information that well planned surgery
requires such as the depth of a particular structure, its precise distance from sur-
rounding structures, and the spatial relationships between different tissues. 3D ana-
tomical representations of body structures reflect true anatomical arrangement and
eliminate the risk of misrepresentation of 3D structures that is common amongst 2D
diagrams. Currently this type of spatial information is available through dissection
experience, exploratory surgery and a few imaging techniques. Various techniques
exist to obtain images of anatomical structures that are accurate in three dimensions,
such as volume rendering (Coll et al., 2000; Lawler and Fishman, 2001), but these
techniques require expensive computerized tomography equipment and are only
available to researchers with access to medical facilities. Surgical planning, anatomi-
cal education and preclinical research would greatly benefit from easy access to accu-
rate 3D representations of anatomical structures.

In this study we present data-driven 3D models of the porcine RLN to be used for
anatomical education and for planning surgical experiments of PCA reinnervation.
Each nerve is shown in accurate relation to surrounding laryngeal structures includ-
ing the thyroid and arytenoid cartilages, PCA, epiglottis, and trachea. This study is
intended to be useful to research groups using the pig to improve and further devel-
op PCA surgical reinnervation strategies.

Materials and Methods
Animals

Fifteen porcine larynges used in this study were donated by Circle V Meats (Span-
ish Fork, Utah). From the 15 larynges 28 RLNs were undamaged during the excision
process and were used in the study. Larynx specimens were opportunity samples
obtained from animals that were sacrificed for commercial purposes over the course of
one month. Excess tissue was removed from each specimen leaving only cartilage, tra-
chea, esophagus, laryngeal nerves, and intrinsic muscles of the larynx. A 10% formalin
solution was used to fix and preserve the larynges for storage prior to dissection.
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Dissection of the porcine recurrent laryngeal nerve

Great care was given during dissection to maintain the structural integrity of each
RLN in all specimens. The RLN trunk was identified in the tracheoesophageal groove
just inferior to the level of the cricoid cartilage. Careful dissection techniques were
used to prevent displacement of RLNs from surrounding fascia and tissue. The RLN
trunk was followed superiorly using blunt dissection until primary branching began.

From the point of primary branching through individual branch termination
a more delicate visually controlled method was used to clearly expose the unique
branching pattern of each nerve specimen. The superficial surface of the primary
and secondary nerve branches were exposed distally while leaving the lateral and
deep aspects of the nerve imbedded in fascia. For each dissected nerve specimen,
the branching pattern was photographed, drawn, and digitized with a MicroScribe
G apparatus (GoMeasure3D, Amherst, VA) for subsequent categorical analysis and
modeling.

MicroScribe 3D digitization

Each RLN trunk was digitized in 1 mm increments starting at the level of the pos-
terior inferior border of the thyroid cartilage, then proceeding distally through pri-
mary and secondary (where possible) branching. The medial and inferior borders of
the ipsilateral thyroid cartilage, epiglottis, and the line of cricoid cartilage visible at
the midline of the PCA were also digitized along with each nerve specimen to insure
accurate spatial placement of RLNs during the generation of 3D models. The data
points acquired from RLN digitization were imported into Maya (Autodesk, San
Rafael, CA) and used to create a 3D rendering of each nerve specimen.

Heat map

We captured a posterolateral en face view of each RLN rendering from the same
angle and imported the image into Photoshop CC (Adobe Systems, San Jose, CA).
Each digitized thyroid cartilage and epiglottis with its accompanying RLN recon-
struction was linearly scaled to a reference 3D reconstruction, resulting in an anatom-
ically comparable spatial composite of all 28 specimens. The RLNs were masked in
each of the layers of the composite, and converted to grayscale at 50 % opacity. Then
the composite was flattened and pseudo-colored to generate a heat map that quali-
tatively shows the likelihood of finding an RLN branch in a given location (Wisco et
al., 2012). We also created a composite of registered RLN trunks to depict variation in
mediolateral trunk location.

Results

Porcine recurrent laryngeal nerve anatomical variations

We identified three common RLN branching patterns in the pig. Primary branch-
ing varied in location of bifurcation from the RLN trunk and in the total number of
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Figure 1 — The three prevailing branching patters of the porcine recurrent laryngeal nerve. 25 specimens
were dissected and analyzed. A. The most common variation of the RLN was found in 44% of observed laryn-
ges. B. The second most common RLN branching pattern was found in 32% of larynges. C. The least common
RLN branching pattern was found in 24% of larynges.

branches. The lateral secondary RLN branch innervated the interarytenoid, thyroar-
ytenoid, and lateral cricoarytenoid muscles in various terminal distributions to facili-
tate vocal fold adduction. Innervation of the PCA muscle was conserved among all
specimens via projections of the medial primary branch of the RLN trunk but we also
observed substantial distal variation in branching before branch termination into the
muscles of the larynx. Figure 1 exhibits the three main variations of primary RLN
branching in the pig.

Our data suggests that of the three primary porcine branching patterns, A is
the most common, being found in 44% of larynges dissected. Specimens exhibiting
branching pattern A all possessed the following attributes; the most proximal branch
to diverge from the RLN trunk was a medial primary branch which bifurcated into
two secondary branches both of which clearly went on to innervate the PCA muscle.
The second branch to arise from the RLN trunk was a lateral primary branch that
split into various small terminal branches all of which ran away from the PCA to
innervate the laryngeal adductor muscles. Distal to the lateral primary branch there
was the middle primary branch which also innervated the intrinsic laryngeal adduc-
tor muscles.

The second most common pattern, B, in which three primary branches (medial,
middle, and lateral) arose from the RLN trunk simultaneously, occurred in 32% of
our specimens. In all specimens of pattern B, the medial primary branch innervated
the PCA along with half of the terminal branches of the middle primary branch. The
other half of the terminal branches of the middle primary branch ran away from the
PCA and targeted adductors along with the lateral primary branch.

Pattern C was found in 24% of our larynx specimens. RLNs that exhibited branch-
ing pattern C possessed two primary branches, one medial and one lateral arising
from the RLN trunk concurrently. The medial of these two branches further diverged
into a superior, middle, and inferior secondary branches as it projected toward the
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Figure 2 - Images of cadaveric porcine larynx specimens that are representative of the three major RLN
branching patterns. Cadaveric images are accompanied by 3D renderings showing precise RLN place-
ment in relation to other structures within the larynx. The nerve has been highlighted for clear view-
ing, with the RLN trunk and primary branching shown in green and secondary branches shown in pur-
ple. a-c: Images of branching pattern A, the most common porcine branching pattern. c-d: Images of
branching pattern B, the second most common pattern. g-i: Images of branching pattern C, the least
common pattern.

PCA. The most superior of these secondary branches appeared to run supero-laterally
and possibly innervated vocal fold adductors, whereas the middle and inferior sec-
ondary branches clearly innervated the PCA.

3D laryngeal representation

The MicroScribe data for each nerve and reference structure was imported into
Maya and rendered into a 3D model. After each of the RLN specimens was carefully
fit onto an individual larynx scaffold rendering, three bilateral larynges were select-
ed for inclusion in Figure 2. Each of the three larynges selected represent one of the
three major RLN primary branching patterns found in the pig. Figure 2 illustrates the
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Figure 3 - A heat map depicting the relative spatial variability from one RLN specimen to the next; n=28.
The left column represents left nerve specimens and the right column represents the right nerve specimens.
a, b: Relative spatial location of the left and right RLNs respectively. ¢, d: Comparison of RLN primary branch-
ing patterns amongst left and right RLNs respectively after the trunks were registered together by the RLN
trunk and its primary branching point.

best dissection of a specimen for each of the three patterns, and a representative 3D
model of the same branching pattern. Each row of the figure accurately shows where
the recurrent laryngeal nerve sits within the larynx. Renderings of all of our speci-
mens can be viewed through The National Repository for Laryngeal Data which can
be freely accessed at www.nrld.org.

Heat maps

Figures 3a and 3b depict the relative spatial location of each RLN within the lar-
ynx and represent the probability of finding the RLN in a given area. Our data show
that the RLN on the right side of the larynx has a more consistent and predictable
medial/lateral RLN trunk location as indicated by the solid red areas (Figure 3b).
The RLN on the left side of the larynx displays higher variability in RLN trunk and
branch location (Figure 3a).
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Figure 3c and 3d depict the RLN and its branching pattern after the RLN trunks
were linearly registered.

Discussion

Our data suggest that the medial/lateral position of the nerve is more consist-
ent on the right than the left side of the larynx (Figure 3a and 3b). This information
is important for two reasons. First, the variability of left RLN location could make
it more vulnerable to accidental transection during head and neck surgery. If the
human larynx were to possess a similar dichotomy between the right and left RLN,
this would need to be included in surgical planning to avoid accidental damage.

Second, this finding is also relevant when considering phrenic/RLN anastomosis
for PCA reinnervation surgery. Because the variability of nerve position is greater on
the left it could be more difficult to use left RLNs in PCA reinnervation via phrenic
nerve anastomosis. It has been shown that the left phrenic nerve is the best choice to
use in an RLN anastomosis procedure (Li et al 2013). Our data suggest that the right
RLN is an easier choice for anastomosis in porcine experimental surgery because its
position is more consistent. Unfortunately the right RLN, which is more consistently
located, is contralateral to the left phrenic nerve.

However, we also showed spatial variations in the primary branching pattern of
the porcine RLN (Figure 3¢ and 3d). It is interesting to note that although the right
RLN as a whole is more consistently found in the same place, the primary branches
of right RLNs exhibit much more variation in location. In contrast, the branches on
the left RLNs are quite congruent. Not only are they consistent in location, they are
often found to display the same anatomical branching pattern.

The images and models of porcine laryngeal anatomy presented in this study
were created to be useful to those studying PCA reinnervation techniques in a por-
cine model. Our images and models could also be used in an educational setting to
easily illustrate accurate 3D relationships between laryngeal structures. Observations
made from our heat maps regarding discrepancies in right/left structural location of
the recurrent laryngeal nerve also raise interesting questions that should be exam-
ined in the human larynx. If the human larynx were to possess a similar dichotomy
between the right and left RLN, this would need to be included in surgical planning
to avoid accidental damage.
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