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Abstract

Objectives/hypothesis: Composite vocal fold (VF) biomechanical data are lacking for
augmentation after recurrent laryngeal nerve (RLN) injury. We hypothesize resulting
atrophy decreases VF stiffness and augmentation restores native VF biomechanics.
Methods: Sixteen Yorkshire Crossbreed swine underwent left RLN transection and were
observed or underwent carboxymethylcellulose (CMC) or calcium hydroxyapatite (CaHa)
augmentation at 2 weeks. Biomechanical measurements (structural stiffness, displace-
ment, and maximum load) were measured at 4 or 12 weeks. Thyroarytenoid (TA) muscle
cross-sectional area was quantified and compared with two-way ANOVA with Tukey's
post hoc test.

Results: After 4 weeks, right greater than left structural stiffness (mean + SE) was
observed (49.6 + 0.003 vs. 28.4 + 0.002 mN/mm), left greater than right displace-
ment at 6.3 mN (0.54 + 0.01 vs. 0.46 + 0.01 mm, p < .01) was identified, and right
greater than left maximum load (72.3 + 0.005 vs. 40.8 + 0.003 mN) was recorded. TA
muscle atrophy in the injured group without augmentations was significant compared
to the noninjured side, and muscle atrophy was seen at overall muscle area and indi-
vidual muscle bundles. CMC augmentation appears to maintain TA muscle structure
in the first 4 weeks with atrophy present at 12 weeks.

Conclusions: VF biomechanical properties match TA muscle atrophy in this model, and
both CMC and CaHa injection demonstrated improved biomechanical properties and
slower TA atrophy compared to the uninjured side. Taken together, these data provide a
quantifiable biomechanical basis for early injection laryngoplasty to improve dysphonia
and potentially improve healing in reversible unilateral vocal fold atrophy.

Level of evidence: N/A
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1 | INTRODUCTION

Vocal fold paralysis, paresis, and atrophy are commonly treated with
vocal fold augmentation, or injection laryngoplasty, to improve vocal func-
tion, breathing, and airway protection.? Providing bulk to the affected
vocal fold(s) increases vocal fold contact area, improving control of glottic
closure and mucosal wave generation with little to no recovery time
required. Particularly in the setting of injury with potential for nerve
recovery, resorbable materials such as carboxymethylcellulose (CMC),
hyaluronic acid (HA), and calcium hydroxyapatite (CaHa) are common
injectates in vocal fold augmentation.>* However, these injectable mate-
rials vary in viscoelastic properties and resorption rates, complicating their
effect on vocal fold biomechanics.® Improved understanding of laryngeal
biomechanics after injection laryngoplasty may guide appropriate thera-
peutic intervention and optimize our current management of dysphonia.

Vocal fold atrophy after denervation has been examined in a vari-
ety of animal models and documented in the aging human larynx.®~*?
While degree of atrophy and involved musculature may vary based
upon mechanism, chronicity, and location of injury, a causative rela-
tionship between atrophy and voice production remains unstudied.
Furthermore, the thyroarytenoid (TA) muscle appears to maintain nor-
mal contractile force in chronic vocal fold immobility, suggesting mul-
tifactorial etiology of dysphonia in vocal fold atrophy and paresis.*®
Additionally, data regarding the effects of therapeutic intervention on
vocal fold atrophy or paresis have been limited. Injection laryngoplasty
with HA has been shown to promote viscoelastic properties closer to
native vocal fold, but these studies have been sparse and limited HA
used in rodent models.** ¢ To date, no studies examining CMC and
CaHa, two of the most common materials used in vocal fold augmen-
tation, have been published. Similarly, while some recent studies have
examined the effect of stem cell or gene therapy on slowing vocal fold
atrophy or promoting laryngeal muscle regeneration, these studies
have been sparse and limited to animal models to date.>”~?

Current studies on effects of recurrent laryngeal nerve (RLN) injury
have been largely limited to morphologic assessments and electromyo-
graphic measurements of laryngeal musculature.’°2® Biomechanical
properties of vocal folds, particularly vocal fold stiffness, have been well
described governing generation of symmetric and periodic mucosal
waves, and thus regulating voice production.?’-3! However, unique
laryngeal geometry poses challenges for the application of traditional
mechanical measurement techniques, as most instruments are too large
or require minimal geometric variations in the area of interest. To over-
come this, various mechanical testing techniques have been adapted to
measure vocal fold biomechanical properties.?”-?8 Histologic and micro-
computed tomography (microCT) scans have been utilized to correlate
vocal fold biomechanical property variations with soft tissue morpho-
logic differences, but lack the granularity needed for sub-millimeter
analysis of vocal fold layers. Computational models of the larynx have
provided insight into laryngeal fluid dynamics and biomechanical prop-
erties, but have limited clinical predictive ability.*2%¢ Largely due to
these limitations, no data to date exists regarding the natural history of
progressive vocal fold muscle atrophy after RLN injury and resulting

changes in laryngeal biomechanics.

In order to improve the reliability of composite vocal fold biome-
chanical property assessment, we previously described a novel tech-
nigue to measure tissue biomechanics in the intact hemilarynx that
permits for the assessment of the intact composite vocal fold structure
to incorporate interactions of the vocal folds, lamina propria, and epi-
thelium.3”*® By taking advantage of unique microindentation tech-
nigues, as well as nanodynamic mechanical analysis, we demonstrated
the ability to overcome these geometric challenges and collect mean-
ingful data.?”-* Our improved vocal fold biomechanical property mea-
surement resolution also allowed for measurement of biomechanical
changes during vocal fold wound healing.

As no current data exist on biomechanical composite vocal fold tis-
sue properties after vocal fold injection augmentation, we designed a
study to® quantify intact vocal fold biomechanical structural property
differences after RLN injury and? quantify vocal fold biomechanical dif-
ferences between CMC and CaHa after injection augmentation for RLN
injury. We hypothesized that vocal fold biomechanical properties would
vary from native vocal folds after RLN injury with progressive ipsilateral
muscle atrophy and potential contralateral hypertrophy resulting in
decreased stiffness, decreased elasticity, and increased displacement at
a set force. Additionally, we hypothesized that CMC and CaHa would
variably approximate native vocal fold biomechanical properties in RLN
injuries and that these properties would change with time. For the cur-
rent study, we quantified vocal fold structural stiffness, displacement at
a set force, and TA muscle diameter over time after nerve tran-
section and with augmentation with CMC or CaHa.

2 | MATERIALS AND METHODS

21 | Overview

After approval from the U.S. Air Force 59th Medical Wing Institutional
Animal Care and Use Committee (protocol FWH20190101AR), 16 York-
shire crossbreed swine (Sus scrofa) underwent left RLN transection, as
the left side is most commonly injured from surgical management of neck
and spine pathology.®’~#® Study groups were RLN transection alone,
RLN transection with CMC injection, and RLN transection with CaHa
injection. Animals were sacrificed at either 4 weeks postoperatively to
assess for early post-injection results, clinically correlating with optimized
post-procedural voice, or 12 weeks postoperatively to assess for waning
post-injection results, clinically correlating with early return of dysphonia.
All laryngeal specimens were harvested and underwent biomechanical

and histological assessment of bilateral vocal folds.

2.2 | RLN transection

Swine were anesthetized via intramuscular injection of Telazol® or
Telazol (4.4 mg/kg IM and Ketamine 2.2 mg/kg IM) and maintained
using isoflurane as needed for anesthesia with vital signs monitored.
Analgesia included Buprenorphine 0.01-0.05 mg/kg IM. Swine were
placed supine and the anterior cervical area was prepped with
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povidone-iodine solution after the area was pre-shaved. After the
incision site was injected with 2 cc of 1% with 1:100,000 lidocaine/
epinephrine and under sterile dissection, the left RLN was identified
near the cricothyroid joint and a 2 cm portion of the nerve was

excised to prevent any potential reanastamosis.

2.3 | Directlaryngoscopy and vocal fold
augmentation

After 14 days and anesthesia via intramuscular injection of Telazol (4.4 and
Ketamine 2.2 mg/kg IM) and isoflurane maintenance, swine underwent
direct laryngoscopy while spontaneously ventilating to confirm left vocal
fold immobility. Swine in the CMC or CaHa groups then underwent left
vocal fold injection augmentation as well. A zero-degree, 30 cm-long tele-
scope (Karl Storz Co., Culver City, CA) coupled with a camera was passed
through the laryngoscope to maximize visualization. Injection augmentation
proceeded under direct visualization with injection of 0.5 cc of CMC
(Prolaryn Gel™, Merz North America Inc.,, Raleigh, N.C. USA) or CaHa
(Prolaryn Plus™, Merz North America Inc., Raleigh, N.C. USA) just lateral to

the left vocal fold bringing the injured vocal fold just past midline.

2.4 | Euthanasia and harvest

Swine were euthanized at study end points using 100 mg/kg IV pen-
tobarbital, and then the larynx was harvested and immediately sec-
tioned in the sagittal plane taking care to preserve the anterior
commissure intact as done in our earlier studies.3”>® Specimens were
then frozen at —80 F until further analyses.

2.5 | Biomechanical analysis

Prior to mechanical testing, samples were thawed, fixed to a Plaster of
Paris mold, and submerged in phosphate buffered saline (PBS) to main-
tain moisture as previously described.** Each specimen was positioned
beneath a camera to align a template with predetermined indentation
points along the vocal fold and regions of interest (Figure 1A). A 5 mm
spherical indenter with an indentation velocity of 2 mm/s and an ampli-
tude of 1 mm was used on a Biomomentum Mach-1 v500css (Laval,
Quebec, Canada) mechanical tester with a 1.5 N uniaxial load cell. The
structural stiffness at an indentation depth of 1 mm and displacement at
a set force of 6.3 mN was measured using our previously described vocal
fold indentation method.** The maximum load (N), corresponding to the

peak load of the data curve, was also assessed across samples.

2.6 | Histological analysis
To quantify the TA muscle atrophy and evaluate the impact of the
injectable materials on surrounding tissue, cross sections were collected

from the anterior, middle, and posterior vocal folds. Figure 2 illustrates
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FIGURE 1 Evaluation of Mechanical Properties by indentation

following laryngeal nerve injury and vocal fold augmentation.

(A) Swine larynx specimen with indentation point mapping grid
overlaid and inset indicates region selected for analysis along the
midportion of the vocal fold. (B, C) Structural stiffness (N/mm), (D, E)
displacement (mm), and (E, F) maximum load (N) were investigated
after 4- and 12-weeks respectively for three groups after laryngeal
nerve injury featuring augmentation with two composites (CMC,
CaHa) and no treatment. Highlighted region includes indentation
points of interest. (statistically significant differences are indicated by
* < .05, ** < 0.01, *** <.001, *** < .0001)

the sample collection for histological evaluation after mechanical char-
acterization. Briefly, samples were cut perpendicularly to the vocal fold

to 5mm (thickness) cross-section cuts using high-profile histology
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FIGURE 2 Histological methodology
on the evaluation and quantification of
the thyroarytenoid muscle. (A) 5 mm
thick tissue sections collected from the
back, middle, and front containing the
vocal fold, subglottis, and supraglottis.
(B) Tissue cross-section collected for
histological evaluation before the fixation
in formalin. (C) Tissue sample slide

stained with H&E for histological
evaluation and muscle area
quantification. (D) Thyroarytenoid muscle
area detected and marked in the
histology image was successively
quantified using ImageJ.

blades. Then, samples were fixed in 4% formalin solution and subse-

quently were mounted in disposable embedding molds filled with OCT
compound. Molds containing the tissue cuts and OCT compound were
stored at —80°C prior to sectioning. Frozen tissue segments were cut to
a tissue thickness of 14 pm using a cryostat (Epredia™ NX70, Kalamazoo,
MI) and thaw-mounted on glass slides. Slides were maintained at room
temperature in the room temperature for 1 h to dry. To improve the
adhesion of the tissue slices to the glass slides, slides were kept in chilled
acetone at —20°C for 10 min. Subsequently, slides were hydrated with
deionized water prior to staining. Samples were first stained with hema-
toxylin and eosin. Finally, stained tissue slides cuts were imaged with
MoticEasyScan Pro 6 Slide Scanner (Motic Instruments, Schertz, TX) at
20x and 40x. TA muscle cross sectional areas were quantified using
Image) software (v1.8.0, NIH Image, Bethesda, MD) (Figure 2D).

2.7 | Statistical analyses

The structural stiffness at the desired depth of 1 mm was determined by
dividing the normal force at 1 mm by the indentation amplitude (1 mm).
The displacement necessary to reach a normal force of 6.3 mN and maxi-
mum load were determined from the normal force versus normal position
curves. The load 6.3 mN was selected because it was the smallest maxi-
mum load recorded across all specimens. Given the varying laryngeal
dimensions across samples, indentation points were subdivided into zones
corresponding to the anatomic regions of the vocal fold (free margin ante-
rior, mid, or posterior, and distance towards the subglottis). Data collected
from each indentation point within their respective zone were catego-
rized based on their treatment group (no treatment, CMC, CaHa) and
study endpoint (4 weeks, 12 weeks). Two-way analysis of variance
(ANOVA) followed by Tukey's multiple comparisons testing was con-
ducted with GraphPad Prism (v9.3.1 for Windows, San Diego, California).
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FIGURE 3 Thyroarytenoid muscle area in injured and noninjured
sides. (A) The muscle area in the back, middle and front parts of the
vocal cord in the injured and noninjured side for each animal is
measured after 4 and 12 weeks to demonstrate the impact of nerve
injury on different regions of the vocal cord. Statistically significant
differences are indicated by *p < .05. (B) Histological evaluation of
thyroarytenoid muscle-only as an indication of the muscle atrophy
after 12 weeks. This image is representative of the middle section of
this muscle with and without the injury as the injured side shows a
significantly different muscle area compared to the noninjured side.

3 | RESULTS

3.1 | Structural stiffness

Following 4 weeks, the structural stiffness (mean + SE) on the right
(49.6 +0.003 mN/mm) was significantly greater than the left
(28.4 = 0.002 mN/mm, p < .0001) across groups (Figure 1B). On the
left side, augmentation with CMC (36.5 + 0.003 mN/mm) presented a
structural stiffness larger than with CaHa (20.5 + 0.001 mN/mm) at
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this time (p = .02). On the right, CMC augmentation produced a struc-
tural stiffness greater than both CaHa and no treatment (p = .014).
Assessment at 12 weeks identified that right sided structural stiffness
(38.7 mN/mm £ 0.002) remained greater than left (27.2 mN/mm
+ 0.001) (Figure 1C). For the no treatment and CMC augmentation
groups, right structural stiffness was greater (p < .01). Right vocal fold
structural stiffness after left sided CMC augmentation was higher
compared to the right vocal fold in the left sided CaHa injection

group (p = .024).

3.2 | Displacement

The displacement (mean + SE) at 6.3 mN for the left (0.54 + 0.01 mm)
was greater than the right (0.46 + 0.01 mm) after 4 weeks (p < 0.01)
across all treatment groups (Figure 1D). There was greater displace-
ment in specimens (left side) with CaHa (0.58 + 0.01 mm) augmenta-
tion than CMC (0.48 £ 0.01 mm) at this time (p < 0.01). After
12 weeks, the displacement at the set force remained similar in the
left (0.54 + 0.01 mm) and decreased in the right (0.44 + 0.01 mm)
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FIGURE 4 Histological evaluation of vocal cord in injured and noninjured groups and the impact of treatments on the morphological
characteristics and measurements of the thyroarytenoid muscle. (A) H&E-stained cross-section of the vocal cord in the injured and noninjured
models with and without augmentations with CMC and CaHa after 4 and 12 weeks. Images are presented at the magnification of 20x, and the
scale bar presents 5 mm. Each group presents two paired images from the right (noninjured) and left (injured) sides of the animal to correlate the
impact of muscle atrophy on the structure of the vocal cord. (B) Thyroarytenoid muscle area measurements in the front region of the vocal cord
in noninjured and injured groups with no treatment, CMC augmentation, and CaHa augmentation after 4 and 12 weeks. (C) Thyroarytenoid
muscle area measurements in the middle region of the vocal cord in noninjured and injured groups with no treatment, CMC augmentation, and
CaHa augmentation after 4 and 12 weeks. (D) Thyroarytenoid muscle area measurements in the back region of the vocal cord in noninjured and
injured groups with no treatment, CMC augmentation, and CaHa augmentation after 4 and 12 weeks. Statistically significant differences are
indicated by *p < .05
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Non-injured

Injured

Injured + CaHa Injured + CMC

FIGURE 5

Histological evaluation of muscle bundles in thyroarytenoid muscle. Micrographs present the high-magnification images of the

region of interest in the vocal fold and the dissociation of muscle bundle in injured groups with and without augmentation (CaHa or CMC)

compared to a noninjured group after 12 weeks

(Figure 1E). For the groups with no treatment as well as when CMC
augmentation was performed, the displacement observed was signifi-
cantly greater for the treated side compared to the contralateral con-
trol after 12 weeks (p < .001). CaHa augmentation displayed higher
displacement compared to the no treatment group for the right side
of the specimen (p = 0.019).

3.3 | Maximum load

The maximum load (mean +SE) was greater in the right
(72.3 £ 0.005 mN) in comparison to the left (40.8 + 0.003 mN) after
4 weeks (Figure 1F). The specimens (left side) treated with CMC with-
stood a greater maximum load (53.7 +0.005 mN) in comparison to
those with CaHa (28.1 +0.002 mN) at this time (p = .016). Across
treatment groups, CMC showed the greatest outcome for maximum
load (p = .022). The load decreased for the right (61.9 + 0.003 mN) and
increased for the left (46.0 + 0.003 mN) when evaluated at 12 weeks
(Figure 1G). The CMC augmented and no treatment groups presented

higher maximum load values than the injured left side (p < .01).

3.4 | Impact of nerve transection on TA
muscle area

TA muscle areas of different vocal fold regions (front, middle, and
back) on the injured side had atrophy throughout all regions at 4 and
12 weeks in swine with unilateral RLN injury without augmentation
(Figure 3). Muscle atrophy was greater at 12 weeks than 4 weeks
compared to the noninjured side in all regions. Not only did TA muscle
area decrease on the RLN transection side, but TA individual muscle
bundles revealed a distinct shrinkage with broad gaps between adja-

cent muscle bundles (Figure 4A and Figure 5).

3.5 | Impact of augmentation on the muscle area
after nerve transection

CMC augmentation appears to maintain TA muscle structure in the

first 4 weeks; however, atrophy is present at 12 weeks (Figure 4).

CaHa augmentation also demonstrated overall preserved muscle
structure after 4 and 12 weeks (Figure 4). As illustrated in Figure 4B-D,
injured sides had decreased TA muscle area with or without augmenta-
tions. Only TA muscle atrophy in the injured group without augmenta-
tions was significant compared to the noninjured side in the middle
(p =.032) and back (.041) regions after 12 weeks. Among all groups,
the lowest muscle area occurred in the injured group at 12 weeks.
Higher magnification images (40x) reveal the damage the nerve tran-
section caused with smaller muscle bundles and TA muscle tissue loss
(Figure 5). Although the CMC injection group demonstrated a compact
muscle structure with smaller intrabundle muscle gaps, individual mus-
cle bundle size is comparable to the other injured groups.

4 | DISCUSSION
Symmetric biomechanical properties across bilateral vocal folds is nec-
essary for generation of symmetric, periodic mucosal waves during
phonation.?” 3! With continued focus on novel augmentation materials,
few models exist to quantify composite biomechanical vocal fold prop-
erties after augmentation in a RLN transection model that replicates
clinical physiology. This model allowed for quantification of composite
vocal fold biomechanics in conjunction with TA muscle atrophy after
RLN transection with or without augmentation with the commonly
injected CMC and CaHa materials. Furthermore, comparison of these
biomechanical properties to uninjured contralateral vocal fold was per-
formed, allowing assessment of how well injection laryngoplasty fares
in achieving symmetric biomechanical properties to native tissue.
Control specimens without augmentation demonstrated signifi-
cant reduction in stiffness and maximum load capability, and increase
in displacement with standardized force application, compared to
native tissue. However, injection augmentation with either CMC or
CaHa induced vocal fold stiffening more closely approximating native
tissue. This is presumed to not only allow for mucosal wave genera-
tion via fold medialization, but allow for more symmetric mucosal
wave formation due to more closely-matching vocal fold biomechani-
cal properties. Notably, while CMC and CaHa have similar baseline
mechanical properties, vocal folds injected with CMC demonstrated
biomechanical properties that more closely matched uninjured vocal

fold tissue. This suggests the impact of injection laryngoplasty is not
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just due to biomechanical properties of the injectate but also local tis-
sue reaction, most likely a local inflammatory response that increases
tissue stiffness throughout the vocal cord. Unilateral atrophy addition-
ally appeared to minimally alter biomechanical properties of the unaf-
fected contralateral side; while this mechanism remains unclear, it
may be due to complex laryngeal innervation patterns, which often
include small bilateral innervation components, or may be secondary
to broader inflammatory effects in response to denervation.

Cross-sectional area of TA muscles, used to evaluate degree of
vocal fold muscle atrophy, indicated that, although the CMC may
maintain the overall structure in the four-week group, muscle atrophy
developed in all groups by the 12 week point. However, CaHa aug-
mentation demonstrated reduced atrophy compared to CMC, which is
hypothesized to be secondary to longer time to degradation of CaHa
compared to CMC. These findings support the impact of using early
augmentation techniques to reduce early muscle atrophy in unilateral
vocal fold injury, This additionally provides further clinical rationale
for early augmentation in potentially reversible nerve injury within the
first year after injury beyond improvement of dysphonia and aspira-
tion symptoms, as reducing early atrophy in reversible injury would be
expected to hasten recovery and return to baseline function.

Several limitations of the current study warrant discussion. Four
of 96 histologic sections (4% of specimens) failed to produce ade-
quate muscle visualization for area measurement second to local tis-
sue damage during processing and sectioning that precluded adequate
area measurement; however, other regions (front, middle, back) of
each specimen were available such that muscle analysis was per-
formed on each hemi-larynx. Another limitation originates with the
muscle area quantification. In this assessment, overall muscle cross-
sectional area was compared between the RLN transection side and
the uninjured side. In many cases, the overall area over-represents the
TA size in the RLN injury side, as the actual muscle bundles them-
selves are smaller. These findings could strengthen differences identi-
fied on overall TA muscle cross-sectional area.

Additionally, biomechanical test parameters may impact analyses.
Displacement was measured at 6.3 mN, as this was the smallest maximal
load identified across all specimens, ensuring that each specimen would
have comparable values. It is possible that additional differences
between groups may occur with lower set forces. Similarly, 1 mm depth
was selected for normal force and structural stiffness, as along the free
edge of the true vocal fold this should reflect composite epithelium/
muscle properties. Alternative depth selections could result in varied
composite tissue properties. Additional study endpoints could provide
further information on timing of when atrophy is first seen (earlier time-
points) or if additional atrophy may occur (later timepoints). Finally, it
should be noted that biomechanical testing required a cycle of freezing
tissues and subsequently thawing them for analysis. While repeated
freeze-thaw cycles have been shown to increase storage, loss, and com-
plex modulus in testing, initial data surrounding development of the
microindentation technique utilized was obtained with all tissues under-
going a single freeze-thaw cycle.®® Tissue handling in this study was
consistent with this prior technique validation, and was additionally

internally consistent among the groups tested in this study. Furthermore,

it should be emphasized that clinical utility of biomechanical properties
of vocal fold tissue are most valuable in comparison to similarly-
processed controls rather than in analysis of absolute storage modulus

values.

5 | CONCLUSION

VF biomechanical properties match TA muscle atrophy in this RLN
transection model, with increased displacement and lower structural
stiffness and smaller muscle areas on the injured side. While both
CMC and CaHa injection demonstrated improved biomechanical
properties and slower TA atrophy compared to the uninjured side, this
effect diminishes with time. Furthermore, while CaHa degrades at a
much slower rate, CMC injection appears to achieve vocal fold biome-
chanical properties closest to native vocal fold tissue and have these
properties persist longer than CaHa. Taken together, these data pro-
vide a quantifiable biomechanical basis for early injection laryngo-
plasty to both improve dysphonia and potentially improve healing in

reversible unilateral vocal fold atrophy.
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