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Summary: Objectives. This study aims to assess utility of pixel-valued movement software in detecting arytenoid
dislocation preoperatively.

Study Design. This is a retrospective analysis.

Methods. Twenty-seven patients diagnosed with unilateral arytenoid dislocation were included. Diagnosis of aryte-
noid dislocation was confirmed by lack of vocal fold paralysis on preoperative laryngeal electromyography and by
intraoperative findings of cricoarytenoid dislocation. A region-tracking software algorithm developed by Zhuang et al
was used to analyze 27 preoperative endoscopic videos of patients diagnosed with arytenoid dislocation. Vector anal-
ysis measuring cuneiform movement during inspiration was used as an indirect measure of arytenoid movement. Values
were normalized using vocal fold length. Two raters blinded to diagnosis of arytenoid dislocation measured vocal fold
length and cuneiform movement on both the dislocated and the nondislocated sides.

Results. A Wilcoxon signed-rank test indicated that the mean pixel-valued cuneiform movement and standard devi-
ation (SD) were greater for nondislocated (159.24, SD = 73.35) than for dislocated (92.49, SD =72.11) arytenoids (Z = 3.29,
P =0.001). The interrater correlation coefficient was 0.87 for the dislocated side and 0.75 for the nondislocated side.
The intrarater correlation coefficient was 0.87 for the dislocated side and 0.91 for the nondislocated side. The receiver
operating characteristic curve revealed an area under the curve between 0.76 and 0.83 (95% confidence interval 0.63—
0.90). Analysis by the first and second raters revealed misdiagnosis of laterality of arytenoid dislocation in four and
six patients, respectively.

Conclusions. The software program developed by Zhuang et al provides a high-degree of precision, with good interrater
and intrarater correlation coefficients. However, high rates of misdiagnosis of arytenoid dislocation and the laborious
analysis process using this software program make it of limited utility as a clinical diagnostic tool in its present state.
Key Words: Arytenoid dislocation—Vocal fold paralysis—Pixel-valued cuneiform movement—Videolaryngoscopy—

Endoscopy.

INTRODUCTION

Arytenoid dislocation (AD) is rare, most commonly occurring
secondary to traumatic intubation.' Although some authors have
suggested that AD occurs in nearly 0.1% of surgeries requiring
intubation, those authors suggest that this figure may underes-
timate the true frequency of AD.** AD is commonly misdiagnosed
as recurrent laryngeal nerve (RLN) paralysis because both con-
ditions classically present with persistent hoarseness, dysphonia,
and dysphagia, and decreased vocal fold mobility on
laryngoscopy.* However, it is critical to differentiate AD from
RLN because the former is best treated early with surgical in-
tervention to reduce the dislocated arytenoid.’

During normal inspiration, the arytenoid cartilages (ACs) and
adjacent cuneiform tubercles abduct from the midline.® Breath-
ing typically causes cyclical abduction and adduction of the ACs
in a lateral, rotational trajectory that can be tracked from the an-
terior commissure, which remains relatively stationary.® AD
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compromises movement of the cricoarytenoid joint, resulting in
reduced abduction and adduction.” AD is frequently inter-
changed with the term arytenoid subluxation, which is a partial
(incomplete) dislocation that alters the relationship between the
two cartilages. Although AD is actually a more complete dis-
ruption of the joint, these terms are used interchangeably both
clinically and within this manuscript.

For patients with RLN paralysis, movement of the cricoary-
tenoid joint is compromised as well.” The nuances of arytenoid
movement can be difficult to identify with laryngoscopy alone
and, even with stroboscopy, it may be challenging to differen-
tiate AD from RLN paralysis. When AD is suspected, laryngeal
electromyography (LEMG) is often used to rule out RLN pa-
ralysis, which causes fibrillation potentials, decreased recruitment,
and sometimes positive sharp waves.® Conversely, LEMG ac-
tivity in patients with AD shows an absence of these findings,
although paresis (typically not paralysis) and AD can co-exist.*
Although some authors have noted that LEMG has some limi-
tations, it is a safe, effective, and widely recommended routine
assessment for vocal fold motion abnormalities.®"°

Recently, Zhuang et al developed and tested custom soft-
ware to track arytenoid movement in videostroboscopic recordings
to objectively differentiate AD and RLN paralysis."' In Zhuang
et al’s study, eight patients with AD were included, as well as
five patients with RLN paralysis. The authors found that the re-
duction in arytenoid movement was significantly greater in
RLN paralysis than in AD." Their result suggests that
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computerized tracking of arytenoid movement may be used to
diagnose AD.

To further investigate the utility of this software, we tested
the method of Zhuang et al on a larger group of patients diag-
nosed with unilateral AD using their nondislocated sides as
controls. We hypothesized that our results would depict greater
displacement of cuneiform tubercles in controls than in sides with
AD, thus supporting the utility of this software for objective di-
agnosis of AD.

MATERIALS AND METHODS

The study was approved by the Medical Institutional Review
Board at Drexel University College of Medicine in Philadel-
phia, Pennsylvania. Patients in a tertiary care laryngology practice
diagnosed with unilateral AD in the last 20 years were identi-
fied. Patient charts were reviewed to confirm diagnosis of
unilateral AD after preoperative LEMG of the cricothyroid, thy-
roarytenoid (TA), and posterior cricoarytenoid (PCA) muscles
and intraoperative confirmation of AD. Patients were excluded
if they had findings of RLN paralysis on preoperative LEMG
or absence of AD during examination in the operating room. All
LEMG and operative findings were documented for each patient.
Demographic data were recorded, including patient age, etiol-
ogy of AD, and side or direction of AD.

A total of 38 patients had videostroboscopic examinations avail-
able for analysis. Videostroboscopic examinations were uploaded
and analyzed with Zhuang et al’s custom MATLAB (The
MathWorks, Inc., Natick, MA) software program.'' Each video
was reviewed to identify a single inspiratory event following pho-
nation of /i/. The video was trimmed to include this sequence
of events, thereby showing the transition from minimum vocal
fold abduction to maximum glottal opening. Frame sequences
in which the anterior commissure or cuneiform tubercles were
not visible were not included in the analysis. If no acceptable
video frame sequence was identified, the patient was excluded
from the analysis. This resulted in exclusion of 10 patients. For
the purposes of statistical analysis, one patient also was ex-
cluded due to having bilateral AD.

Based on the previous criteria, a total of 27 patients were in-
cluded in the study. The position of the anterior commissure was
identified, tracked, and considered a stable point in the videostrobe
frames. Cuneiform tubercles were tracked to follow arytenoid
movement in a manner consistent with Zhuang et al.'" Cunei-
form tubercle movement was followed from the point of minimal
arytenoid abduction to maximal abduction as seen during normal
inspiration. This movement was followed after selecting the cu-
neiform tubercle and the anterior commissure as the points to
be tracked throughout the video frames. The software program
then performed its coded tasks, calculating the starting and ending
values for cuneiform tubercle position (CT,, CTy) and anterior
commissure position (AC, ACy). Vocal fold length (V) was also
measured by selecting the anterior- and posterior-most limits of
the true vocal fold during inspiration.

To account for lateral (ie, translational) changes of the endo-
scopic camera in a horizontal plane due to patient and examiner
movement, the pixel-valued displacement of the anterior com-
missure was calculated between the first and the last frames and

subtracted from the cuneiform tubercle displacement. This pro-
duced a vector that represented cuneiform tubercle displacement
independent of translational motion. The pixel-valued move-
ment for each cuneiform tubercle was then computed using

CT,, = J(ACTy — AAC, ) +(ACT, — AAC, ),

where CT., is the size in pixels of the path length traveled, ACT
is the change in cuneiform tubercle position in pixels, and AAC
is the change in anterior commissure position in pixels.

When visualizing the vocal tract through videostroboscopy,
the larynx appears larger when the camera is close and smaller
when the camera is far from the larynx, according to a propor-
tionality constant.'" Additionally, patients with a long vocal tract
typically experience longer movement paths than those with a
short vocal tract. In accordance with Zhuang et al,'"' movement
vectors were normalized using vocal fold length as a scaling factor.
The ratio of cuneiform tubercle movement to vocal fold length
was then calculated, giving a unitless measurement:

CT‘unirle:x = C]:c,y /V3

where CTiness 1S the unitless path length traveled, CT., is the
size in pixels of the path length traveled, and V is the vocal fold
length in pixels. Values were measured by two of the authors
(A.O.F., M.F.), with rater 1 (A.O.F.) being a novice user of
MATLAB and rater 2 (M.F.) having extensive MATLAB experi-
ence and familiarity with software development. The user’s
experience is important to assess whether the level of experi-
ence impacts the quality of each user’s results. Measurements
were obtained for the side of the AD and the nondislocated
arytenoid.

Statistical analysis was performed with commercial soft-
ware (IBM SPSS Statistics for Windows, Version 24, IBM Corp.,
Armonk, NY). A Wilcoxon signed-rank sums test was used to
compare paired measurements of dislocated and nondislocated
arytenoids. Sensitivity analysis was performed using receiver op-
erating characteristic curves. Statistical significance was designated
for P values < 0.05. Intraclass and interclass correlation coef-
ficients were calculated to determine intrarater and interrater
reliability. Intrarater and interrater reliability were assessed based
on accepted rating scales, with an intraclass or interclass cor-
relation coefficient being “excellent” if greater than 0.90, “good”
if between 0.75 and 0.90, “fair” if 0.50-0.75, and “poor” if less
than 0.50.

RESULTS

Twenty-four patients had LEMG performed before arytenoid re-
duction procedures. Of these patients, 3 had normal results on
LEMG, whereas 5 had bilateral paresis and 16 had paresis on
the side of the AD (Table 1). All included patients had findings
of AD confirmed on intraoperative examination. Twenty-six pa-
tients had dislocation resulting from intubation or extubation
trauma; one patient had AD as a result of blunt neck trauma.

The custom software program was used to assess movement
of the cuneiform turbercle for both the dislocated and the
nondislocated sides. The mean pixel-valued movement of
the cuneiform tubercle was determined for each side, along with
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TABLE 1.

Summary of Etiology of Dislocation, Side of Dislocation, and Preoperative Laryngeal Electromyography (LEMG) Results

for Patients With Arytenoid Dislocation

Patient Side of
Number Dislocation Results of LEMG
1 Left Normal
2 Left Left SLN 30%-40% recruitment
3 Left Left RLN 70%-80%% recruitment
4 Right Right RLN 30% recruitment
5 Left N/A
6 Right Right RLN and SLN 70% recruitment
7 Left Normal
8 Left N/A
9 Left Left SLN 30% recruitment, left RLN 20% recruitment
10* Right Right RLN 50% recruitment
11 Left Left SLN 30% recruitment, left RLN 70%-80% recruitment
12 Left Left SLN 70%-80% recruitment, left RLN 30%-40% recruitment
13 Left N/A
14 Right Right SLN 70% recruitment
15 Left Left SLN 70%-80% recruitment, left RLN 60%-70% recruitment
16 Left Left RLN 30% recruitment
17 Right Right SLN 70% recruitment, right RLN 60%-70% recruitment
18 Left Left SLN 50% recruitment, left RLN 40-50% recruitment; right SLN and RLN 70%-80% recruitment
19 Left Normal
20 Right Right SLN 40% recruitment, right RLN 70%-80% recruitment
21 Left Left SLN 80% recruitment, left RLN (TA 60%-70%, PCA 70%) recruitment; right SLN 80%
recruitment
22 Left Left SLN 70% recruitment, left RLN 30%-40% recruitment; right SLN 70%-80% recruitment, Right
RLN 40%-50% recruitment
23 Right Right SLN 40%-50% recruitment; left SLN 85-90% recruitment
24 Right Right SLN 75% recruitment, right RLN 80%-90% recruitment; left SLN 75% recruitment, left RLN
80%-90% recruitment
25 Left Left SLN 90% recruitment, left RLN 40%-50% recruitment; right SLN 90% recruitment
26 Right Right SLN 80% recruitment
27 Left Left SLN and RLN 40%-50% recruitment

* Etiology of arytenoid dislocation was blunt neck trauma; all other patients’ arytenoid dislocation caused by intubation or extubation trauma.
Abbreviations: SLN, superior laryngeal nerve; RLN, recurrent laryngeal nerve (includes PCA and TA muscles unless otherwise noted); PCA, posterior crico-

arytenoid muscle; TA, thyroarytenoid muscle.

the unitless, normalized values (Tables 2 and 3). Associated stan-
dard deviation and P values were calculated as well.

Of the patients examined by rater 1 (A.O.F.), 6 of 27 pa-
tients (22.2%) were found to have greater cuneiform tubercle
displacement on the dislocated side than the nondislocated side,
indicating a misdiagnosis using the software. Of those patients
examined by rater 2 (M.F.), 4 of 27 patients (14.8%) were im-
properly diagnosed with AD.

TABLE 2.
Pixel-valued Movement of the Cuneiform Tubercle in Pa-
tients With and Without Arytenoid Dislocation*

Mean Pixel-valued
Movement (SD) Z P

92.46 (68.50) S0 0.001
159.563 (81.51)

* Statistical significance was set at P value < 0.05.
Abbreviations: SD, standard deviation; Z, Wilcoxon-signed rank test.

Dislocated
Nondislocated

Intrarater and interrater intraclass correlation coefficient were
determined based on the pixel-valued, unitless, and vocal fold
length measurements (Table 4). Good to fair reliability was noted
based on ratings of intraclass correlation coefficient values. Sen-
sitivity analysis was performed using receiver operating
characteristic curves (Figure 1). Between the two raters’ results,
we calculated areas under the curve ranging from 0.76 to 0.83,
which demonstrates fair to good diagnostic strength.

TABLE 3.
Unitless Values of the Cuneiform Tubercle in Patients With
and Without Arytenoid Dislocation*

Mean Unitless

Values (SD) Z P
Dislocated 0.23 (0.14) 4.25 0.0002
Nondislocated 0.43 (0.21)

* Statistical significance was set at P value < 0.05.
Abbreviations: SD, standard deviation; Z, Wilcoxon-signed rank test.
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TABLE 4.

Intrarater and Interrater ICCs for Pixel-valued, Unitless,
and Vocal Fold Length Measurements Based on Analy-
sis by Raters 1 and 2

ICC (1-1 vs. 2) IcC Mean SD
Vocal fold length 0.978

CT pixels (nondislocated) 0.765

CT pixels (dislocated) 0.901

CT unitless (nondislocated) 0.747 0.439 0.209
CT unitless (dislocated) 0.780 0.232 0.142
ICC (1-1 vs. 1-2) ICC Mean SD
Vocal fold length 0.993

CT pixels (nondislocated) 0.917

CT pixels (dislocated) 0.996

CT unitless (nondislocated) 0.908 0.414 0.209
CT unitless (dislocated) 0.869 0.235 0.143

Abbreviations: 1-1, first value by first rater 1; 1-2, second value by first
rater 1; 2, value by second rater; CT, cuneiform tubercle; ICC, intraclass
correlation coefficient; SD, standard deviation.
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FIGURE 1. Sensitivity analysis using receiver operating character-
istic curve with areas under the curve ranging from 0.763 to 0.834. The
purple, green, and gold curves correspond to raters 1 and 2 (first and
second trials), respectively. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this
article.)

DISCUSSION

Accurate diagnosis of AD is a challenge for clinicians. The soft-
ware used in this study was developed by Zhuang et al, in an
attempt to diagnose AD objectively and prevent the need for an
intraoperative or in-office diagnostic examination by palpa-
tion. Their study reported encouraging results, offering a potential
adjunct to the clinician’s armamentarium when encountering a
patient with possible AD."

Values calculated from Zhuang et al’s study showed the mean
pixel-valued cuneiform movement for AD to be 81.16 (stan-
dard deviation [SD] = 25.62) and unitless values to be 0.58
(SD =0.17)." These were compared with values calculated for
patients with vocal fold paralysis, which had been confirmed by
LEMG. Our study attempted to expand upon their preliminary
work by using the software in a larger population. In place of
the vocal fold paralysis group, we used retrospective knowl-
edge of sidedness of AD to identify two study groups: arytenoid
dislocation and nondislocation.

Our study group had presence and laterality of AD con-
firmed with both LEMG and intraoperative findings. For our
patients, LEMG showed that both TA and PCA muscles were
affected similarly, with only patient 21 demonstrating a minor
difference in recruitment values (Table 1). Other studies have
shown that the TA muscle is more commonly affected, which
may be due to intramuscular hemorrhage due to the laryngeal
injury causing the AD."'*"> For most of our patients, decreased
recruitment was mild and not sufficient to explain the vocal fold
immobility as seen on laryngoscopy. Paresis may also be evi-
dence of traumatic neuropraxia following laryngeal injury,
although, without preinjury LEMG, pre-existent paresis cannot
be ruled out.'*'* Therefore, with such LEMG findings, one must
consider AD as the etiology for patients presenting with im-
paired vocal fold mobility.

Using the software to compare the unilateral arytenoid dis-
location with the nondislocated arytenoid cartilage, the authors
simulated a clinical experience in which the software would be
needed to detect both presence and laterality of dislocation. Our
analysis found dislocation values similar to those reported in the
Zhuang et al paper, although our data showed much wider range
of values, as noted by our large SDs (Tables 2 and 3). Misdi-
agnosis could be due to the larger SDs in our study population.
Analyses by both of our study’s raters showed misidentifica-
tion of the side of the AD by the software program’s analysis.
A total of seven of the study’s patients were misdiagnosed with
respect to laterality; three of the same patients were misdiag-
nosed by both raters’ analyses. This raises concern about
misdiagnosis and improper treatment should this software be used
in its current form in a clinical setting.

Several flaws inherent to the software analysis also raised con-
cerns about the program’s utility in practice. Although the study
normalizes the cuneiform tubercle displacement to the vocal fold
length, camera rotation and intra-sequence camera movement
in a vertical plane are not accounted for in the calculation. Thus,
changes in scale of the tracked laryngeal landmarks due to camera
motion could not be avoided unless the laryngoscope (rigid la-
ryngeal telescope) was fixed in space relative to the patient’s vocal
tract.
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Variations in lighting also greatly affected the ability to analyze
the videos. Slight alterations in lighting were noted even within
individual video sequences, often resulting in the tracker falling
away from the originally selected anatomic point. Reflections
of light on the laryngeal mucosal surfaces also caused the tracker
to track inaccurately the anatomic landmarks that were se-
lected, as these reflections moved with movement of the larynx.

The software also was quite difficult to use. For both raters,
the use of this program was quite laborious. Video analysis took
1-2 hours to perform, and repeated attempts were often neces-
sary to obtain proper tracking of the selected anatomic point.
During each video analysis, the software required input of a
number of parameters, which were heuristic in nature. This in-
cluded a neighborhood size, which was given a standard value
of 3 pixels to follow the values used by Zhuang et al, and a tem-
plate size, which, in our study, ranged from 15 to 45 pixels and
was altered based on the software’s ability to track the points
of interest throughout the video frames. The ability to track these
points varied between videos and could not be standardized in
our study nor Zhuang et al’s study. Parameter values often were
edited with repeated tracking attempts, as needed for the soft-
ware to function with each individual video. Therefore, parameter
values were often provided on a “guess and check” basis to
produce results. Anatomic points that resembled a corner (eg,
anterior commissure) or had distinct color differences along a
surface were tracked more easily, whereas more homogeneous
surfaces were not tracked well with the software program.

At this time, the interesting software program developed by
Zhuang et al would benefit from additional modification to
improve accuracy in diagnosis of AD. This is essential to the
software’s future clinical utility. The concept developed by Zhuang
et al is creative and attempts to address an important need. Ad-
ditional studies are warranted, as well as modifications to the
program for this technology to become a clinically useful method
to detect AD objectively.

CONCLUSIONS
The software program developed by Zhuang et al provides a high
degree of precision, with good interrater and intrarater correlation

coefficients. However, high rates of misdiagnosis of AD and the
laborious analysis process using this software program make it
of limited utility as a clinical diagnostic tool in its present state.
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