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SUMMARY: Objective. Assessment of human vocal fold (VF) morphology and vibration is largely limited to 
surface visualization via laryngeal videostroboscopy. Using optical coherence tomography (OCT), this study 
aims to measure VF vibratory dynamics in the coronal plane of healthy volunteers to support a quantitative 
assessment of VF biomechanics. 
Study Design. Cross-sectional observational pilot study
Methods. Twelve healthy participants underwent awake, transoral imaging using a custom-built, hand-held 
rigid laryngoscope equipped with OCT technology. Phonation was captured during sustained vowel /i/ pro
duction at a modal pitch and loudness. A novel algorithm was utilized to reconstruct the phase-resolved VF 
vibratory cycle during phonation from the OCT data. Seven dynamic metrics were extracted from each video 
reconstruction, including closed quotient (CQ), angle at closure (AaC), divergent phase vertical thickness 
(DPVT), closed phase vertical span (CPVS), mucosal peak, amplitude of lateral excursion (amplitude), and 
vertical phase difference (VPD). Data were grouped by gender, and applicable metrics were stratified into right 
vocal fold and left vocal fold regions. Independent t-tests were performed to assess gender and laterality dif
ferences for each metric. Pairwise Bonferroni-adjusted Pearson correlations were performed between metrics.
Results. Seven novel metrics were successfully extracted and measured from OCT data in all subjects. 
Significant gender differences were found for DPVT (p = 0.015), amplitude (p = 0.049), and VPD (p = 0.043). 
No significant laterality differences were observed except for DPVT in the female group. Correlation analyses 
showed a positive correlation between DPVT and CPVS (r = +0.89). CQ was negatively correlated with AaC (r 
= −0.74) and positively correlated with VPD (r = +0.83)
Conclusion. OCT imaging of the VFs can be successfully performed in normal subjects during phonation to 
visualize sub-surface VF anatomy and vibration, enabling quantitative characterization of VF dynamics.
Keywords: Optical coherence tomography– Vocal fold vibration– Voice assessment– Laryngoscopy– Gender– 
Voice biomechanics.  

INTRODUCTION
Dysphonia impacts approximately 8% of individuals in the 
United States at any given time and up to 30% of people 
throughout their lifetime, yet vocal fold (VF) clinical ima
ging only captures the surface of the tissue.1,2 The VF’s 
intricate, multi-layered mucosa and ligament generate a 
three-dimensional (3-D) mucosal wave essential for pho
nation—a complexity missed by gold-standard videos
troboscopy surface-only visualization.3–5 Additionally, 
videostroboscopy interpretation is a subjective process and 
often results in variable inter-rater reliability.6,7 This 

underscores the clinical need for a non-invasive clinical tool 
capable of providing high-resolution imaging of the sub- 
surface VF and vibratory biomechanics.8,9

Conventional imaging modalities, such as magnetic re
sonance imaging and computed tomography, are unable to 
acquire the necessary spatial and temporal resolution of the VF 
mucosal layers in real time during phonation.10,11 Newer 
techniques such as high-speed digital imaging (HSDI), video
kymography, high-speed laser projection, and ultrasonography 
have been explored for assessing vocal function and 3-D 
morphology; however, these methods are confined to the sur
face-level and limited by spatial uncertainty, inherent com
plexity of data acquisition, or reliance on subjective 
interpretations.12–14 Optical coherence tomography (OCT), by 
contrast, can acquire depth-resolved cross-sectional images of 
the VFs noninvasively.15,16 Its use continues to grow in other 
specialties, but the clinical feasibility and utility of OCT in 
laryngology practice for the functional assessment of the VFs 
have yet to be effectively demonstrated.17 Prior OCT proto
types have demonstrated promise in VF imaging in awake 
patients, but faced challenges such as gag provocation, motion 
artifacts, and low temporal resolution due to frame rates below 
the voice fundamental frequency (90–260 Hz).18–21

To address these issues, we developed a 70° transoral 
OCT probe with a > 1 kHz frame rate and simultaneous 
coaxial video-endoscopy. In this study, we investigate VF 
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vibration dynamics in the coronal plane using our OCT 
system and reconstruction method for glottal phase-re
solved, cross-sectional imaging. Specifically, we propose 
seven novel metrics aimed at capturing medial surface and 
subsurface biomechanics. We also assess potential gender- 
based differences within the metrics to establish quantita
tive baselines for future clinical applications. Ultimately, 
we envision that coronal-plane OCT-derived images and 
vibratory metrics could guide more precise diagnoses, en
hance treatment planning, and provide better therapeutic 
outcomes for VF disorders.

MATERIALS AND METHODS
Study design and participant selection
This cross-sectional observational pilot study was con
ducted with approval from the Institutional Review Board 
of the University of Southern California (HS-20–00296). 
Twelve healthy participants (1:1 male-to-female ratio) were 
recruited from a single academic medical center. All par
ticipants self-reported no known vocal fold (VF) disorders 
and were able to tolerate awake transoral imaging. Imaging 
with the OCT hand-held rigid laryngoscope confirmed 
normal VF appearance. Written informed consent was 
obtained from each participant before enrollment and after 
the explanation of the minimally invasive procedure.

Imaging procedure
A custom-built, hand-held rigid laryngoscope with a 70° 
viewing angle was used to visualize the vocal folds. This lar
yngoscope was integrated with a swept-source OCT system, 
enabling cross-sectional imaging at > 1 kHz. For each imaging 
session, a fellowship-trained laryngologist served as the op
erator (M.J. III). Before each imaging session, the tip of the 
laryngoscope was soaked in an anti-fog solution to maintain 
clear visualization. An ophthalmic chin rest was used to sta
bilize the head to reduce motion artifacts during data collec
tion, and transoral access was maintained by gently depressing 
the tongue with the laryngoscope. All imaging took place while 
participants were awake and unmedicated (i.e., without topical 
anesthetic agents). Each participant was instructed to maintain 
a sniffing position on the chin rest, characterized by neck 
flexion and head extension to optimize visualization of the 
VFs. A labeled representation of a typical imaging session 
setup can be found in Figure 1.

Participants were instructed to sustain the vowel /i/ at modal 
pitch and loudness for at least six seconds, ensuring a con
sistent vibration pattern for subsequent analysis. A halogen 
light source, delivered through a fiber bundle, illuminated the 
hypopharynx and larynx. To accommodate the variation in 
VF distance among participants, we used a variable optical 
delay line to enable a variable working distance range of 
> 5 cm (i.e., working distances of 54–110 mm from the tip of 
the laryngoscope). Given the high prevalence of benign lesions 
in the middle membranous region of the VFs,22 we targeted 
this region for each imaging session. OCT data from other 
regions along the VFs were excluded from this study. All pa
tient data were de-identified.

OCT system design
The OCT system has been described in detail elsewhere.23

Briefly, the OCT system was based on a Mach-Zehnder 
interferometer using a swept-source laser (Insight, Inc., λ0 

= 1.304 µm) with an A-line rate (laser sweep rate) of ∼207 
kHz. The OCT system provides an axial resolution of 
22.6 µm and a lateral resolution of ∼250 µm at a working 
distance of 70 mm. Using a fast-scanning micro-electro
mechanical (MEMs) mirror, we were able to achieve B- 
scan rates of ∼1.02 kHz. A co-aligned video camera cap
tured standard endoscopic video simultaneously with ac
quired OCT scans. All imaging data were securely stored 
for later post-processing and metric extraction.

Postprocessing
A novel algorithm, inspired by retrospective gating,24 was 
implemented in MATLAB (MathWorks, 2022a) to create 
temporally and spatially resolved movies of the in vivo VF 
vibratory cycle from the acquired B-scans.23 Using the 

FIGURE 1. Awake transoral optical coherence tomography 
(OCT) setup for vocal fold imaging. The clinician operates a 
hand-held OCT laryngoscope while the subject sits upright with 
the chin stabilized on an ophthalmic chinrest. The portable ima
ging system provides simultaneous display of the OCT cross- 
section and the endoscopic camera field of view. A crosshair 
overlaid on the camera image displays the position of the OCT 
image center for real-time guidance.
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previously mentioned stabilization methods, we acquired 
high-speed OCT images during sustained phonation. OCT 
sampling was restricted to a single cross-sectional plane 
that produced time-resolved image sequences that depict 
the cyclic tissue motion at a defined position along the 
glottal axis. The OCT data for each participant were first 
screened to ensure (1) that the VFs remained stable within 
the OCT and endoscopic video, (2) that background noise 
and motion artifacts were minimal, and (3) that the VF 
edges were clearly demarcated. Three of the authors (D.R., 
A.W., M.J. III) independently verified these quality criteria 
before selecting a single dataset per participant. A subset of 
20 consecutively acquired OCT B-Scans w then employed 
for reconstruction of the local phase-resolved glottal cycle.

Each reconstructed dataset comprised 150 frames re
presenting one complete mucosal wave cycle. These frames 
were imported into ImageJ2 (v. 2.14.0) for measurement of 
vibratory metrics. Initially, both a midline and a tilt line were 
added to every frame. For clarity, the opening phase was de
fined as the portion of the glottal cycle during which the VFs 
separate following closure, whereas the closing phase was de
fined as the interval during which the VFs are in contact. To 
establish the midline, we first identified the frame corre
sponding to initial VF contact at the onset of the closed phase 
and placed a marker at that pixel coordinate. Additional 
markers were placed at the midpoint of the closed phase and at 
the frame of final contact. The three markers were used to 
visually approximate a line of best fit that closely intersected all 
markers. To account for any tilt introduced by the operator’s 
hand orientation, a reference line was added between the right 
and left lateral VF edges, landmarks that remain relatively 
stable and unchanged throughout the vibratory cycle.25 The tilt 
line served as an orientation reference to maintain alignment 
with the true imaging plane across all measurements.

Using these reference lines, seven vibratory metrics were 
measured for each subject, consisting of timing, distance and 
angle measurements. The definition and rationale for each 
metric are described in detail below. All measurements were 
recorded in millimeters (mm), except for the closed quotient 
(ratio), angle at closure (degrees), and vertical phase difference 
(degrees). For each measurement, careful consideration was 
taken to distinguish true tissue boundaries from any artifacts 
such as overlying secretions or fixed-pattern noise. The right 
and left VFs were measured independently, and data were 
subsequently grouped by participant gender. Angle and dis
tance measurements were performed using ImageJ2 tools with 
a custom plugin macro that facilitated measurement capture 
and pixel-coordinate logging. The horizontal and vertical axis 
of the OCT image is referred to as the x axis and z-axis, re
spectively.

For distance and angle measurements, consistent compar
ison between subjects was achieved by measuring and cor
recting for the deviation of the OCT scan axis from a 
perpendicular cross-section of the vocal folds with respect to 
the subject glottal axis (i.e., a 90° scan angle to the glottal axis). 
Respective scan angles were measured using the co-registered 
endoscopic camera in ImageJ2 with values ranging from 

α=3.1–19.8°. The angular deviation for each subject was used 
to calculate a scaling factor, cos( ), multiplied with the hor
izontal (x) coordinate of each measurement to project the OCT 
measurement into the plane perpendicular to the glottal axis.

In addition, accurate distance measurements using OCT 
require consideration of the medium in which depth is 
measured. All metrics were measured using reconstructed 
images scaled for the refractive index of soft tissue (n=1.4), 
providing a pixel dimension of 12.75 µm x 12.75 µm. 
However, of the selected metrics, only mucosal peak is 
defined as a distance measured in tissue. The remaining 
metrics represent distances measured in air (n=1). 
Therefore, the vertical (z) components of recorded co
ordinates for a given metric were rescaled using the re
fractive index defined for the metric (n=1.4 or n=1) prior to 
calculation of reported angle and distance values.

The reliability and consistency of each vibratory metric 
were validated by recording the measurements in
dependently on two separate days for the first four parti
cipants’ datasets. Once consistent results were confirmed, 
the remaining participants’ metrics were recorded only 
once using the established measurement approach.

Metric: closed quotient (CQ)
The closed quotient (CQ) is defined as a ratio of the 
duration where the glottis remains closed (i.e., VFs are in 
contact with one another) divided by the total duration of 
one mucosal wave cycle.26 In our post-processing, the 
duration is measured using cross-sectional OCT frames 
that depict these two instants. Although CQ is not a new 
parameter for VF assessment,6 its application to coronal 
plane imaging is novel. Of note, CQ is sometimes inversely 
discussed in the form of open quotient, where a larger CQ 
would correspond to a smaller open quotient, and vice 
versa.26 Prior research has suggested a direct link between 
VF thickness and higher CQ values.27 This implication 
supports the use of CQ as a baseline measure of person-to- 
person variability that is independent of variables such as 
gender and age, with the understanding that CQ can sig
nificantly be altered in response to different phonatory 
postures. Given this association with VF thickness, we 
anticipated a relationship between CQ and another novel 
metric, the divergent phase vertical thickness (DPVT).

To calculate CQ in our datasets, we isolated the frames 
corresponding to the closed phase (VFs in contact). The 
start of the closed phase was marked as the frame number 
when the lower VFs established contact, and the end was 
taken as the frame number in which the upper folds sepa
rated laterally (i.e., the onset of opening). The total number 
of closed phase frames from the start and end were ac
counted for and divided by the total number of frames in a 
full vibratory cycle (150 frames in our reconstruction). The 
resulting ratio represents the CQ for that cycle.

=CQ
number of closed phase frames

number of frames in a full vibratory cycle
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Metric: angle at closure (AaC)
The angle at closure (AaC) is defined as the angle formed 
between the vertical glottal midline and the superior medial 
edge of the VFs during the most divergent phase of closure. 
This metric is intended to serve as a baseline reference for 
evaluating asymmetries, particularly in cases where VF 
contour irregularities might compromise complete glottal 
closure. Because asymmetry is mathematically dependent 
on AaC, we treat it as a secondary finding rather than an 
independent metric.

For each measurement, a single frame was selected that 
best represented the onset of the closing phase. This frame 
was identified as the frame demonstrating the greatest in
ferior divergence. At this phase, the angle was calculated 
between the reference line and a line drawn from the in
ferior-medial VF edge toward the medial edge of the su
perior VF (Figure 2A). Asymmetric values were determined 
by calculating the difference between the left and right VF 
angles and dividing the result by two to account for con
tributions from both sides. A perfectly symmetric config
uration will yield an asymmetry value of 0, reflecting 
identical angles on both sides.

Metric: divergent phase vertical thickness (DPVT)
The divergent phase vertical thickness (DPVT) is defined as 
an indirect measurement of the VF thickness derived from 
the medial edge contour during the most divergent phase of 
closure. Unlike traditional thickness measurements ob
tained while the VFs are static and not phonating, this 
metric evaluates thickness during dynamic motion.

The frame corresponding to either the most divergent 
closing phase or the initial closing phase was first identified. 

From this frame, a line was drawn from the superior medial 
edge of each VF to the midline. To accommodate potential 
variations in the operator’s positioning of the hand-held 
OCT device, this line was required to run parallel to the tilt 
line. The DPVT was determined by measuring the distance 
along the z-axis from the superior medial VF edge to the 
inferior medial VF edge immediately parallel to the midline 
(Figure 2B).

Metric: closed phase vertical span (CPVS)
The closed phase vertical span (CPVS) is defined as the 
vertical distance along the midline between the tissue sur
face at the end of the closed phase and that at the initial 
closed phase. The end of the closed phase corresponds to 
the frame in which the VFs remain in contact just before 
transitioning into the open phase.

To calculate CPVS, the initial closed phase and the end 
of the closed phase were first identified. A substack com
prising these two frames was created and merged into an 
overlay. The overlay can be optimized in ImageJ2 by using 
a grayscale color scheme for the coronal plane re
construction, as we intentionally did for all datasets. 
Within the overlay, the distance was measured between the 
superior medial aspect of the VF at the end of the closed 
phase and the inferior medial aspect of the VF at the initial 
closed phase. This measurement was performed closest to 
the midline, aligned parallel to the midline (Figure 3).

Metric: mucosal peak
The mucosal peak is defined as the maximum vertical dis
placement of the VF surface relative to the tilt line. Because 
the mucosal peak cannot be reliably visualized from a 

FIGURE 2. Coronal optical coherence tomography (OCT) reconstructions of the VFs with metric measurement overlays. (A) Angle at 
closure: the intersection of the midline (long green) and the tilt reference (red), with diverging rays (short green) drawn to each superior 
medial edge to measure bilateral closure angles. (B) Divergent phase vertical thickness: the perpendicular distance (dashed white) from the 
point of divergence to the superior medial surface (solid blue). (C) Amplitude of lateral excursion: the peak medial edge displacement 
(dashed white) measured 0.5 mm below the superior contour (solid white) relative to the midline.
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superior surface view, coronal plane imaging is required. 
Consequently, this feature remains understudied, and its 
physiologic significance is poorly understood. We aim to 
address this previous imaging limitation with the use of 
OCT’s cross-sectional imaging capability.

It was crucial to distinguish the true superior tissue contour 
from any overlying secretions, which can obscure the epithelial 
borders. This process involves cross-referencing preceding and 
subsequent frames to confirm that the traced boundary con
sistently followed the tissue surface rather than transient fluid 
layers. Furthermore, this metric is highly dependent on estab
lishing a reliable tilt line that is derived from the stable lateral 
portions of the VFs, which serves as the baseline for vertical 
displacement measurements. To calculate the mucosal peak, 
the frame in which the VF surface reaches its maximum height 
must be identified. The measurement is then performed by 
determining the distance between the topmost edge of the VF 
surface and the tilt line. The measurement line must be or
thogonal to the tilt line (Figure 4).

Metric: amplitude of lateral excursion (amplitude)
The amplitude of lateral excursion (amplitude) is defined as 
the lateral motion of the mucosal wave measured along the 
x-axis of the OCT image. Historically, amplitude has been 
described by the lateral motion seen from a superior 
view.6,28 As shown in the literature, amplitude is directly 
related to vocal intensity and quality, depending on VF 
tissue pliability.29 OCT may provide more precise ampli
tude measurements and help validate these findings.

For this metric, it is important to place extra consideration 
on frame selection and the depth of the amplitude measure
ment from the superior surface to ensure consistency. The 
frame chosen must have both the upper and lower vocal fold 
edges reach their greatest lateral distance from the glottal 
midline. On the chosen frame, the upper vocal fold contour is 
identified. An additional short 0.5 mm line in the z-axis is 
drawn along the medial edge. The line length was standardized 

across measurements to ensure consistency and capture ade
quate VF depth for this analysis. From the lower tip of this 
0.5 mm segment, a horizontal measurement to the midline is 
made. This horizontal distance represents the VF’s amplitude 
of lateral excursion (Figure 2C).

Metric: vertical phase difference (VPD)
Vertical phase difference (VPD) is the phase shift between the 
motion of the upper and lower margins of the vocal folds, 
measured in degrees of a 360° mucosal wave cycle. First de
scribed by Titze et al.,30 VPD describes the phenomenon of 
time-delayed movements between the upper and lower margins 
of the VFs noted when one margin is open and the other is 
closed during phonation.27 The phase delayed motion is im
portant in allowing VF oscillations to be self-sustained based 
on exhalatory airflow energy transfer to VF tissue.9,30,31 As it 
has been applied to mostly laryngeal models in vitro, the utility 
of OCT’s cross-sectional imaging could provide the capabilities 
to quantify VPD clinically.

In our OCT reconstructions, we measure the VPD by 
identifying the two frames in which the upper and lower 
margins first contact each other during the closed phase. 
The frame index difference (Ds) is divided by the frequency 
corresponding to the time between reconstructed frames 
(fps, frames/sec). This value is then multiplied by 360° and 
the reconstruction frequency of the glottal cycle ( frecon, Hz) 
to acquire phase shift or VPD.

= ° × ×phase shift
Ds
fps

f360 recon

Statistical analysis
All statistical analyses were performed using Stata/SE (v. 18.0, 
StataCorp. LLC, College Station, TX). Descriptive statistics 
summarized participant demographics and metric measure
ments. For comparison of genders, we averaged the left and 

FIGURE 3. Coronal optical coherence tomography (OCT) overlay of initial closed phase (ICP) and end of closed phase (ECP) VF 
positions with closed phase vertical span (CPVS) measurements. The green line marks the midline. White dashed lines indicate the vertical 
distance between ICP and ECP margins on each VF.
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right vocal fold measurements for any metric that had later
ality. This produced a single value per metric per subject to 
avoid artificial inflation of sample size. Independent two- 
sample t-tests (assuming equal variances) were then used to 
assess gender differences for all metrics. For metrics with la
terality, we similarly used two-sample t-tests to identify possible 
differences between left and right vocal folds.

Measurement reliability was evaluated in a subset of the first 
four subjects by quantifying the agreement between two in
dependent measurement attempts using both Bland-Altman 
and intraclass correlation (ICC) analyses.32 For each metric, 
Bland-Altman analysis was performed by calculating the dif
ference between the first and second attempts and plotting that 
difference as a function of the mean of the two attempts.32,33

ICC was estimated using a one-way random-effects model to 
report the point estimate and its 95% confidence interval (CI) 
for each metric. ICC values ≥ 0.75 are considered “good” and 
≥ 0.90 “excellent.”32,34 A P value of < 0.05 was considered 
statistically significant.

RESULTS
Twelve healthy volunteers were imaged using the OCT 
hand-held device to assess morphological and functional 
aspects of human VFs. The cohort included six male (mean 
age 33.7 years, range 26–53) and six female (mean age 32.5 
years, range 27–38) subjects. All seven metrics were suc
cessfully measured in every subject.

Reliability
Bland-Altman analyses demonstrated good agreement be
tween repeated measurements across all metrics, with 
minimal bias as reflected by small mean differences between 
attempts (Supplemental 1). The 95% limits of agreement 
were narrow relative to the magnitude of each metric, in
dicating that variability between repeated measurements 
was small and that the measurements were highly con
sistent. For ICC, all metrics showed excellent reliability in 
replicability, ranging from 0.91 to 0.99 (Supplemental 2).

Gender differences
When stratified by gender and compared using independent 
two-sample t-tests, three metrics demonstrated significant 
differences (Table 1) between genders. Male subjects had a 
larger DPVT (P = 0.012), amplitude (P = 0.049), and VPD 

(P = 0.043) compared with female subjects. Figure 5 shows 
a boxplot representation of gender differences.

Left-right vocal fold differences
The comparison of the left and right vocal folds across all 
volunteers and the male subgroup did not reveal any sig
nificant laterality differences for any of the metrics 
(Table 2). Among female subjects, we did not find laterality 
differences except for DPVT (p = 0.019).

Metric correlation analysis
Pairwise Bonferroni-adjusted Pearson correlations are 
summarized in Figure 6. CQ is strongly negatively corre
lated to AaC (r = −0.74) and positively correlated to VPD 
(r = +0.83). DPVT and CPVS are positively correlated (r = 
+0.89). AaC demonstrated a moderate positive correlation 
with amplitude (r = +0.49). Likewise, VPD demonstrated a 
moderate positive correlation with DPVT (r = +0.54).

DISCUSSION
Evaluation of the VFs during phonation is presently hindered 
by reliance on superficial two-dimensional imaging and sub
jective assessments. This contributes to significant inter-rater 
variability and limitations on our knowledge of the effects of 
therapeutic interventions and pathology on VF vibratory bio
mechanics. In this pilot study, we developed and extracted a set 
of hypothesis-driven vibratory metrics from coronal OCT re
constructions to characterize VF biomechanics during phona
tion. These metrics were motivated by the ability of OCT to 
resolve depth-dependent tissue motion in the coronal plane and 
enable quantification of vibratory features that are difficult or 
not possible to measure reliably with conventional endoscopic 
techniques. Because these metrics are novel in the context of 
OCT for assessing vibratory mechanics, this study also re
quired the development and validation of reproducible mea
surement methods. Although not all metrics showed gender 
differences, the integration of these measures into VF assess
ment holds promise for establishing more precise person-spe
cific baselines and enhancing our understanding of VF 
biomechanics, as well as providing new information toward 
characterizing and identifying pathologic conditions.

Multiple groups have demonstrated that OCT can vi
sualize coronal-plane VF motion in cadaveric and in vivo 
settings and have adapted traditional surface-view metrics 

FIGURE 4. Coronal optical coherence tomography (OCT) reconstructions showing mucosal peak measurements in two subjects—(A) 
Volunteer 4; (B) Volunteer 5. For both panels, a glottal midline (green) and tilt reference line (red) were added. The maximum vertical 
mucosal peak (dashed white) was measured separately for the left and right VFs.
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TABLE 1.  
Gender-Based Comparison of Vocal Fold Vibratory Metrics 

Metric Mean Measurement (SD) 95% Confidence Intervals P value

Closed Quotient (CQ, ratio) 0.374
Male (N = 6) 0.53 (0.03) [0.50, 0.56]
Female (N = 6) 0.48 (0.12) [0.35, 0.61]

Angle at Closure (AaC, degrees) 0.551
Male (N = 6) 29.54 (4.51) [24.80, 32.27]
Female (N = 6) 33.43 (14.78) [17.91, 48.94]

Asymmetry (degrees) 0.824
Male (N = 6) 3.33 (1.88) [1.36, 5.30]
Female (N = 6) 3.57 (1.72) [1.76, 5.37]

Divergent Phase Vertical Thickness (DPVT, mm) 0.012*
Male (N = 6) 2.49 (0.43) [2.05, 2.94]
Female (N = 6) 1.68 (0.50) [1.16, 2.20]

Closed Phase Vertical Span (CPVS, mm) 0.050
Male (N = 6) 2.29 (0.65) [1.61, 2.97]
Female (N = 6) 1.63 (0.33) [1.29, 1.97]

Mucosal Peak (mm) 0.294
Male (N = 6) 0.82 (0.43) [0.36, 1.27]
Female (N = 6) 0.59 (0.26) [0.32, 0.86]

Amplitude of Lateral Excursion (Amplitude, mm) 0.049*
Male (N = 6) 0.76 (0.09) [0.66, 0.85]
Female (N = 6) 0.56 (0.20) [0.35, 0.77]

Vertical Phase Difference (VPD, degrees) 0.043*
Male (N = 6) 98.8 (10.23) [88.06, 109.54]
Female (N = 6) 74.8 (23.34) [50.31, 99.29]

*P value < 0.05 was considered statistically significant.

FIGURE 5. Box and whisker plots comparing female (F) and male (M) volunteers for each metric. The red line marks the median, and 
the box spans the interquartile range (25th-75th percentiles). Individual outliers are shown as crosses.
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to incorporate time-resolved measurements within the x-z 
imaging plane.19,20,35–37 We build on this foundation by 
defining seven OCT metrics that directly resolve the glottal 
phase and are quantified using objective measurement cri
teria, enabling more accurate and clinically adaptable as
sessment of VF vibration. In an initial four-subject 
reliability check, all metrics exhibited negligible Bland- 
Altman biases with narrow limits of agreement and ex
cellent ICCs (> 0.90). These results confirmed that our 
OCT metric protocols yield consistent and reproducible 
measurements, which justified their usage in the entire co
hort. Although the initial reliability evaluation included 
only four subjects, the absence of significant differences 
across all metrics supports the metric potential for clinical 
implementation and further research studies.

The male cohort exhibited a significantly greater DPVT. 
Males are generally considered to have thicker, longer VFs 
that support lower fundamental frequencies.38,39 DPVT 
does not directly measure static tissue thickness. Instead, it 
indirectly measures the dynamic vertical thickness of the 
VF medial surface during motion of the medial VF surface 
during phonation. Prior work has demonstrated that 
medial surface thickness has a strong influence on voice 
source spectral shape and voice quality.40,41 In addition, a 
thicker medial surface has been linked to a greater VPD, 
which was noted in our male cohort.41 However, the 
Bonferroni-adjusted correlation between VPD and DPVT 

TABLE 2.  
Left Vocal Fold (LVF) vs. Right Vocal Fold (RVF) for Metrics With Laterality 

LVF RVF

Metric Mean (SD) 95% CIs Mean (SD) 95% CIs P value

Angle at closure (AaC, degrees)
All Volunteers (N = 12) 30.03 (9.92) [23.73, 36.34] 32.93 (12.42) [25.04, 40.82] 0.202
Male (N = 6) 28.36 (4.37) [23.77, 32.95] 30.72 (7.21) [23.15, 38.28] 0.492
Female (N = 6) 31.71 (13.81) [17.21, 46.21] 35.14 (16.60) [17.72, 52.57] 0.322

Divergent phase vertical thickness (DPVT, mm)
All Volunteers (N = 12) 2.17 (0.66) [1.75, 2.59] 2.01 (0.66) [1.62, 2.39] 0.098
Male (N = 6) 2.59 (0.52) [2.04, 3.14] 2.40 (0.43) [1.94, 2.85] 0.335
Female (N = 6) 1.75 (0.49) [1.23, 2.26] 1.61 (0.50) [1.09, 2.14] 0.019*

Closed phase vertical span (CPVS, mm)
All Volunteers (N = 12) 1.96 (0.61) [1.57, 2.34] 1.96 (0.59) [1.58, 2.33] 0.995
Male (N = 6) 2.30 (0.65) [1.62, 2.98] 2.28 (0.65) [1.60, 2.96] 0.484
Female (N = 6) 1.62 (0.33) [1.27, 1.97] 1.64 (0.32) [1.30, 1.98] 0.170

Mucosal peak (mm)
All Volunteers (N = 12) 0.72 (0.37) [0.49, 0.96] 0.68 (0.36) [0.45, 0.91] 0.304
Male (N = 6) 0.85 (0.44) [0.39, 1.32] 0.78 (0.44) [0.32, 1.24] 0.340
Female (N = 6) 0.59 (0.25) [0.32, 0.86] 0.59 (0.26) [0.31, 0.86] 0.833

Amplitude of lateral excursion (amplitude, mm)
All Volunteers (N = 12) 0.64 (0.19) [0.52, 0.77] 0.67 (0.21) [0.54, 0.81] 0.627
Male (N = 6) 0.75 (0.11) [0.64, 0.87] 0.76 (0.18) [0.57, 0.95] 0.939
Female (N = 6) 0.53 (0.21) [0.32, 0.75] 0.58 (0.22) [0.35, 0.82] 0.508

*P value < 0.05 was considered statistically significant.

FIGURE 6. Heatmap of Bonferroni-adjusted Pearson correla
tions among seven vocal fold vibratory metrics: CQ (closed 
quotient), AaC (angle at closure), DPVT (divergent phase vertical 
thickness), CPVS (closed phase vertical span), mucosal peak, 
amplitude (amplitude of lateral excursion), and VPD (vertical 
phase difference). Color hue and intensity indicate correlation 
direction (blue = negative, red = positive) and magnitude.
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had only a moderate positive relationship. This could 
suggest that these metrics, while both increased in male 
participants, capture partly distinct aspects of mucosal 
dynamics.

CQ is theoretically positively associated with VPD, which 
was strongly noted in our correlation data.41 Despite theore
tical associations between VPD and CQ with male VFs, we 
saw no significant gender differences in the CQ metric. It is 
difficult to discern why CQ showed no differences. A possible 
reason would be inadequate resolution of the lower margin of 
the VFs, which would show false readings despite reliable and 
consistent metric methodology. Inspection of individual data 
revealed greater CQ variability among the female cohort, 
hinting that outlier values may have obscured a true mean 
difference. A larger cohort analysis would be needed to con
firm these findings. When compared with the CQ values re
ported by Holmberg et al. for normal voices, the male and 
female groups in that study demonstrated smaller mean CQ 
values of 0.22 and 0.28, respectively.26 These differences be
tween studies may reflect methodological and task-related 
factors, as participants in the Holmberg et al study. were in
structed to produce the syllable /pæ/, which may differ from the 
phonated syllable /i/ in our study. In addition, CQ in their 
study was derived from glottal airflow measurements, rather 
than from direct visualization. Future studies can explore the 
extent CQ changes with respect to voice conformations and 
vowels.

Male subjects also demonstrated greater amplitude. 
These findings can possibly be attributed to differences in 
VF length.39 However, it has been noted that vibration 
amplitude is largely dependent on the region of the vocal 
folds, with the middle corresponding to having the largest 
vibration.42 This confounding factor was addressed in our 
study by only processing images taken from the middle of 
the musculomembranous region of the VFs. Although 
nearly statistically significant, our male subjects had a 
larger CPVS compared to female subjects. In addition, we 
found a strong CPVS to DPVT correlation. Although 
CPVS is novel and uncharacterized, it may prove valuable 
for distinguishing across different VF conformations. Es
tablishing whether vibratory metrics reliably differentiates 
male and female VFs is important because structural and 
functional differences contribute to characteristic pitch 
ranges respective of each gender.43 In addition, these im
plications can be helpful in diagnosis, treatment planning, 
and understanding gender-related risks in voice disorders.

We did not recognize any statistically significant differ
ences in laterality except for DPVT in the female cohort. 
The small asymmetries noted in our findings may be at
tributed to probe positioning or natural minor asymmetries 
commonly found in most people.44 Given the small female 
sample size and the absence of consistent left and right 
differences, this isolated DPVT difference is more likely 
attributable to local variability in tissue vibration rather 
than a true anatomical asymmetry. Our data can support 
the assumption of bilateral general symmetry found in 
healthy VFs for most OCT-derived metrics.

Our study has several limitations. As a pilot study, the 
sample size was modest, limiting statistical power and re
stricting the generalizability of the findings. Larger and 
more diverse cohorts will be necessary to establish healthy 
baseline measurements and to strengthen cross-correlations 
with other imaging modality measurements. OCT imaging 
in vivo can be sensitive to head movement, probe posi
tioning, and stabilization constrains, which may introduce 
motion artifacts. The current implementation required 
careful patient stabilization, manual frame selection, and 
manual segmentation of tissue boundaries. As such, the 
workflow is labor-intensive and reflects a research-stage 
protocol rather than an ideal clinical workflow application. 
Our current OCT system has limited spatial resolution, and 
image signal-to-noise ratio was seen to vary among sub
jects. For some subjects, faint medial edge features were 
difficult to distinguish from noise, particularly for metrics 
such as VPD and CQ that rely on precise boundary loca
lization. Although objective criteria were used for frame 
selection and line construction, manual identification of 
medial edge landmarks introduces potential operator de
pendence. Despite these inherent procedural limitations, 
the strong ICCs and minimal Bland-Altman bias observed 
in this study suggests promise in the standardized approach 
to yield reproducible measurements.

Future developments will involve improving the OCT 
system resolution, motion correction strategies, and semi- 
automated or automated algorithms to reduce operator 
burden and enhance clinical application. Given the relative 
novelty of OCT within laryngology, comparisons were 
made to prior studies using excised laryngeal models, the
oretical computer simulations, or measurements from al
ternative imaging modalities. Differences in methodology 
limit direct cross-study comparisons and underscore the 
need for continued validation in larger cohorts. While the 
study was not designed to establish immediate clinical im
plementation, it provides a reproducible quantitative fra
mework for assessing depth-resolved VF vibratory 
mechanics. Further technological refinement and workflow 
efficiency will be required before routine adoption can be 
realized.

Conclusion
Seven novel vibratory metrics were developed for the ob
jective measurement of VF function in the coronal plane 
using cycle-resolved OCT reconstructions. These proposed 
metrics were shown to be feasible with excellent reliability 
across repeated measurements, allowing characterization of 
normal variability, left-right VF symmetry, and relation
ships among depth-resolved vibratory features in healthy 
subjects. Within the quantitative framework, male partici
pants demonstrated significantly higher DPVT, amplitude, 
and VPD. Although the clinical utility and physiological 
relevance of these findings require further investigation, 
this work established a foundation for coronal plane VF 
assessment. Future work should expand the diversity of the 
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participant pool to further evaluate the diagnostic and 
therapeutic potential of the OCT-derived vibratory metrics.
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