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Abstract
Purpose of Review—This paper provides a review of the latest advances in videostroboscopy,
videokymography and high-speed videoendoscopy, and outlines the development of new laryngeal
imaging modalities based on optical coherence tomography, laser depth-kymography, and magnetic
resonance imaging, published in the past 2 years.

Videostroboscopy and Videokymography: Image quality has improved and several image
processing and measurement techniques have been published.

High-speed videoendoscopy: Significant progress has been made through increased sensitivity and
frame rates of the cameras, and the development of facilitative playbacks, phonovibrography and
several image segmentation and measurement methods. Clinical evidence was presented through
applications in phonosurgery, comparisons with videostroboscopy, normative data, and better
understanding of voice production.

Optical coherence tomography: Latest developments allow for the capture of dynamic high
resolution cross-sectional images of the vibrating vocal fold mucosa during phonation.

Depth-kymography: New laser technique allowing recording of the vertical movements of the vocal
folds during phonation in calibrated spatial values.

Laryngeal magnetic resonance: New methods allow high-resolution imaging of laryngeal tissue
microstructure, or measuring of dynamic laryngeal structures during phonation.

Summary—The endoscopic laryngeal imaging techniques have made significant advances
increasing their clinical value, while techniques providing new types of potentially clinically-relevant
information have emerged.
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Introduction
Visualization of the structure and function of the vocal folds has become an essential
component of the clinical voice assessment protocol [1]. The term “laryngeal imaging”
typically refers to the endoscopic imaging of vocal fold tissue vibration via videostroboscopy,
videokymography (VKG), or high-speed videoendoscopy (HSV). Recent reviews emphasized
the need for further technological, methodological and clinical research on laryngeal imaging,
including the development of clinical norms and objective image processing and measurement
methods [1–4]. A comprehensive overview of the most recent advances in endoscopic
laryngeal imaging technology combined with all of the information needed to interpret findings
and successfully manage patients with voice disorders can be found in [5**]. This paper
provides a review of the latest advances in HSV, VKG and videostroboscopy, and outlines the
development of new laryngeal imaging modalities based on optical coherence tomography
(OCT), laser depth-kymography, and magnetic resonance imaging (MRI), published in the past
2 years.

Videostroboscopy and Videokymography
Videostroboscopy is the most widely used clinical technique for laryngeal imaging. A well-
known drawback of videostroboscopy is the reliance on quasi-periodic voice signals [5**]
when producing a real-time slow-motion stroboscopic effect. For dysphonic patients exhibiting
increased perturbation in the microphone or electroglottographic tracking signal, which
constitute a large percentage of the population with voice disorders, videostroboscopy is not a
useful diagnostic tool because it cannot reconstruct a slow motion movie of the intra-glottal
cycle. This is the main reason why videostroboscopy requires supplementation by VKG and
why it will be eventually supplanted by HSV. Nevertheless, videostroboscopy possesses
characteristics that will not be matched easily by other techniques, i.e. real-time visualization
with simultaneous audio playback, easily achievable superior image quality, lengthy
recordings with established procedures for compression and archiving [6]. The advent of distal-
chip nasal laryngoscopy [7] offers superior quality of structural imaging that HSV and VKG
will not be able to achieve in the near future, especially with nasal endoscopy. A late publication
[8] reported the advent of a full high-definition (1080i) videostroboscopy system. Despite of
emerging new techniques, videostroboscopy will continue to offer certain advantages.

VKG is a high-speed imaging modality, which is often supplementing videostroboscopy when
viewing irregular vibratory patters by scanning a particular cross-section of the posterior-
anterior axis of the vocal folds. Among the recent improvements in VKG, the most noticeable
are the new-generation videokymography providing concurrent real-time kymographic and
videostroboscopic imaging [9] and the detailed descriptive protocol for visual evaluation of
VKG [10]. A noticeable recent trend is the increased effort in the development of automated
image segmentation and quantification techniques for VKG [11] and videostroboscopy [12],
of a quantitative laryngeal imaging system using videostroboscopy [13], and a method for
automatic mucosal wave extraction from VKG [14*]. These automated techniques are essential
not only because they offer immediate implementation with the established clinical modalities
of videostroboscopy and VKG, but because their principles are fully applicable to HSV, as
well.
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High-Speed Videoendoscopy
HSV provides reliable functional and structural sampling of the larynx. HSV possesses the
clear potential to replace videostroboscopy as the leading endoscopic laryngeal imaging
technique. The most significant challenges and advances in the clinical and basic-science
implementation of laryngeal HSV have been detailed in [5**,15*].

Advantages of HSV over videostroboscopy and VKG
By default, HSV overcomes the limitations of videostroboscopy, allowing the visualization
and objective measurement of the vocal-fold vibratory behavior regardless of whether this
behavior is periodic or aperiodic [5**]. HSV records a full image of the vocal folds with high-
temporal resolution, a significant advantage over VKG. HSV is a superset of videostroboscopy
and VKG, allowing to produce simulated stroboscopy (SSA) and digital kymography (DKG)
playbacks [15*]. Videostroboscopy is applicable only with sustained phonation tasks for
individuals with stable phonatory characteristics. HSV allows for the accurate and reliable
assessment of those tasks in individuals with stable or unstable phonatory characteristics, i.e.
pronounced dysphonia. HSV is applicable for evaluating transient vocal-fold vibratory
behaviors, such as, phonatory breaks, laryngeal spasms, and the onset and offset of phonation.
It can be used for tasks involving vocal attack, coughing, throat clearing, laughing, and other
activities involving rapid laryngeal maneuvers. In a recent study [16*], imaging with DKG
demonstrated an ability to assign a signal type to various laryngeal vibrations. Braunschweig
et al. [17*] used HSV to develop a quantitative parameterization scheme of the phonatory onset,
a new approach in developing objective methods for the diagnosis of functional dysphonia.
Orlikoff et al. [18*] used HSV to record the phonatory onset at soft, normal and hard glottal
attack, in order to validate a vocal attack time measurement, which is further discussed. The
current challenges of HSV come from the fact that it is still a work in progress, in which new
technologies and methodologies need to follow the clinical needs, while clinical evidence and
norms are being established.

Technological breakthroughs
Sensitivity, frame rate, integration time, color, pixel resolution and dynamic range are the most
important high-speed camera characteristics relevant to laryngeal HSV [5**,15*]. Today, the
most sensitive high-speed cameras have monochrome sensitivity of 7,000 ISO (Vision
Research, Inc., Wayne, NJ) and 6,400 ISO (Photron Inc., San Diego, CA), and color sensitivity
of 2,100 and 1,600 ISO, respectively. Their characteristics are now sufficient to allow superior
image quality with rigid HSV at 8,000 fps in color, and 20,000 fps in monochrome [5**]. A
recent study alerted that a typically used frame rate of 2,000 fps is insufficient when evaluating
the mucosal wave characteristics [19*]. A report of a low-cost HSV system [20] being
commercially available is encouraging for the broad introduction of HSV. However, the system
operates at 600–1200 fps, a frame rate likely insufficient for evaluation of many clinical
features. More research is necessary to establish the camera characteristics required in a clinical
evaluation and how these requirements relate to a specific clinical protocol.

Advances in methodology
HSV contains an enormous amount of biomechanical information about the vocal fold
vibration. But this large amount of data is difficult to navigate through. The presentation of the
HSV content to the clinician can be made either visually or through measurements. Thus, the
methodology for voice evaluation via HSV can be achieved via visual perceptual ratings and
measures, and via automatic objective measures, or by combining them in a way intuitive to
the clinician. Analytic phase plots [21] have been used to graphically visualize and measure
vibratory patterns of the glottal area waveform obtained through HSV.
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Facilitative playbacks [15*] have been developed to emphasize particular aspects of the vocal
fold vibration, i.e. spatial, temporal, mucosal wave and vertical aspects. Combinations of the
DKG playback, mucosal wave (MW) playback, mucosal wave kymography (MKG) playback,
three-dimensional (3D) playback, and objective measurements have been used to provide
normative information about vibratory features typically evaluated through the voice
assessment protocol, such as periodicity [22*], symmetry [23], mucosal wave [19*], open
quotient, glottal closure and mucus aggregation [24].

Another significant development in HSV methodology was the advent of phonovibrography
(PVG), a method for mapping HSV movies of vocal fold vibrations into 2-dimensional
diagrams for visualizing and analyzing the underlying laryngeal dynamics [25,26*]. A
preliminary study [27] and a follow-up investigation [28*] found that continuous voice use
(vocal loading) during the workday stresses the vocal folds in healthy subjects and can be
detected by applying the PVG technique.

Image segmentation is an important process for detecting and extracting the features of interest
that are later subjected to measurement. In HSV, there are three types of segmentation:
temporal, spatial and spatiotemporal segmentation. Temporal segmentation, which helps
identify the time periods of interest in an HSV recording was presented in [15*]. HSV spatial
segmentation was reported using region growing [29], thresholding [21,30**] or level set
[31] algorithms. Spatiotemporal segmentation based on paired active contours was recently
developed [32] into a fast, reliable and accurate algorithm.

Comparison to videostroboscopy, HSV normative data
Several late studies from different teams compared directly videostroboscopy to HSV when
evaluating a very similar range of clinical vibratory features: cycle and width periodicity
[22*]; phase asymmetry [23]; mucosal wave [19*]; mucus aggregation [24]; glottal
configuration, phase closure, symmetry, mucosal wave, amplitude, and periodicity [33*]; and
vocal fold edge, glottal closure, phase closure, vertical level, amplitude, mucosal wave, phase
symmetry, tissue pliability, and periodicity [34*]. Although interpretation of the data varied
among teams, the data were actually very similar. One thing in common between those studies
was the finding that HSV norms are very different from videostroboscopic. These studies
contributed significantly by providing preliminary HSV norms.

HSV in phonosurgery
Recently, HSV was used to gain better insights into the voice production mechanisms of
patients who have undergone endoscopic phonosurgical treatment of early glottic cancer
[30**] that cannot be obtained with videostroboscopy. The use of HSV with time-synchronized
acoustic voice signal enabled direct correlations between acoustic parameters and measures of
glottal closure and vibratory symmetry extracted from HSV. This information should
substantially assist surgeons in identifying biomechanical phonatory mucosal deficits and the
effectiveness of implant reconstruction efforts.

HSV as a tool in basic voice science
Above the potential of HSV as a clinical tool is the role of HSV as a powerful technique for
refining our understanding of voice production. HSV is a great tool in investigating the
interrelations between the biomechanical aspects of vocal-fold vibration, i.e. the vocal-fold
physiology, and other biofeedback signals that have been traditionally used for the evaluation
of vocal function. HSV was successfully used in the experimental validation of a non-invasive
measure of vocal attack time during the onset of phonation through measuring the time lag
between the rise of the acoustic and electroglottographic signals [18*]. The relationship
between the glottal area waveform as computed through HSV and the glottal flow waveforms
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obtained by inverse-filtering the acoustic signal was studied in [35]. A direct linkage of
measures of vocal-fold contact obtained through electroglottography to visual physiologic
measures of vocal-fold contact through HSV allowed to cross-validate several
electroglottographic features [36]. Automated image and signal processing methods were used
to reveal relationships between vocal-fold vibratory function and the resulting acoustic
characteristics of the voice [21,30**].

Another area of basic research is the use of HSV in improving the theoretical models of voice
production. HSV recordings were taken as a basis to simulate the five common glottis closure
types during normal phonation in [37]. Schwarz et al. [29] utilized HSV to obtain a parametric
description of the spatio-temporal characteristics of the vocal fold oscillations. Murugappan
et al. [38*] used HSV to determine the effect of higher subglottal pressures on higher harmonics
and loudness when unilateral vocal fold scarring is present. The influence of asymmetric vocal
fold stiffness on voice production was evaluated using HSV on life-sized, self-oscillating
vocal-fold fabricated physical models [39].

Optical Coherence Tomography
Traditionally, imaging of the vocal folds has been primarily limited to endoscopic viewing of
the mucosal surfaces, in the form of static pictures to document the presence or absence of
pathology, or via video recordings utilizing stroboscopic, high-speed, and/or kymographic
techniques to capture the motion of the mucosal surfaces (vocal fold vibration) during
phonation. Since 1997, there have been numerous papers published that describe the use of
OCT to acquire static cross-sectional images of the layered microstructure of vocal fold
mucosa; which in a normal vocal fold would include the epithelium and the different levels of
the lamina propria [40–42]. OCT uses interferometry of backscattered near-infrared light to
image cross-sections of tissue down to a depth of approximately 2 mm with a resolution of
about 10 μm. In vocal folds this offers the possibility for assessing histopathology (optical
biopsy) or surgically-induced alterations to the mucosa that can not be obtained with traditional
surface imaging. More recent technological advances in OCT have resulted in much faster
image acquisition rates than were originally possible. One leading version of this newer
technology, optical frequency domain imaging (OFDI), has already been used to produce
dynamic cross-sectional imaging/movies of vocal fold mucosa during a sub-epithelial injection
[43] and during phonation at frame rates that were still too slow to track true vibratory activity
[44]. However, this second publication is one example of a study that demonstrated the
potential to employ non-contact OCT through a transoral endoscope in an awake patient.
Efforts are already underway to couple the faster sampling of newer OCT technology with
stroboscopic-like triggering to allow the capture of high resolution cross-sectional images (3D
volumes) of the vibrating vocal fold mucosa during phonation [45**]. This could provide the
unprecedented capability to more directly relate quantitative measures of tissue biomechanics
to normal and pathological states of the vocal fold layered microstructure, within the ~2 mm
limit in tissue penetration of OCT and for voices that are periodic enough for stroboscopic
sampling.

Depth-Kymography
Traditionally, the visualization of the surface of the vocal folds via laryngoscopy provides a
two-dimensional image in a horizontal plane, which is not calibrated in size. Precise knowledge
of the absolute dimensions of human vocal folds and their vertical vibration parameters has
significant importance in clinical diagnosis and intervention. Depth-kymography is a novel
laser line-triangulation laryngoscopic technique for the quantitative visualization of the vertical
(upward-downward) movements of the vocal folds during phonation, allowing for in-vivo
recording of the third dimension of the tissue surface movements in absolute values [46]. The
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vibration profiles in both horizontal and vertical directions are calibrated and measured in
absolute units with a resolution of ±50 μm. The same team employed depth-kymography in
studying the generation and propagation of mucosal waves by locating the position of their
maximum vertical position and the propagation velocity [47*]. In a follow-up study, direct
quantitative comparisons between 3D profiling measurements and simulations of human vocal
fold vibrations were reported [48] validating the technique. Depth-kymography has the
potential to become an important addition to the voice assessment protocol.

Magnetic Resonance Imaging
High-resolution MRI had been used to construct a three-dimensional anatomical model of the
cartilages of the human larynx [49], providing an anatomical framework for registering
different larynges to the same coordinate space. Lately, a three-dimensional educational
computer model of the larynx was developed from MRI scans [50]. Two recent studies opened
new directions for applying MRI for laryngeal imaging: MR microimaging of excised larynges
confirmed valid high-resolution imaging of laryngeal tissue microstructure [51*], and dynamic
MRI of laryngeal and vocal fold vibrations was realized for the first time for measuring of
laryngeal structures and glottal parameters in dynamic function [52*].

Conclusion
Within the last 2 years, there have been published reports of new developments in endoscopic
imaging, where the biggest advance was marked in the development of new methods for and
the clinical validation of high-speed videoendoscopy. New laryngeal imaging modalities based
on optical coherence tomography, depth-kymography and magnetic resonance imaging carry
significant clinical appeal, especially the optical coherence tomography.
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