
Automated working distance
adjustment enables optical coherence
tomography of the human larynx in
awake patients

Sabine Donner
Sebastian Bleeker
Tammo Ripken
Martin Ptok
Michael Jungheim
Alexander Krueger



Automated working distance adjustment
enables optical coherence tomography of
the human larynx in awake patients

Sabine Donner,a Sebastian Bleeker,a Tammo Ripken,a Martin Ptok,b Michael Jungheim,b and
Alexander Kruegera,*
aLaser Zentrum Hannover e.V., Biomedical Optics Department, Hollerithallee 8, 30419 Hannover, Germany
bHannover Medical School, Clinic for Phoniatry and Paediatric Audiology, Carl-Neuberg-Street 1, 30625 Hannover, Germany

Abstract. Optical coherence tomography (OCT) provides structural information of laryngeal tissue which is com-
parable to histopathological analysis of biopsies taken under general anesthesia. In awake patients, movements
impede clinically useful OCT acquisition. Therefore, an automatic compensation of movements was imple-
mented into a swept source OCT-laryngoscope. Video and OCT beam path were combined in one tube of
10-mm diameter. Segmented OCT images served as distance sensor and a feedback control adjusted the work-
ing distance between 33 and 70 mm by synchronously translating the reference mirror and focusing lens. With
this motion compensation, the tissue was properly visible in up to 88% of the acquisition time. During quiet
respiration, OCT contrasted epithelium and lamina propria. Mean epithelial thickness was measured to be
109 and 135 μm in female and male, respectively. Furthermore, OCT of mucosal wave movements during
phonation enabled estimation of the oscillation frequency and amplitude. Regarding clinical issues, the
OCT-laryngoscope with automated working distance adjustment may support the estimation of the depth extent
of epithelial lesions and contribute to establish an indication for a biopsy. Moreover, OCT of the vibrating vocal
folds provides functional information, possibly giving further insight into mucosal behavior during the vibratory
cycle. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.2.2.026003]
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1 Introduction
Office-based clinical diagnosis of the human vocal fold structure
is usually performed by handheld indirect laryngoscopy with
flexible or rigid video endoscopes. Those are limited to the
investigation of morphological aspects on the tissue surface. For
successful treatment it is especially important to identify malig-
nant disorders in an early stage, but early cancerous lesions are
hard to distinguish from benign dysplasia on the basis of super-
ficial tissue assessment. Since epithelial thickening and penetra-
tion into deeper tissue layers can be histological evidence for
malignancy, every epithelial dysplasia of uncertain origin needs
to be assessed by biopsy. This biopsy with subsequent histologi-
cal investigation requires an endoscopic surgical procedure
where the patient needs general anesthetics. This surgical inter-
vention carries the risk of scar formation at the site of tissue
removal which can lead to permanent dysphonia and carries
the risk of false negative results because of sampling errors.
Applying an imaging technique which visualises tissue struc-
tures nondestructively in a large region of the vocal folds is
highly desirable.

Optical coherence tomography (OCT) is a noninvasive im-
aging technique which generates cross-sectional images of the
superficial tissue structure1 and was first used to visualize vocal
folds layers by Sergeev et al.2 OCT is an optical method that
uses broadband near-infrared light which is partly directed to

the sample where it is reflected at the tissue structure. The
depth of reflection is measured interferometrically with respect
to the second beam which propagates in the so-called reference
arm. In spectral-domain OCT (SD-OCT),3 which is mostly used
today, reflectivity profiles (A-scans and amplitude modulated
scans) are gained by inverse Fourier transformation of the inter-
ference spectrum. Scanning the beam along the sample creates
two-dimensional (2-D), cross-sectional images which are called
B-scans (brightness modulated scans). Wavelength dependent
sampling of the interference spectra is introduced either by a
wavelength sweep of the light source in swept source OCT sys-
tems (SS-OCT) or by spectrometer-based signal detection in
spectrometer-based SD-OCT. The main difference to be consid-
ered when choosing the adequate OCT variant for imaging
laryngeal tissue in awake patients is the sensitivity of the encod-
ing method of the spectrum against sample motion during
acquisition. While in spectrometer-based OCT systems motion
during the acquisition of each interference spectrum leads to
a signal loss because of fringe washout, in SS-OCT SNR deg-
radation can be neglected at A-scan rates corresponding to video
rate cross-sectional imaging speeds and typical sample veloc-
ities around 100 mm∕s.4 In SS-OCT, axially moving samples
modulate the sweep frequency of the light source by the Doppler
frequency, which create an axial Doppler shift of the sample
depth and a degradation of axial resolution.4
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Imaging the mucosa of vocal folds by OCT enables the iden-
tification of the epithelium and the underlying lamina propria in
the B-scans.2 Measurement of epithelial thickness and integrity
of the basement membrane can be used to discriminate vocal
cord pathologies.5 To validate the potential of OCT for vocal
cord diagnosis Kraft et al.6 applied OCT additionally to conven-
tional microlaryngoscopy in a prospective study in 193 patients.
Performing a direct laryngoscopy procedure, each suspicious
lesion was diagnosed based on both conventional microlaryngo-
scopy and OCT imaging. Those intraoperative diagnoses were
compared to the outcome of the definite diagnosis from histol-
ogy. The statistical analysis showed that OCT enabled 89%
correct diagnoses of malignant lesions. This is a significantly
higher accuracy than microlaryngoscopy alone which only iden-
tified 80% of the cases correctly.6 Epithelial thicknesses can be
measured in OCT scans for tumor staging.6,7 These OCT studies
with direct laryngoscopy were carried out with fiber-based OCT
probes in contact mode influencing the accuracy of epithelial
thickness measurements due to compression of the epithelium.7

A different technical concept is to integrate an OCT system with
a long working distance into a surgical microscope to work
contactlessly.8 The advantage of the concept is a convenient
usage for the surgeon as the microscope and the OCT are using
the same optics and the field of view is merged.9 However,
during direct OCT-laryngoscopy the patient still requires general
anesthetics.

The use of OCT in nonanesthetized patients integrated in an
office-based setup would use the advantages of the noninvasive
technique to the full extent. While laryngoscopy can provide
information on the epithelial surface, OCT could help to estimate
the depth extent of dysplasia and thereby contribute to the indi-
cation for biopsy, e.g., when the basal membrane is reached or is
no longer intact.6 For functional aspects videostroboscopy
(pseudo real time) and high-speed imaging (real time and low-
image resolution) are well established tools in clinical practice
that already give information on the mucosal wave formation
and lateral (horizontal) wave motion.10 The feasibility of OCT
measurement of physical parameters like vibration amplitude
and frequency has been demonstrated using excised larynges,
which were actuated by air blow to simulate phonation.10 The
image acquisition was synchronized to a measured subglottal
pressure signal in order to trigger a record of a full oscillatory
cycle as an M-scan before moving to the next lateral position.10

Analysis of cross-sectional images which are sequentially taken at
the same position allowed for motion tracking within the layered
structure of the vocal folds. Thus the local velocity distribution is
reconstructed,11 which can improve both clinical diagnosis as
well as physiological studies of the vibration mechanism.

The first rigid office-based OCT endoscope for application
on awake patients was developed by Guo et al.12 Laryngoscopy
or video-laryngoscopic images were used to guide the OCT
imaging using two parallel endoscopes. The OCT was shown
to work in test persons, but the use of two endoscopes in parallel
leads to a bulky setup which is hard to use in the limited space of
the oral cavity as the authors discuss.12 Additional challenges
arise from movement of the operator as well as the patient.
In the setup of Guo et al.,12 the movement was restricted by
stiff fixation of the endoscopes and the patient’s head by a fore-
head rest. First, OCT scans of awake patients were shown but
were still disturbed by motion artifacts because of the slow
frame rate of 1 Hz. Further developments of the endoscopic
OCT basically replaced the slow OCT system with spectral

domain OCT systems, yielded faster scanning rates of 8 Hz13

and addressed the imaging of vibrating vocal folds by imple-
mentation of an SS-OCT.14 The imaging depth of OCT only
spans 2.5 mm to 3.0 mm, which is significantly reduced com-
pared to the focal depth of video laryngoscopes of several
millimeters. Therefore, a precise and fast working distance
adjustment is needed at the start of the examination to fit the
anatomy of the patient and laryngeal movements need to be per-
manently tracked to enable cross-sectional imaging. In the study
of Guo et al.,12 the handling of the OCT-laryngoscope was
described to be inconvenient because the physician had to adjust
the working distance manually and had to hold the probe steady
at the same time.12–14

Instead of manually adjusting the working distance to the
individual anatomy and trying to keep the laryngoscope position
still, an automatic adjustment to the patient’s and examiner’s
movement would make the entire examination easier for the
examiner and more convenient for the patient. In grating tuned
SS-OCT systems, the axial measurement range is limited to a
few millimeters (for our system it is 3 mm in air) and there
is a sensitivity roll-off with depth (−4.3 dB per mm in our sys-
tem). Consequently, the task for the depth autorange and depth
image stabilization would be to shift this measurement range in
such a way that the position of the tissue of interest is always in
the measurement range. The second main scope of motion
tracking is to refocus the probe light to optimize contrast and
lateral resolution. Usually, OCT has a moderate focus of 10 to
30 μm full width at half maximum (FWHM) and a long depth of
focus in the range of a few hundred micrometers which has to be
refocused if axial sample motion amplitude exceeds this value.
In literature, two main classes of solutions are reported for
motion tracking; A-scan to A-scan control loops and B-scan
to B-scan–based sample motion tracking. Since OCT measures
distances of scattering structures in each A-scan, an obvious
approach is to find and use the A-scan peak position of the
prominent scatterer as a distance sensor. In fact, such algorithms
which measure the distance in every other A-scan and compen-
sate for the difference from an ideal position by moving the
probe head closer or farther away have been successfully real-
ized with a common path OCT (CPOCT).15 Axial range tracking
based on B-scan analysis and with position correction every
other B-scan was demonstrated for an ophthalmic 3D OCT.16

In this work, we present a rigid OCT-laryngoscope which
guided OCT probe light and video imaging in a common optical
path and allowed for integration of OCT into a conventional
laryngoscope. Compensation of motion during the investigation
was addressed by implementation of an autorange and autofocus
system. The actual distance of the endoscope to the tissue sur-
face was measured by image processing of the B-scans with
a gradient filter and finding the mean depth position of the
maximum brightness gradient representing the tissue surface.
The working distance was adjusted with corresponding refer-
ence arm mirror movement. Synchronously to the reference
length, readjustment focusing of both the OCT and the video
imaging were performed with a motorized lens translation
within the handheld OCT-laryngoscope.

2 Methods

2.1 Human Subjects and Study Design

The study was performed in accordance with the Declaration of
Helsinki, Good Clinical Practice, and applicable regulatory
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requirements. The clinical trial (2003–2013) was approved
by the ethics committee of the Hannover Medical School.
Participants signed an informed consent form before any study-
related procedures were performed. Volunteers were not paid
nor otherwise reimbursed. Seven (n ¼ 7) healthy adult volun-
teers (age 19 to 44 years) participated in this study. All inves-
tigations were conducted by a trained physician. Multiple image
sequences were recorded for each participant during standard
indirect laryngoscopy procedure. Prior to the endoscopy the
laryngoscope was disinfected. The distal tip of the laryngoscope
was warmed to body temperature to prevent fogging of the
optics. A standard inductive endoscope preheater (Endoscope
Preheater Desktop Unit, XION medical GmbH, Germany)
was used.

2.2 Opto-Mechanical Setup of the Optical
Coherence Tomography-Laryngoscope

The optical setup of the OCT-laryngoscope is shown in Fig. 1.
The system consisted of the light source and detection unit of a
commercial SS-OCT (OCS1300SS, Thorlabs), the endoscopic
sample arm with an additional camera channel and a table
top reference arm. The swept source laser has a spectral band-
width of 100 nm centered at 1300 nm and a sweep rate of
16 kHz. The light was coupled into an optical fiber and split
evenly (50:50 splitting ratio) into the reference arm and the sam-
ple arm of the system.

The specially constructed endoscope formed the sample arm.
For arbitrary choice of the scanning line direction, the colli-
mated light was deflected by two galvanometric driven mirrors.
2-D scanning was performed in arbitrary cross-sectional planes
in the sample volume (see Fig. 1). Full three-dimensional vol-
umes (B-scan image stacks) would have been possible for still
objects, but were not recorded in this study because lateral sam-
ple movement during the acquisition time would disturb the vol-
ume scans. One of the scanning mirrors was located in the lower
part of the endoscope under the grip and its pivot point was
imaged onto the surface of the second mirror by a 4f relay
lens system. The second scanning mirror was located in the back
focal plane of the focusing lens at the proximal end of the endo-
scope and formed a telecentric scanning system. A three-fold
relay lens system guided the light within the rigid endoscope by
generation of two intermediate images. This endoscopic lens
system consisted of 12 relay lenses and an objective lens system
where each surface was antireflection coated for the near-infra-
red wavelength range (measured average reflectivity per surface
was 0.6%) to minimize loss of illumination and sample optical
power. The total loss of near infrared (1300 nm) OCT light
power in the probe arm added up to 15.5% one way. Paraxial
residual reflections of the relay optics lead to an increased back-
ground level in the central A-scans of the 2-D images. This was
reduced by off-axis alignment.

The beam should be focused around 50 to 100 μm beneath
the tissue surface which appears in different distances from the

Fig. 1 Schematic of the optical coherence tomography (OCT) system which uses the light source and
detection unit of a commercial swept source OCT system. The light was coupled into the sample arm
which was formed by the OCT-laryngoscope, featuring an additional camera channel. The reference
arm was located externally and provides dispersion compensation for the glass of the endoscopic optics.
The working distance of the OCT-laryngoscope was adjusted by the optical focus of the endoscope by
movement of the focusing lens (pFok, indicated in green) and by the OCT imaging depth which is deter-
mined by the reference length (pRef, indicated in blue).
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distal tip of the endoscope according to the patient’s anatomy.
The focal length of the OCT system determines its lateral res-
olution and depth of focus which were both simulated in
ZEMAX (ZEMAX 11 SE, Radiant Zemax). At a working dis-
tance of 40 mm, the OCT has a lateral resolution of 19 μm and a
focal depth of 900 μm (confocal parameter). Because of this
limited focal depth it was necessary to track the axial tissue posi-
tion and adjust the focal length. Therefore, the focusing lens at
the proximal end of the endoscope was moved along the optical
axis to adjust the working distance according to the curve in
Fig. 2 within 33 mm to 70 mm (as indicated in green in Fig. 1).
At a working distance of 70 mm, the OCT spot size increased to
32 μm and the corresponding confocal parameter elongated to
2.4 mm (for the linear relationship between the working distance
and spot diameter see Fig. 3). Endoscopic relay optics and
focusing lens were part of both the video and OCT optical path,
enabling the axial overlay of the OCT focal plane with the focus
of the camera. Both foci were varied synchronously by move-
ment of the focusing lens. The OCT scan-line was also refer-
enced within the camera field of view for navigation of the
cross-sectional images to the desired position on the vocal
folds. A dichroic mirror reflected the near infrared light around
the central wavelength of 1300 nm for OCT imaging while
transmitting the visible light for video imaging (transmission
< 0.05% for p-polarization and <0.0005% for s-polarized light).

The backscattered light from the sample was focused into the
fiber and merged with the light from the reference arm. The
reference arm featured a dispersion compensation unit of two
SF10 prisms (G336675000, Qioptiq Photonics GmbH & Co.
KG, Germany) with a geometrical length of 35.0 mm to com-
pensate for the dispersion of the endoscopic optics in the sample
arm. The beam was folded by a pair of reflective prisms which
were moved axially for variation of the reference arm length to
match the working distance of the endoscope (see Fig. 1).

The interference signal was detected by a balanced detector
as depicted in Fig. 1. The spectrum was sampled in 2048 steps,
resulting in an axial imaging depth of 3 mm in air. The axial
resolution was determined experimentally as the FWHM of
the A-line peak of a single reflector in the sample and measured
18.2 μm. The system’s dynamic range was determined by the
distance of the signal peak of a −5.3 dB reflective sample

(provided by a mirror and defined absorptive neutral density fil-
ters) at the saturation limit of the detector ½ImaxðRs ¼ −5.3 dBÞ�
to the root mean square of the linear noise level ðσnoiseÞ:
20 log10 ðImax∕σnoiseÞ ¼ 82 dB. This yielded a sensitivity of
87.3 dB. Signal-to-noise roll-off with depth was measured to
be −4.8 dBmm−1. The lateral field of view was 3 mm and
was sampled by 512 A-scans. With the fixed sweep rate of
the light source the B-scan rate was 25 frames∕s.

The endoscopic optics was incorporated into a standard
rigid laryngoscope tube with an outer diameter of 10 mm
(Type 4450.501, Richard Wolf GmbH, Germany) as shown
in Fig. 4(b). A cold light source (Cold Light Fountain 482,
KARL STORZ GmbH & Co. KG, Germany) was connected
and the light travelled in the outer tube of the rigid endoscope
to illuminate the sample region for video imaging. The optical
rail of the OCT-laryngoscope was encased into a plastic housing
which has a grip that can be conveniently handheld as shown
in Fig. 4.

2.3 Autorange and Autofocus

The distance of the endoscope to the surface of the vocal folds is
defined by the anatomy of the larynx and varies from patient to
patient. Therefore, the working distance of the OCT-laryngo-
scope had to be adjusted to match the axial imaging range of
3 mm (in air) with the tissue surface. During the investigation,
movements were introduced by the investigator as well as the
patient by breathing and phonation, which needed to be com-
pensated by continuous adjustment of the working distance.
Therefore, the closed loop control system which is depicted in
Fig. 5 was designed for automatic working distance adjustment
and motion compensation.

As there is no a priori knowledge about the working distance,
the OCT imaging depth was varied systematically and the
recorded cross-sectional images were processed to determine
the actual tissue position within the working distance range.
The software development kit of the OCT system (OCS1300SS,
Thorlabs) was used for OCT image reconstruction and provided
processed B-scans with a frame rate of 25 Hz. A subsequent
image processing algorithm was programmed for fast detection
of the tissue surface within the B-scans. In detail, the scans were
first median filtered (kernel size 15 px width times 15 px height)
to reduce speckle noise and preserve the edges of the image.
As the tissue surface is characterized by brighter pixels than

Fig. 2 Focus calibration curve: For each working distance position
(top abscissa) the reference position (bottom abscissa) is adjusted
linearly and the focus lens position is adjusted according to the
above curve (second order polynomial fit).

Fig. 3 This graph shows that the lateral resolution (full width of half
maximum of the point spread function) of the OCT system depends on
the working distance linearly causing a zoom effect.
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the background gray values, the intensity gradient was used to
determine the axial position of the vocal folds. A Prewitt oper-
ator with a kernel size of 5 px width times 12 px height was
applied for gradient based edge detection.

If the tissue was not captured in the current OCT imaging
depth, the optical focus and the OCT reference plane were
moved by a step of 0.75 mm to the next working distance
(see Fig. 5). Thus, the complete working distance range was
scanned from short to long distances and back until the working
distance coarsely matched the distance of the tissue and the B-
mode OCT image showed an upright tissue cross section on the
screen. For automatic adjustment, the focusing lens (pFok, green
label in Fig. 1) and OCT reference arm length (pRef , blue label in
Fig. 1) were motorized by piezoelectric linear stages (M-
663.465, Physik Instrumente, Germany; Controller: C-867,
Physik Instrumente, Germany). After the actual working dis-
tance coarsely matched the distance of the tissue for the first
time, an OCT image stabilization algorithm started to compen-
sate for further movements: The OCT image processing mea-
sured and returned the actual tissue position (zm) within the
B-scan, which was calculated as the mean tissue surface position
for all captured lateral positions. The difference of the actual
position to the optimal axial imaging position (Δz) was calcu-
lated and compensated by movement of the actuators. The ideal

required position for the tissue surface within the measurement
window was determined for best image quality. The optimum is
a compromise between minimizing idle imaging of air at the top
and signal roll-off with depth on the one hand, while leaving
enough headspace for avoiding SD-OCT typical mirror artifacts
due to uneven surface topologies on the other hand.

A Bode plot of the open control loop was measured. Because
a mechanical simulation of the realistic disturbances of the
closed loop would require a very fast actuator, the real in
human situation was analyzed (seven different persons) for
further evaluation of the control loop performance calculating
the ratio of successful image stabilization episodes over total
image acquisition time. For quantification of the additional time
needed for the examination within the clinical work-flow, the
time span of OCT acquisition was related to the total examina-
tion time.

3 Results
The open loop gain crossover point of the OCT image stabili-
zation was determined to be 1.3 Hz at 70 deg phase delay leav-
ing 110 deg phase in reserve. A detailed analysis of the control
loop sections with a Bode plot (see Fig. 6) revealed that the
bandwidth was limited by phase lags rather than traveling

Fig. 4 (a) Schematic of the handheld OCT-laryngoscope and its application on the awake patient during
indirect laryngoscopy. (Anatomical chart modified after Ref. 17.) (b) Photograph of the handheld OCT
laryngoscope.

Fig. 5 Schematic of the closed loop control for autofocus and motion compensation. OCT images were
recorded (25 B-scans per s) and the actual tissue position zm was gained by image processing and used
to calculate the position error Δz to the set position zset. The working distance was adjusted continuously
by moving the positions of the focus of the endoscope (pfoc) and the reference plane (pref). Movement
effects the working distance and was treated as an external stochastic error.
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speed (including acceleration and deceleration) of the actuators.
The technical limit is the phase lag introduced by trajectory
processing in the internal control electronics of the piezoelectric
translation stages (see curve marked with triangles in Fig. 6).
An additional phase lag is introduced by the image processing
(adding up to the curve marked with squares in Fig. 6). Based
on this open control loop performance and an image size of 512
A-scans per B-scan, we decided to implement an update rate

for the software commands on the actuators of every second
B-scan. All B-scans were used to measure the distance and
feed the control loop, but the reference arm and focus position
were changed during every second B-scan. This way, the
B-scans in between did not contain any active movement
of the actuators. Concerning the image processing performance,
the described gradient filter approach to determine the tissue
position also worked for images with low signal-to-noise. In
very few cases, the system focused on the Fourier transform
induced mirror images resulting in a relatively unstable upside-
down view of the cross sections.

The OCT-laryngoscope was tested in seven participants
and OCT imaging was possible during both respiration and
phonation phases during the examination. The tested persons
tolerated the investigation and no anesthetics were needed.
Thirty-eight datasets from three male and four female subjects
were collected.

Figure 7 pictures the set of videolaryngoscopic images and
OCT B-scans of the human vocal fold. The videolaryngoscopic
images (a) show a conventional top view of the surface of the
vocal folds. The red line indicates the position of the OCT cross-
sectional image which is depicted in the figure. In the B-scans
of the left vocal cord (b) the curved surface and structure of the
tissue are visible. The upper layer is formed by the epithelium
which is slightly more transparent than the highly scattering
lamina propria underneath. The border between those layers
is formed by the basement membrane (indicated by the white
arrows). The images in Fig. 7 were captured during respiration,
where the glottis is open and the vocal folds are at rest.
Therefore, their shape and structure can be imaged in a steady
position.

Epithelial thickness is an important diagnostic parameter and
was measured in two representative B-scans for each test person.
As the OCT measures optical length rather than geometrical dis-
tances, the axial dimension of the scans scales with a factor of
1.4 as a mean refractive index of soft tissue in accordance with
previous publications.7 Two representative OCT scans per per-
son were extracted from the datasets and the borders of the epi-
thelium were drawn in manually by the physician. The area of
the marked region was divided by its lateral extension to calcu-
late the epithelial thickness. A mean epithelial thickness of

Fig. 6 Bode plot showing: (a) magnitude and (b) phase response of
the control loop. Damping of the magnitude (top) with frequency is
governed by the internal control loop of the translation stage. The cor-
responding phase shift is marked with diamonds. The dead time of
RS232 communication introduces an additional time lag (marked
with triangles), and processing and calculation introduce additional
time lags, resulting in the entire open loop phase (marked with
squares). Gain cross over frequency (dashed vertical line) is 1.3 Hz
with 70 deg phase lag (110 deg reserve to positive feedback).

Fig. 7 (a) Video images show the indirect laryngoscopic image of the vocal folds, the OCT scan line is
indicated in red and (b) OCT B-scans of healthy human vocal folds. The cross-sectional images show the
epithelium and lamina propria which are separated by the basement membrane (white arrows). Scale bar
is 500 μm, color calibration bar indicates sample reflectivity in dB.
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135.4� 39.7 μm was measured in males, while the mean epi-
thelial thickness in females was 109.0� 11.6 μm. The errors
indicate the standard deviation of the measured thicknesses
and a student t-test showed that there was no significant differ-
ence in the male and female thicknesses.

During indirect laryngoscopy, the patient is often asked to
phonate because then the vocal folds are adducted for vibration
and the phonatory task leads to an anteflection of the larynx giv-
ing a better view inside. Functional imaging of the vibrating
folds also provides additional information on the motility of
the epithelial surface. It may help to detect and further explain
the reasons for a loss of the phonatory vibration ability. Video
images and OCT scans of vibrating vocal folds are shown in
Fig. 8 (including video sequences as media files). Motion arti-
facts of Doppler shifts were present in the images as the OCT
system uses the forward sweep and the backward sweep of the
light source for imaging. The images were postprocessed by
application of the deinterlace plugin of the image processing
software ImageJ (National Institutes of Health) which yielded
undisturbed images as shown in Fig. 7.

Because the OCT B-scans are captured with a frame rate of
25 Hz, one B-scan shows multiple oscillation cycles of the vocal
fold. The amplitude of the vibration is visualized along the scan
line and was largest at the medial margin of the vocal fold which
is represented by the right part of the cross-sectional image in
Fig. 8(a). Here, the amplitude of the vibration was measured to
be 600 μm in this scan of a female vocal cord and decreased
in the left part of the scan which is located at the lateral part
of the vocal cord. The video sequence was captured sequentially
within several seconds (time label in the upper left part of the
OCT scan in each frame). It shows how the mucosal wave

moves from the glottis to the outer parts of the folds.
Figure 8(b) and Video 2 show the vocal cord oscillation of
a male test person which had a larger maximum amplitude of
1.6 mm and also a significant decay of amplitude towards
the outer part of the cord. The lateral field of view of the
OCT-laryngoscope was 3 mm in both cases and enabled imag-
ing of almost the whole width of the vocal fold.

The oscillation frequency of the vibrating folds can be esti-
mated from the B-scans because one cross-sectional image cap-
tures several motion cycles [see Fig. 9(b)]. The period of the
oscillation (indicated by white arrow in Fig. 9) can be converted
into the period time of the oscillation using the A-scan rate
(16 kHz) of the system. Thus, each lateral pixel corresponds
to 62.5 μs. As the mucosal wave propagates from the glottis
towards the false cords, OCT B-scans recorded perpendicular
to the glottis (like presented in Fig. 8) are impaired by the
Doppler effect. This causes a dependency of the measured fre-
quency on the direction of the OCT scan with respect to the
propagation of the mucosal wave. To eliminate this effect, B-
scans were recorded parallel to the glottis for estimation of
the phonation frequency. An example is shown in Fig. 9 and
the oscillation frequency in this male test person was measured
to be 125 Hz.

The video sequences (Videos 1 and 2) show that strong
movement of the vocal folds occurred. Nevertheless, the auto-
focus of the OCT-laryngoscope was able to keep the tissue sur-
face within the imaging depth of the system. Video 1 shows two
transitions from phonation to respiration and back to phonation
again. The present working distance was recorded for each B-
scan and documented a variation in the presented sequence of
7.3 mm.

A typical course of working distances in an indirect laryn-
goscopy with duration of 60 s is shown in Fig. 10. The start
of the examination was set to the frame of the first appearance
of the vocal folds in the field of view of the camera. The gray
boxes in the graph indicate the time spans where OCT images
were successfully taken during phonation and yellow boxes
indicate OCT imaging of the vocal folds when the test person
was breathing. The figure shows that the autofocus scanned
the working distance range first, starting at short distances
and capturing the first OCT image after 2.7 s. After another
4.8 s, the sample surface moved out of the imaging depth of
the OCT laryngoscope. This might be due to axial movement
of the vocal fold that exceeded the imaging depth and occurred
faster than the focal adjustment or local unevenness of the
folds or misalignment of the lateral scanning region with the
vocal folds. However, the autofocus started scanning the axial

Fig. 8 Camera images (upper image) and B-scans (underneath) of
the vibrating vocal folds during phonation: (a) Video 1, the vibrating
vocal fold of female test person which oscillates with a frequency of
286 Hz and an amplitude of 600 μm at the glottis, decreasing to the
outer parts; and (b) Video 2, an example of the vibrating vocal cord of
a male test person with lower frequency of 143 Hz and a higher ampli-
tude of 1600 μm. (Video 1, MPEG, 3.1 MB [DOI: http://dx.doi.org/10
.1117/1.JMI.2.2.026003.1]; Video 2, MPEG, 18.4 MB) [DOI: http://
dx.doi.org/10.1117/1.JMI.2.2.026003.2].

Fig. 9 (a) Camera images and (b) B-scan of the vibrating vocal folds
during phonation. The OCT scan was taken parallel to the glottis and
the oscillation frequency was determined to be 125 Hz.
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working distance again and successful OCT imaging continued
after 4.6 s. Useful OCT images were captured within 79% of the
total duration of the imaging part of the examination of 45 s. The
working distance varied between 33.6 and 49.6 mm and a maxi-
mum travel of 13.6 mm was compensated without interruption
of OCT imaging. The mean working distance in male partici-
pants was calculated to be 64.9 and in females 48.4 mm. In
female subjects the mean working distance during phonation
was 3.9 mm shorter than during breathing. No difference was
found in male subjects. However, the graph in Fig. 10 shows
that there was high variation (13.6 mm peak to peak) of the dis-
tance of the vocal folds to the endoscopic tip, which largely
exceeded the axial imaging depth of the OCT. Therefore, auto-
matic adjustment of the working distance was crucial to enable
laryngeal OCT in the awake patient. If the autorange and auto-
focus were used, 40% of the examination time as an average
over of all test persons was filled with OCT image acquisition
and the other 60% of the time was used for inserting and remov-
ing of the endoscope and manual navigation of the field of view
to the region of interest. Within this acquired image series, up to
88% of the images were situated within OCT imaging range
and focus.

4 Discussion
The presented OCT-laryngoscope combines video laryngo-
scopic imaging and cross-sectional OCT of the larynx in one
endoscope, which has the following advantages: endoscope
dimensions and handling ergonomics of a standard rigid
laryngoscope are preserved without adding a second tube.
The rigid design with adjustable working distance enabled con-
tactless OCT imaging in awake patients. Compared to imaging
during direct laryngoscopy with fiber-based OCT systems.5–7

the use of OCT in an indirect laryngoscopy setup lowers the
risk for the patient as no anesthesia is needed. The procedure
was well tolerated by all test persons and cross-sectional images
of a potential clinical value were generated within the usual
examination duration of about one minute. We are confident
that these cross-sectional images can support the decision mak-
ing to take a biopsy in patients having dysplasia of the vocal fold
epithelium or provide an opportunity for follow up when, in
cases of a chronic laryngitis, a biopsy cannot be taken every

time. From a clinical point of view all these features can be con-
sidered as important steps towards application of OCT as a fast
examination method in the doctor’s office, providing a first line
examination tool before taking a biopsy.

Also, the laryngologist usually asks the patient to phonate
during the examination for diagnosis of the vibration character-
istics. With the OCT-laryngoscope steady and even, vibrating
vocal folds could be imaged because an SS-OCT system was
implemented. In contrast to spectrometer-based OCT systems,
where motion during the acquisition of the interference spectra
yields a signal loss, the sensitivity of the SS-OCT is less influ-
enced by axial sample motion.4 As both sweep directions of the
swept source laser were used to apply the full sweep frequency
of 16 kHz for fast imaging, Doppler shifts occurred and caused
imaging artifacts. Artifact-free B-scans were generated by dein-
terlacing the shifted A-lines. Although this led to a reduced
lateral sampling, it proved to be a sufficient compromise for
fast acquisition of motion artifact-free OCT images of vibrating
vocal folds.

The advantage of the multilens rigid endoscope over inde-
pendent twin tube systems12–14 was the common beam guidance
of OCTand camera imaging, which led to a fixed lateral position
reference of the OCT scan-line within the camera images. In
contrast to OCT-laryngoscopes which are used parallel to an
additional video endoscope,12–14 the use of a common endo-
scope for both imaging modalities also enabled a compact setup.
The outer dimensions of the OCT laryngoscope were identical
with the commercial video laryngoscope, which resulted in a
good acceptance of the examination by the patient. Furthermore,
the physician got used to the handling of the device very quickly.

As the endoscopic optics required a special antireflection
coating in the near-infrared wavelength range around 1300 nm
to minimize losses of the OCT light and the optical setup was
designed for guiding a scanning OCT beam, the video images
cannot compete with commercial state-of-the-art laryngoscopic
video images, especially in terms of color fidelity and illumina-
tion. However, the quality was sufficient for guidance of the
examination and allowed for identification of the lateral position
of the cross-sectional OCT images and thus, met the require-
ments of the presented technique.

The measured sensitivity of the OCT was 87 dB which was
less than stated in earlier publications which report a sensitivity
of 109 dB of a rigid SS-OCT endoscope.14 This is due to the
different optical systems in the endoscope. While we used a
relay system that consisted of a set of multielement lenses
and created optical losses at the lens surfaces, the GRIN lens
endoscope guides the light in a lens rod.12 The rod causes
lower optical power losses on the one hand, but on the other
hand requires an additional endoscope for video imaging result-
ing in the space drawback discussed above. Despite optical
power losses in the endoscopic sample arm, the tissue contrast
of in vivo scanned vocal folds was sufficient for visualization of
the upper tissue layers, measurement of epithelial thickness, im-
aging the vibrating vocal folds, and automatic detection of the
tissue surface for the autofocus system. The compromise we
found between visual and infrared optical quality might still
be improved. Here the new generation of SS-OCT systems
based on cavity surface-emitting lasers (VCSEL) at around a
1060-nm central wavelength might ease the design of antireflec-
tion coatings and dichroic mirrors. VCELS might also be favor-
able for a very compact design as it was demonstrated for
handheld ophthalmic OCT systems.18

Fig. 10 Course of the adjusted working distances during indirect
laryngoscopy. Yellow boxes indicate time periods of successful OCT
imaging during breathing and gray boxes represent OCT imaging
during phonation. In this example, within the 45 s of the image acquis-
ition time, sample movement of 13.6 mm was compensated. The time
spans of sufficiently focused OCT images added up to 36 s (79% of
the examination duration).

Journal of Medical Imaging 026003-8 Apr–Jun 2015 • Vol. 2(2)

Donner et al.: Automated working distance adjustment enables optical coherence tomography. . .



The free choice of orientation of the OCT scan-line on the
vocal folds by the galvanometer scanner is advantageous over 2-
D systems. It allowed for arbitrary alignment of the scan-line on
the vocal fold by variation of the scan-line representation in the
video image of the software interface, rather than moving the
endoscope as in previously published OCT-laryngoscopes,
which used rotating fiber scanners12 or one-dimensional galvo
scanning.13,14 Their scan-line was restricted to a predetermined
position and orientation with respect to the endoscopic optics.
Within the limited space of the pharynx, the scan-line which is
fixed in the endoscopic coordinate system cannot be targeted
along any desired anatomical direction by roll, pitch and yaw
of the tube, therefore, an arbitrarily selectable scan-line orien-
tation is a more convenient solution.

The challenges of motion during the examination as well as
initial adjustment of the working distance to the anatomy of the
patient were addressed by implementing an automatic focusing
system. Other published OCT-laryngoscopes utilize manual
focusing, which occupies much of the operator’s attention and
causes difficulties with simultaneous focusing and holding
the endoscope in place.13 In these former systems, additional
mechanical fixation was required, which led to a strong altera-
tion of the clinically established examination situation.
Additionally, the motion of the larynx cannot be suppressed by
the fixation and disturbs the images which are recorded at a
frame rate of 1 Hz.12 In contrast to that, the automatic focusing
presented here assisted the operator and contributed to easy
handling of the OCT-laryngoscope.

The autofocus worked on the basis of B-scans and image
processing. Calculating the mean position of the tissue surface
over all lateral A-lines in the B-scan made the position sensor
insensible to anatomical surface curvature and sinusoidal modu-
lation of the vibrating vocal folds. Due to the acquisition rate of
25 Hz and the motion compensation rate of 12 Hz, the algorithm
was able to compensate for laryngeal motion and movement of
the laryngoscope. In contrast to A-scan-based motion compen-
sation algorithms which eliminate sample topology by adjusting
each lateral scan line to the same axial position,16 the autofocus
only adjusted the working distance with half the B-scan rate
which means that every second scan was not influenced by the
algorithm. Thereby, the geometrical contour of the vocal folds
was correctly represented in the B-scans. Comparing the perfor-
mance of our control loop with similar nonlaryngoscopic sys-
tems, the control bandwidth of our system is in the range of
the control loop performance reported in literature. The control
bandwidth of the ophthalmic B-scan based motion tracking
spectrometer based SD-OCT system reported in literature was
2.4 Hz at 60 deg phase delay16 limited by the speed of the
real time image processing, while our system works with
1.1 Hz at the same phase delay. The A-scan analyzing CPOCT
system for surgical guidance which was reported before showed
a control frequency of 0.35 Hz at 60 deg phase delay limited by
the speed of the depth translating actuator for the probe.15 Such
an A-scan to A-scan CPOCTapproach would not be appropriate
in our case because of the much higher A-scan rate of our sys-
tem, the disability to distinguish between motion and topology
related distance variations and the intrinsically limited working
distance of a common path system from probe to tissue. While
refocusing is intrinsic in the CPOCT system,15 the SD-OCT for
retinal imaging was limited to 300 μm total axial motion ampli-
tude16 compared to a maximum of 40 mm demonstrated with
our system. While the refocusing was not necessary for the

retinal SD-OCT system, it was mandatory for the large axial
working distance variations in the laryngeal SS-OCT in this
study. We conclude that the every other (second) B-scan based
correction of both reference arm length and focus position works
best with the laryngeal OCT given the lag time limited control
bandwidth. A higher bandwidth of the OCT with A-scan rate
analysis and tissue tracking would, for example, be necessary
if one wants to perform surgery with the system. In this case,
the axial movements by the unintended tremor (frequencies
up to 15 Hz) are relevant for patient safety and OCT tracking
is beneficial as reported for OCT assisted vitreoretinal surgery,19

where the OCT is not used for scanning cross-sectional images
but for point distance measurements.

Imaging the vocal folds during phonation was possible
because the OCT works in noncontact mode in awake patients.
The first OCT imaging during phonation was shown by Yu
et al.14 and already showed the possibilities of measurement
of frequency and amplitude of the oscillation in the OCT B-
scans. The system we presented here utilized B-scans either
in line or perpendicular to the glottis, therefore, the movement
of the mucosal wave was imaged which has been so far only
demonstrated in an ex vivo model.10 The mucosal wave forms
its highest amplitude at the medial margin of the vocal fold. The
oscillation was damped towards the lateral parts of the vocal
cord which was clearly visualized in OCT video sequences.
Even though the measured sensitivity of the OCT was −22 dB

lower than in the OCT-laryngoscope utilizing GRIN lenses,14

the tissue surface was visible as a continuous contour in all
vibration phases. This is sufficient for measurement of the
amplitude of the tissue wave. So far, little is known about
these characteristics, and OCT might provide valuable addi-
tional information on the oscillatory cycle of the vocal folds.
This may help to study the vocal fold physiology as well as
to evaluate functional aspects in the future. In cases of a limited
mucosal wave formation that are caused by malignant lesions,
OCT may also contribute to the differentiation.

The measured mean epithelial thicknesses of 109.5 μm in
female test persons and 135.4 μm in the male test persons
are in good agreement with previously published measures
by Wong et al.5 who quantified the thickness to be 129 μm.
A comparison of measurement in OCT optical sections carried
out by a fiber-based system and in histological sections was
published by Kaiser et al.7 An average epithelial thickness of
80.9 μm was measured in OCTwhile histology yielded a larger
epithelial thickness of 103 μm despite expected preparation arti-
facts due to tissue shrinkage.7 It was stated that compression of
the tissue by the OCT probe might cause the lower thicknesses
measured in the OCT scans. This agrees with our findings of
higher thicknesses with the contactless OCT-laryngoscope and
further underlines the great value of contactless imaging for
representation of the undisturbed anatomical structures.

In summary, we presented an OCT-laryngoscope which ena-
bles cross-sectional imaging of superficial tissue structure in
the awake patient. Implementing the optics into a standard
rigid endoscopic tube and assisting the operator by automatic
and fast adjustment of the working distance enables additional
OCT imaging in the usual clinical setup of indirect laryngos-
copy. Improvements of the optical system aiming at higher con-
trast of the OCT images are necessary and will be the next step
in our research. Further correlation of histologic studies and
the cross-sectional OCT images, as has been started by several
authors,5,6 will also be necessary so that OCT might become an
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effective tool for classification of laryngeal diseases. With
the presented system, OCT could be conveniently applied in
awake patients instead of imaging during surgical procedures.
Moreover, OCT in the awake patients also enables imaging
during phonation. By observing the mucosal wave formation,
additional information on functional voice disorders can pos-
sibly be collected.
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