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Abstract
Understanding vocal fold (VF) structure and development is primordial in developing
new methods to prevent and treat pathologies. Optical microscopy techniques have the
potential to impact the field of pediatric laryngology through their ability to non-invasively image sub-surface structures with high resolution and contrast. In this chapter, we
describe and discuss three optical imaging modalities for applications to clinical laryngology: optical coherence tomography (OCT), reflectance confocal microscopy (RCM), and
nonlinear microscopy (NLM).
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Introduction
The prevention and treatment of pediatric VF pathologies depend upon a complete
understanding of pediatric VF structural development and differentiation. In the adult
population, the current model was acquired from histopathologic characteristics of adult
cadaveric laryngeal specimen and includes both a morphologic as well as a functional description of the vocal apparatus [1]. Knowledge of the micro-anatomy of the mature VF
allows for the development of micro-surgical techniques preserving phonation through
micro-dissection, sparing the superficial lamina propria. However, in the pediatric population, our knowledge of the maturation stages is still limited. While it is known that
transitions occur from a relatively acellular monolayer at birth [2] to a more complex
two-layered structure during childhood [3-4], it is currently unknown exactly how and
when these changes occur. It is thus difficult to assess at what age adult micro-surgical
techniques could be applied without permanently affecting phonation.
Many new optical microscopy technologies have the potential to impact the field of
pediatric laryngology through their ability to non-invasively image beneath the VF surface, thus providing a detailed view of its epithelium and lamina propria. Among these
techniques are OCT, RCM, and NLM. These techniques are great candidates for the evaluation of pediatric VF as they offer different imaging capabilities in terms of field of view
(FOV), depth of penetration, image acquisition speed, and resolution. Using advances in
lasers and fiber optics as well as miniature scanning mechanisms, new probes are being
developed for endoscopic imaging of the VF in a manner represented in Figure 1. In these
new optical modalities, light from a laser is focused under the surface of the VF through
a combination of optical fibers and lenses. Light backscattered from different cells and
cell layers is collected by the same optical fiber to be analyzed by a detector outside of
the patient.
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Figure 1. A) Schematic diagram of an optical probe imaging VF. Side viewing
probes allow comprehensive imaging of the area with different technologies,
albeit with different fields of views (B). While OCT allows for cross-sectional
imaging of several millimeters, microscopy based techniques, such as RCM
are limited to shallow en face field of view of typically less than 1 mm.
In this chapter, we review these emerging microscopy techniques in the context of
pediatric VF imaging. We will first compare each technology’s capabilities and limitations from a general stand point. Then we will compare images of VF acquired with each
technique through several pilot studies conducted with the aim of identifying the relative
merits of these technologies with respect to the evaluation of pediatric VF both ex vivo
and in vivo.
Materials and methods
In this section, we begin with an overview of the physical principles behind each technology and will focus our attention on the impact of these physical principles on laryngeal
imaging. To illustrate the differences between modalities, a sample with a known scale
and a geometry (i.e., the human finger) was imaged with each modality. These images
should highlight the intrinsic differences between image orientations, resolution, field of
view, and contrast. Table 1 contains a summary of typical imaging parameters for OCT,
RCM, and NLM, respectively, as a starting point for comparison.
Optical coherence tomography (OCT)
Figure 2 shows a diagram of an OCT imaging system along with a typical image of a human finger. OCT is an interferometry technique typically employing near-infrared light
to obtain images of semi-transparent samples, such as the eye, the skin, or laryngeal
tissues, at a depth up to a few millimeters, and with axial and lateral resolutions of a few
microns [5]. As shown in Figure 2 (top), light from a low coherence laser is coupled to a
fiber optics and split between two paths, each made of optical fibers. These paths are
referred to as the sample arm, which is used to bring laser light to the sample and as the
reference arm, typically consisting of a lens and a mirror. An OCT image is computed from
the interference formed from light backscattered from the sample (and collected by the
optical fiber) and reflected from the reference mirror (also collected by an optical fiber).
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Light backscattered from a particular tissue layer within the sample arm will interfere
with light reflected from the mirror, provided that the distance travelled by light in both
arms is identical within the coherence length of the laser. OCT lasers are chosen such
that their coherence length is very small (on the order of 10 microns), assuring a very
high precision on the location of the tissue layer. Moving the reference mirror (along the
z-direction) allows choosing which layer of tissue contributes to the interference signal.
A constant motion of the mirror allows recording the sample’s reflectivity as a function
of depth. Such a measurement is called an A-line and its orientation is depicted as a
red line in Figure 2 (bottom). A cross-sectional image is obtained by scanning the laser
beam across the sample, in the x-direction. Following nomenclature from ultrasound
imaging, this scan is called a B-scan. In Figure 2, an OCT image of the human finger and
nail is shown to depict the typical cross-sectional orientation of an OCT image. A threedimensional image may also be obtained by scanning the laser across the third dimension. In this case, an en face image may be reconstructed through post-processing of the
volumetric data set.
Table 1. Typical imaging parameters for OCT, RCM, and NLM. Resolution calculations
were made using central wavelengths of 1300, 800, and 800 nm for OCT, RCM, and NLM,
respectively. OCT bandwidth was assumed to be 150 nm. The numerical aperture (NA)
for OCT, RCM, and NLM were 0.05, 0.7, and 0.7, respectively.
OCT

RCM

Nonlinear

Lateral resolution, μm

15

<1

<1

Axial resolution, μm

5

~1

~1

Field of view, mm

>mm

<mm

<mm

Image orientation

cross-section

en face

en face

Imaging depth, mm

<3

<0.5

<1

Acquisition rate, images/s

30 to 100

4 to 30

4 to 30

Laser wavelength

Near IR

Visible or near IR

Near IR

Optical setup

Low NA lens

High NA lens

High NA lens

Figure 2. OCT schematic diagram (left) and typical cross-sectional image of a
finger (right). Black arrows: laser light traveling from the laser into a fiber optics.
Light back scattered from different depths (z-direction) within the sample and
reflected from the mirror are collected by fibers in their respective arms and is
recombined at the splitter for coherent detection. As the fiber is moved along
the sample (x-direction), a two-dimensional image is formed. Red line: FOV.
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The A-line acquisition rates as well as signal-to-noise ratio considerations dictate OCT
imaging speeds. In order to obtain video rate two-dimensional and three-dimensional
imaging, Fourier-domain OCT was developed in the early 2000’s. Implementations of
Fourier-domain OCT do not require mechanical motion of the mirror in the reference
arm but instead rely either on a rapidly wavelength-swept laser coupled to a photo-detector, a technique referred to as swept-source OCT, or optical frequency domain imaging
(OFDI), or on a broadband laser coupled to a spectrometer. The choice of Fourier-domain
implementation depends on the availability of components (namely the swept-source or
the spectrometer) at the desired wavelength range. In any case, Fourier-domain techniques provide a tremendous improvement in signal-to-noise ratio and were shown to
allow imaging of biological tissues at up to 400 f/s [6].
OCT was first demonstrated as a cross-sectional tool to obtain high-resolution virtual
sections of the retina [5]. It was soon adapted to inner organs through its integration in
optical fiber based catheters. This allowed visualization of superficial layers of the oral
cavity [7], esophagus [8], bladder [9], and endothelia of arteries [10] and airways [11].
More recently, OCT has been applied to laryngeal imaging [12-13] for cancer detection
[14] as well as for VF imaging [15-16]. OCT was used to study the evolution of lamina
propria using porcine models [17], pediatric laryngectomy samples [18-19], and in vivo
on infants [20] and neonates [21]. OCT is also used in laryngology as a guiding tool to
monitor femtosecond laser microsurgery [22].
Reflectance confocal microscopy (RCM)
“Confocal microscopy is a good idea that was invented, forgotten, and then reinvented
again about once every decade in the years between 1957 and 1985,” explains James
B. Prawley in his preface to the Handbook of Biological Confocal Microscopy [23]. It is
not until the light sources and detectors were sufficiently powerful and the overall systems sufficiently user-friendly that the confocal microscope became a widespread tool
for the 3D imaging of biological specimen. Confocal microscopy allows imaging of thick
specimen through a property called “optical sectioning,” which allows for imaging virtual
slices of a sample with very high resolution, typically less than one micrometer. Figure 3
depicts the optical sectioning principle exploited in an optical fiber based confocal microscope. An optical fiber is used to transport laser light to a high NA objective lens,
which focuses light within a semi-transparent sample at a known depth (shown in red).
Backscattered light from that depth is imaged by the objective lens at the fiber optics
plane and is transported to a detector using the same optical fiber through a beam splitter or a circulator to create the reflectance confocal microscopy image. Light backscattered from other depths (one of them shown in grey) is imaged at different locations
and is not picked up by the optical fiber. This rejection of out-of-focus photons, called
optical sectioning, allows for selecting the imaging plane. However, this configuration
only allows for point-by-point recording. In order to obtain images, the laser needs to
be scanned across the sample in two dimensions to provide en face images (i.e., images
that are parallel to the surface). Scanning can be done mechanically using Nipkow discs
or galvanometer-mounted mirrors combined to a spinning polygon [24] to achieve video
rate imaging [25]. Clinical applications of RCM first included ophthalmology [26] and dermatology [27]. Optical fibers coupled to the miniaturization of scanning mechanisms allowed RCM to image inner organs such as the colon [28]. Rapid scanning mechanisms
may be replaced by fiber bundles [29] or by spectral encoding [30]. The later technique
was used to image pediatric VF in vivo [18].

353 41 Emerging microscopy techniques for pediatric vocal fold evaluation

Figure 3. Schematic diagram of a confocal microscope (left) and images of the human
skin (right). An objective lens is used to focus laser light into and collected backscattered light from the sample. The same fiber optics is used to transport light from the
laser to the sample and from the sample to the detector through a circulator “C”. The
fiber optics’ small guiding core acts as a pinhole, which collects in-focus light (red) but
rejects out of plane backscattering (grey), allowing imaging virtual slices within a thick
sample. Confocal images are acquired by scanning the focus beam across the sample
(scanners not shown) in a plane parallel to the surface. Confocal microscopy images
of the human skin taken at successive depths (A, B, and C). Field of view is 500 μm.
Adapted with permission from Boudoux et al. [48].
Nonlinear microscopy (NLM)
In biological imaging, contrast in confocal microscopy is enhanced using fluorescent
dyes. At infrared wavelength, the availability of such dyes is limited and contrast in RCM
relies on the change in refractive index between nuclei, membranes, and surrounding
medium. It is possible to use visible laser in confocal microscopy to allow the excitation
of endogenous fluorophores. However, due to the increased absorption and scattering of
light in this region, the penetration depth would decrease from 500 μm to less than 100
μm. A more promising alternative is NLM [31]. This method relies on nonlinear interactions between light and matter. These interactions are termed nonlinear as they depend
on the square, cube, or even higher powers of the laser irradiance (laser power per surface unit). Such interactions occur preferentially at the focus of very high NA microscopy
objectives, the point where the laser irradiance is the highest, as shown in Figure 4. As
the signal is only generated in a confined volume, nonlinear microscopy intrinsically creates optical sectioning and, similarly to RCM, requires scanning of the laser across the
sample to obtain en face image.
The main nonlinear effect used in biological samples is two-photon excited fluorescence (2PEF) [32]. In this process, two photons combine their energy to excite a given
molecule. For example, a fluorescent molecule (called a fluorophore) that would typically be excited with a visible laser (for example at a wavelength of 400 nm) could be
excited under 2PEF with a near infrared laser at 800 nm, taking advantage of a higher
penetration depth as scattering of light by biological tissues is much reduced at longer
wavelengths. In biological tissues, this technique may exploit contrast from endogeneous
fluorophores such as nicotinamide adenine dinucleotide (phosphate) (NAD(P)H), flavins,
retinoids, lipofuscin, and elastin, to name a few [33].
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Another nonlinear process called second harmonic generation (SHG) can be used
simultaneously with 2PEF. In SHG, two photons are combined to create a photon with
twice the energy. The difference between 2PEF and SHG is that in 2PEF the new photon
creation is mediated through an absorption process, whereas in SHG a scattering process
is involved. In biological samples, SHG is only efficient in a very small number of highly
ordered structures: collagen fibers [34], myofibrils [35], aligned microtubules [36], and
amylopectin in starch [37]. The presence of SHG light is thus a strong indicator of the
presence of at least one of these structures.
Figure 4C shows a composite image of a section of human skin with endogenous
contrast provided by 2PEF (in red) staining mostly keratin as well as the cytoplasm of epithelial cells and by SHG (in green) indicating the presence of collagen in the dermis. Some
2PEF light was also recorded in the dermis, potentially originating from elastin fibers.
Very recently, specialized optical fibers and micro-scanning mechanisms were integrated into small endoscopic probes [38-40]. Multiphoton fiberscope were mostly applied in vivo to brain imaging [40]. The potential for laryngeal imaging of multiphoton
microscopy was explored ex vivo [41-42]. Multiphoton microscopy images of laryngeal
tissues were also explored as a guiding mechanism for laser therapy [43].

Figure 4. Multiphoton microscopy principle (left) showing a near infrared
laser (depicted in red) focused within a biological sample, which emits
visible light (depicted in blue) from nonlinear effects. Right: Localization
(arrow) of excitation by 2PEF (B) compared to single-photon excitation
(A) from a cone of laser light within a bath of fluorescein; C) Composite
multiphoton microscopy image of a skin sample showing 2PEF (red) in
the epithelium and a combination of 2PEF and SHG (green) in the dermis.
Adapted with permission from Pena et al. [49].
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Results
OCT imaging
Figure 5 compares an OCT image (top) of a thick swine VF sample to the hematoxylin and
eosin (H&E) stained histology section (bottom) cut at the same location. Co-registration
between OCT and histology was achieved by staining the sample with India ink using a
fine needle that left a mark (red arrow) on the histology slide and a shadow (from the
ink absorbing the laser light) on the OCT image. OCT imaging was performed on freshly
excised samples using a commercial swept-source OCT system operating at a central
wavelength of 1300 nm (OCS1300SS, Thorlabs, Newton, NY, USA) and imaging at 30 f/s.
The cross sectional OCT image shows a thin (~75 micron) epithelium (Ep) followed by
a bright ~700 micron thick lamina propria and a dark muscle layer (yellow arrow). Septa
delineating glandular structures on the right third of the image are seen (green arrow)
on both the OCT and the histology section. Hypocellular (H) areas of the lamina propria
are seen on OCT as dark (signal poor) zones while the fiber rich junction between the epithelium and the lamina propria is seen as a very bright (signal rich) line. Signal from the
lamina propria is heterogeneous. Strong backscattering potentially arises from areas rich
in fibers, such as collagen and elastin. In the current configuration, OCT allowed imaging
of the first millimeter of the swine VF.

Figure 5. OCT imaging (top) and corresponding H&E (bottom) composite image of a swine VF sample. Arrows show
the ink mark acting as a fiducial marker of position (red), the
junction between the lamina propria and the vocalis muscle
(yellow), and connective tissue within glandular structures
(green). Ep: epithelium; H: hypocellular area; scale: 500 μm.
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RCM imaging
Figure 6 shows en face images of a thick sample of VF from a pediatric prophylactic laryngectomy and acquired using a reflectance confocal microscope operating at a wavelength
of 1300 nm [44]. Individual images of 250 x 250 microns were acquired at a rate of 10
images per second using a spectral encoding mechanism. The sample was mounted on
a motorized stage allowing acquisition of adjacent en face frames for post-processing
reconstruction of larger mosaics comprising more than 400 images and spanning several
millimeters. This feature was found to be particularly useful as the microscopic structure
of excised VF appears to vary substantially with depth and location. Such an imaging
scheme could be reproduced in vivo using rotating probes [45]. The mosaic shown in
Figure 6 was acquired at a depth of 100 microns and includes a view of the Ep, which
appears in a cross-section at the edge of the sample due to its curved geometry. Larger
structures reminiscent of glandular (G) structures invaginating from the lamina propria
and possibly resulting from prolonged intubation are observed. Individual images show
cells and fibers in greater details down to 250 microns, after which the signal-to-contrast
ratio becomes too weak to form an image. The yellow squares highlight the presence of a
reticular pattern consistent with cell membrane contours. Its associated depth sequence
shows bright cell nuclei as well as fibrous structures, which become progressively thicker
with depth. The orange squares show the transition between the poorly reflective epithelium (50 microns) to the very bright fibrous mesh just below the basement membrane
(100 microns). Nuclei are also observed at greater depths (250 microns).

Figure 6. RCM imaging of a pediatric VF in a laryngectomy specimen:
(top) large field mosaic reconstruction and (bottom) individual en face
images acquired at two locations (marked by color-coded squares on
the mosaic) and at successive depths indicated in microns. Arrows:
cell nuclei; Ep: epithelium; G: glandular structures; Scale: 100 μm.
Reproduced with permission from [18].
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NLM imaging
Figure 7 shows a large field-of-view RCM and NLM composite image of a swine VF. While
nonlinear microscopy could be performed on thick samples, this image was acquired
using a 20 micron tissue slice across the epithelium, lamina propria, and vocalis muscle.
Images were acquired using a laser scanning nonlinear microscope using galvanometermounted scanning mirrors for rapid acquisition of individual frames and motorized sample scanners to image adjacent frames to obtain a mosaic from post-processing of data.
RCM and nonlinear imaging is performed simultaneously on this custom-made microscope and false colors are used to map RCM (blue), SHG (green), and 2PEF (red) signals.
The composite image clearly delineates the Ep, shown as a blue layer of approximately 75 microns in thickness, from the lamina propria (LP) dominated by the SHG (green).
A clear demarcation is also seen from the LP and the muscle (M) shown as muscle cells
producing 2PEF (red) in their cytoplasms separated by collagenous septa producing SHG
(green). While dominated by SHG signal from its high collagen content, the lamina propria shows areas of high 2PEF signal possibly originating from elastin fibers present in
varying concentrations as a function of depth. The demarcation between the sample’s
individual layers is not clear but SGH/2PEF ratios are suggestive of a two-layer (i.e., superficial and deep) lamina propria which would be consistent with the porcine lamina
propria description [46]. The left part of the image shows a large structure void of SHG
signals and reminiscent of a gland in its shape.

Figure 7. Composite RCM and nonlinear microscopy image of a
swine VF histology slide. False colors are used to map RCM (blue),
SHG (green), and 2PEF (red) signals. Scale: 500 μm.
Discussion
Currently, it is unclear why children experience changes in their vocal fundamental frequency as they develop. The hypothesis stating that changes in VF length occurring during child development is accepted by most as the most plausible explanation, but this
hypothesis could be refined from a better understanding of the evolution of the subepithelial VF composition. Of the three techniques presented in this chapter, OCT is the
only candidate with the potential to image the entire depth of the lamina propria. In vivo
OCT studies with fiber optics catheters [16, 20] are underway to refine the structural
model for different age groups within the pediatric population. Other higher resolution
techniques such as RCM and NLM could provide useful complementary information, es-
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pecially for the superficial layers. Micro-structures (e.g., cells, nuclei) as well as macro
molecules (e.g., elastin, collagen) can now be imaged without the need for biopsies and
tissue preparation and staining. Further validation is required, but preliminary results are
indeed promising. One of the challenges associated with sub-cellular resolution, aside
from limited penetration depth, is the limited FOV. Imaging of heterogeneous structures
requires maps that are sufficiently large to image group of cells to reveal tissue organization. This has however been achieved through rapid mosaicing for imaging of large
organs such as the colon [47]. Further instrumentation development is still required to
transition NLM into a clinical instrument for laryngeal evaluation, and one-to-one correspondence between RCM and NLM images must be carefully validated with histopathology sections as the gold standard.
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