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Abstract. Toward developing a new method for restoring tissue viscoelasticity in scarred vocal folds, we previously
proposed a method to localize biomaterials within subepithelial voids ablated using ultrafast laser pulses. The clini-
cal implementation of this method necessitates the quantification of the laser parameters for ablating scarred tissue.
Here, we present a comprehensive study of these parameters including ablation threshold and bubble lifetime in
healthy and scarred tissues. We also present a new method for extracting tissue-specific ablation threshold and
scattering lengths of different tissue layers. This method involves finding the ablation threshold at multiple depths
and solving the equations based on Beer’s law of light attenuation for each depth to estimate the unknown param-
eters. Measured threshold fluences were 1.75 J∕cm2 for vocal folds and 0.5 J∕cm2 for cheek pouches for 3-ps, 776-
nm laser pulses. Scarred pouches exhibited 30% lower threshold than healthy pouches, possibly due to the
degraded mechanical properties of scarred collagen during wound healing. The analysis of tissue architecture indi-
cated a direct correlation between the ablation threshold and tissue tensile strength and that the bubble lifetime is
inversely related to tissue stiffness. Overall, this study sheds light on the required laser parameters for successful
implementation of ultrafast laser ablation for phonosurgery. © 2013 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10

.1117/1.JBO.18.11.118001]
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1 Introduction
Recently, there have been significant developments in phonosur-
gery, the surgical treatment of vocal fold pathology, but vocal
fold scarring remains a therapeutic challenge.1 Chronic voice
impairment due to vocal fold scarring is estimated to affect
∼4 million people in the United States alone.2 However,
there is no reliable treatment for restoring proper phonation
to individuals with scarred vocal folds. One of the current treat-
ment methods, speech therapy, consists of training appropriate
voice behavior.3 Although this technique has been reported to
improve voice quality in some cases, surgical restoration of
scarred phonatory mucosa is still difficult to achieve in the clin-
ics.4 The use of injectable materials to restore pliability of the
superficial lamina propria (LP) is a strategy that has shown
promise in preclinical studies.1,5–9 Ongoing development of
such materials is a significant research focus in the field of pho-
nosurgery. A common unsolved problem faced by the surgical
use of injectable materials is their accurate and effective place-
ment in a superficial plane in scarred vocal folds.

Contemporary understanding of the microanatomy of the
human vocal fold10 reveals a layered structure that consists of
epithelium as the outermost layer, followed by the LP and
the vocalis muscle. The LP can be subdivided into superficial,
intermediate, and deep lamina sublayers based on the distribu-
tion of extracellular matrix (ECM) fibrous proteins such as col-
lagen and elastin. Collagen and elastin fibers are largely
responsible for providing the strength and elasticity of the

vocal folds. The superficial LP (SLP) has a thin sheet of colla-
gen fibers that are highly aligned along the length of the vocal
fold.11 Below these fibers, the SLP mainly consists of amor-
phous ground substance (primarily, proteoglycans and glycosa-
minoglycans) with scattered elastin and collagen fibers,
fibroblasts, and other elements typical of loose connective tis-
sue.12 During the wound healing response, scar tissue can
replace the SLP along with deeper parts of the LP. The scar tis-
sue predominantly consists of collagen and fibronectin, both of
which increase the stiffness of the mucosa and can lead to severe
impairment in voice production or dysphonia.1

According to Burns et al.,13 injection of soft biomaterials in
the subepithelial region of scarred vocal fold tissue is likely to be
challenging due to presence of dense scar tissue. Such dense
tissue could require high-injection pressures and limit precision,
since injections tend to take a path of least resistance. We pro-
pose a method to overcome this challenge by creating a planar
ablation void—essentially a thin subepithelial plane of separa-
tion, so that the injected substances could easily dissect into it,
forming a mattress-like layer similar to the normal SLP regard-
less of scar tissue inhomogeneities.14 The ablation plane would
ideally encompass the scarred phonatory area, which could
extend over an area as large as 3 × 10 mm2 in a heavily scarred
vocal fold. We hypothesize that such a void will reduce the
required injection pressure and improve the superficial localiza-
tion of an injected biomaterial for restoration of a phonatory
mucosal wave.

Focused ultrafast laser pulses are uniquely suited for creat-
ing subsurface voids. Having short-pulse durations, and thus
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high-peak intensities, ultrafast lasers ensure the use of minimal
energies for high-precision ablation with minimal damage to the
surrounding tissue. Ablation of a dielectric material, such as tis-
sues, with ultrafast laser pulses begins with the generation of
free electrons through combination of multiphoton ionization
and band-gap (Zener) tunneling.15,16 The quasi-free electrons
may then act as seed electrons for avalanche ionization.
During avalanche, quasi-free electrons accelerate by gaining
kinetic energy from the incident laser field. Accelerated free
electrons collide with bound valence electrons and ionize
them through impact ionization. This exponential multiplication
process repeats and cascades until the termination of the laser
pulse. The final value of the free electron density determines
the photodamage mechanism, which can be photochemical,
induced by thermo-elastic stress confinement, or a result of opti-
cal breakdown when a critical electron density is reached.17,18 In
the thermo-elastic stress confinement, thermalization of the
plasma occurs faster than the acoustic relaxation time.15 The
confinement of thermal stresses can overcome tensile strength
of tissue and lead to its tearing. Similarly, tissue fracture/tearing
may occur in the optical breakdown regime due to the shock
wave formation, as the strength of the pressure increase across
the shock wave exceeds tissue tensile strength.19

In addition to mechanical effects, the mechanism for the free
electron generation determines the ablation threshold that
depends on the laser pulse duration, initial seed electrons,
and the linear absorption of tissue. The multiphoton ionization
dominates the free electron generation for pulse widths
<100 fs.20 At longer pulse durations in the range of 500 fs to
10 ps, the contribution of cascade ionization to the formation
of free electrons increases by at least 3 to 4 orders of magnitude,
however, with no drastic change in the ablation threshold and
the thermo-mechanical effects.21 Lower threshold fluence can
be observed in the presence of initial seed electrons in the
focal volume due to impurities. However, this effect is only
noticeable for pulse widths >10 ps.22 For the effect of linear
absorption, a two to threefold decrease in the ablation threshold
can be observed if tissue absorption coefficient is increased by 3
orders of magnitude from 0.1 to 22 cm−1 (Ref. 23).

The ultrafast ablation process relies upon efficient and rapid
energy absorption at the focal plane, which results in minimal
energy deposition to the surrounding tissue. The nonlinear
nature of the process further confines the efficient absorption
to subfocal volumes. Such a high degree of damage confinement
is especially important when working with delicate tissue, such
as vocal folds, and may reduce postablation scar formation.
Successful laser microsurgery of vocal fold tissue using femto-
second laser pulses has been previously demonstrated, showing
the potential for subsurface ablation confined within the sub-
layers of the LP by our group14 and others.24

To guide ultrafast laser microsurgery, focused ultrafast laser
pulses can also be used to visualize intrinsic molecular and mor-
phological properties of tissues through nonlinear optical
microscopy. Specifically, simultaneous two photon-autofluores-
cence (TPAF) and second harmonic generation (SHG) micros-
copies25–27 can provide complementary information on the
structure of the superficial layer of vocal folds and scar tissue
that might be present. The use of near-infrared (NIR) wave-
lengths provides superior penetration depth for nonlinear
microscopy techniques with respect to conventional fluores-
cence microscopy. Low-energy ultrafast laser pulses for imaging
can thus provide ultrafast laser microsurgery devices a means for

visualizing the region of surgery with the identical field-of-view
and resolution of the surgical laser.

We have recently demonstrated fiber-based miniaturized
probes for delivering ultrafast laser pulses for microsurgery
and nonlinear imaging28,29 and found that we could create
two-dimensional voids within porcine vocal folds using laser
and focusing parameters that are deliverable with these probes.14

Here, we examine the effect of morphological and structural
differences on the creation of thin voids within ex vivo tissue
samples. We specifically compare ablations in superior and
inferior porcine vocal folds and in healthy and scarred hamster
cheek pouches. Our primary goals are to characterize the abla-
tion parameters, such as ablation threshold fluence (pulse energy
per area of the focused laser spot), maximum ablation depth, and
dynamics of bubbles in subepithelial voids in these samples.

2 Methods and Materials

2.1 Experimental Setup

We upgraded our home-built, bench-top laser-scanning micro-
scope (Fig. 1) to include two channels for simultaneous imaging
of TPAF and SHG signals. For both microsurgery and imaging,
the microscope uses a single ultrafast laser system: a 303-kHz
(or 2-MHz) repetition rate and 3-W erbium-doped fiber laser
(1552 nm∕776 nm Discovery, Raydiance Inc., Petaluma,
California). This laser is a slightly modified version of the
one used in our previous study14 and provides two modes of
repetition rate, a 2-MHz mode (1-ps pulse duration) and a
303-kHz mode (3.2-ps pulse duration). It can be frequency
doubled to 776 nm with a 36% conversion efficiency at the
SHG box. At 776 nm, the laser produces maximum pulse ener-
gies of 0.5 and 3.6 μJ at 2 MHz and 303 kHz, respectively. The
overall optical transmission of the microscope at 776 nm is 42%,
delivering maximum pulse energies of 0.2 and 1.5 μJ at 2 MHz
and 303 kHz, respectively, to tissue surface.

We focused the laser beam with a 0.75 NA, 20× air objective
(Nikon Plan Apo, Tokyo, Japan) to a spot size achievable in our
recent miniaturized microsurgery probes.28,29 We characterized
the spatial distribution of laser beam at the focal volume by
measuring the two-photon point spread function (IPSF2) of
our system. Specifically, we used 100-nm fluorescent beads
(Invitrogen, Grand Island, NY, F8803) suspended in agar gel at
a concentration of 2 × 1010 beads∕ml and covered with a glass
cover slip (0.17-mm thickness). This bead concentration pro-
vided an equivalent scattering length of 35 μm at 776-nm exci-
tation wavelength, which was in the range of effective scattering
length of LP of our samples. Independently, previous studies
have demonstrated that the IPSF2 in turbid media is constant in
the range of our imaging depths, as the two-photon signal is
mainly generated by the ballistic photons reaching the focal vol-
ume.30–32 The average lateral and axial full-width half-maxi-
mums (FWHM) of the IPSF2 were measured to be 0.58� 0.07
and 2.17� 0.15 μm corresponding to 1.39� 0.17 and
5.21� 0.37 μm 1∕e2 diameter of the intensity distributions.
The 1∕e2 diameter of the intensity distribution is 2∕

ffiffiffiffiffiffiffiffiffiffi
lnð2Þp

times of the FWHM of the IPSF2 (Ref. 25).
For microsurgery, we raster scanned the laser beam at a sin-

gle depth below the surface for the duration of one frame,
namely 310 ms (3.21 fps), using a pair of galvanometric mirrors
(Cambridge Technologies, Inc., Bedford, MA). The inset in
Fig. 1 shows how the focal spot was swept over a 250×
250 μm2 area. This scanning mechanism was slightly different
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than the one used in our previous study,14 where the surgery
beam was raster scanned only in one direction, while a trans-
lation stage continuously moved the sample in the other direc-
tion. With a goal to minimize the ablation duration, we chose to
use minimal continuous overlapping of the laser pulses in the
direction of the scanning. A low degree of overlapping improves
the possible beam distortion of consequently overlapping pulses
as well as the speed of ablation. However, without significant
pulse-to-pulse accumulation effects, higher pulse energies are
usually needed for complete ablation.17 The choice of one over-
lapping pulse in the x-direction (822 Hz) automatically dictates
approximately three overlapping pulses in the y-direction
(3.21 Hz) by the imaging software (MPScan). Considering
that it takes 310 ms to scan a 250 × 250 μm2 wide region, we
can estimate the speed of ablation with three overlapping pulses
as 12 mm2∕min.

The axial displacement of the sample was performed using a
motorized stage. The amount of the axial movement of the stage
results in a focal shift within the tissue, due to the index of
refraction mismatch at the air/tissue interface. The ratio of
the real displacement within tissue to that of the stage, the
focal shift ratio, is defined by the ratio of the refractive index
of the tissue to the medium in which it is immersed in. We exper-
imentally determined the focal shift ratio of the air lens through
taking a stack of images and comparing it to the images acquired
with a water-dipping lens, having a negligible mismatch at the
water/tissue interface. By comparing images at different depths,
we observed the focal shift ratio to be 1.2, slightly less than the
expected value of 1.33. We attributed the low-focal shift ratio
possibly to positive spherical aberrations observed in the air
objective when focused in tissue samples. In our experiments,
we therefore multiplied the stage displacement by the measured
ratio of 1.2 to obtain the correct focal shift, thus axial scaling,
within the tissue.

2.2 Ex Vivo Tissue Samples

The elastin and collagen distributions within the porcine LP
have been shown to be similar to human.33–35 We used the ham-
ster cheek pouch as a model of scarred mucosa. The hamster
cheek pouch model has been accepted as one of the best animal
models for studying epithelial diseases36–38 and determining the
efficacy of treatments.39–41 In order to understand the effect of
fiber structure and morphology on ablation, we used five fresh
porcine vocal folds (superior and inferior) and three Golden
Syrian hamster cheek pouches (healthy and scarred).

2.2.1 Fresh porcine vocal folds

We acquired fresh porcine airway specimens from a local
slaughterhouse and isolated the larynx in a room temperature
saline bath within 2 h after sacrificing the animal. Porcine
vocal folds have layered LP very similar in structure to
human vocal folds. Although some preliminary studies showed
the presence of a prominent subepithelial collagen layer in the
SLP, there is no agreement whether the superior or inferior LP of
the porcine is primarily responsible for phonation.42 Therefore,
we decided to use both the superior and inferior porcine vocal
folds for our experiments to test whether differences in their
microanatomy correlate in meaningful ways with differences
observed in laser ablation and imaging.

After excision, we placed each vocal fold in saline and
covered it with a glass cover slip (0.17-mm thickness) to flatten
the surface. In a clinical application, the glass cover slip would
be akin to having the window of a microsurgery probe in contact
with the sample, and thus helping to maintain a constant depth
of ablation. Short-lived cellular autofluorescence of fresh tissue
samples guided us to identify the surface of the sample during
imaging.

Fig. 1 Schematic of the two-channel, bench-top microscope for combined nonlinear imaging and microsurgery. Ultrafast laser pulses from a compact
fiber laser system pass through an energy attenuator consisting of a half-wave plate (λ∕2) and polarizing cube beam splitter (PCBS). The beam is scanned
by a pair of galvanometric scanning mirrors (SM) through a scan lens (SL) and tube lens (TL), which image the beam on the SM to the back aperture of a
0.75 NA, 20× objective lens (OL). The laser pulses irradiate the sample placed on a three-axis motorized stage (XYZ) for either ablation or imaging.
Emitted light is collected by a cold mirror (CM1—HT-1.00, CVI Laser, Carlsbad, CA) and collection optics (CO). A second cold mirror (CM2—Di01-
R405, Semrock, Lake Forest, IL) separates the second harmonic generation (SHG) and two-photon autofluorescence (TPAF) signals into different col-
lection paths. We collect the TPAF signal through collection optics A (COA) and a laser-blocking filter (FA) into the PMT A (H10770PA-40,
Hamamatsu, Japan) and the SHG signal through collection optics B (COB) and a laser-blocking filter B (FB) into the PMT B (R3896, Hamamatsu,
Japan). The two PMT’s, stage, and scanning mirrors are all connected to a personal computer through data acquisition cards (not shown). Insets
show (a) the schematic of the laser-scanning pattern at the sample during microsurgery and (b) the degree of overlapping between subsequent
laser pulses.
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For follow-up histology, we placed the superior and inferior
vocal fold samples in 10 mL of 10% formalin (SF98-4, Fisher
Scientific, Pittsburgh, PA) and stored them at 4°C for at least
48 h prior to paraffin embedding, sectioning, and staining
(TherapeUTex, Austin, Texas). The dehydration process was
performed with ethanol and Citrisolv. A combination
Masson-Trichrome and Verhoeff staining was used to differen-
tiate elastin and collagen.43

2.2.2 Hamster cheek pouch mucosa as a scar model

We used adult male Golden Syrian hamsters (Charles River
Labs, Wilmington, Massachusetts) of 100 to 120 g body weight
as an animal model, in which scar can be created within an
easily accessible mucosal surface. The goal in these experiments

was to observe how the structural differences between normal
and scarred buccal mucosae affected ablation results. To scar
the cheek pouches, we first anesthetized the animals by injecting
a mixture of ketamine (200 mg∕kg) and xylazine (8 mg∕kg)
intraperitoneally. We then cauterized 5 to 10-mm-diameter circu-
lar areas of one cheek pouch with an electrocautery unit (Conmed
Saber, Utica, NY, 2400). The hamsters were euthanized after a
survival period of 1 month using 0.5 ml intraperitoneal euthasol.
The scarred and contralateral normal cheek pouches were
removed and mounted on rubber test-tube stoppers with fine nee-
dles to hold the cheek pouch mucosa flat. After rinsing with
saline, the tissue was frozen in isopentane cooled in liquid nitro-
gen. The cheek pouch tissue was prepared at Massachusetts
General Hospital Voice Laboratory (MGH) in Boston and
shipped on dry ice to the Ben-Yakar Laboratory at the

Fig. 2 Overlaid TPAF (red) and SHG (green) images of fresh superior porcine vocal fold. TPAF signals from epithelial cells are observed until a depth of
36 μm, and then TPAF and SHG signals from different fiber structures are detected up to 120 μm depth, beyond which the imaging contrast decays
substantially. We increased the average imaging power gradually from 0.9 mW at the surface to 6 mW at 120 μm depth. The scale bar represents
100 μm.

Fig. 3 Overlaid TPAF (red) and SHG (green) images of fresh inferior porcine vocal fold. The overlaid signals appear in yellow. Both TPAF and SHG
signals show similar fiber structures that can be detected up to 144 μm, beyond which the imaging contrast decays substantially. We increased the
average imaging power gradually from 0.9 mW at the surface to 8.2 mW at the maximum imaging depth. The scale bar represents 100 μm.
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University of Texas at Austin for bench-top testing. After delivery,
the cheek pouches were stored at−80°C. For each experiment, we
thawed the cheek pouches in saline solution and covered them
with a glass cover slip to flatten their epithelial surface.

For the histological analysis of the healthy and scarred tis-
sues, we placed them in 10 mL of 10% formalin (SF98-4,
Fisher Scientific, Pittsburgh, PA) and stored them at 4°C
prior to paraffin embedding, sectioning, and staining
(TherapeUTex, Austin, Texas). For cheek pouches, an additional
dehydration step with ethanol and xylene was added due to the
abundant fat content in this tissue. Masson-Trichrome staining
was used to show the orientation of the collagen fibers.43

3 Results

3.1 Imaging of Tissue Architecture

We combined TPAF and SHG nonlinear imaging modalities for
characterizing the tissue architecture of our samples, identifying
the desired depth for laser ablation, analyzing the dynamics of
the ablated voids, and finally characterizing the tissue ablation
properties. The combination of SHG and TPAF imaging is a
powerful method to differentiate the structure and type of fibers
in the SLP, whether it is made of collagen and/or elastin.
Previous studies have shown that elastin fibers auto-fluo-
resce44–46 but cannot produce SHG signal, while a wide variety
of collagen fibers generates SHG.27 Therefore, SHG is consid-
ered to be selective of collagen fibers. Since some collagen types
with SHG signal can also auto-fluoresce;44 TPAF alone, how-
ever, this is not considered to be selective of elastin fibers.
Therefore, combined SHG and TPAF imaging is necessary to
clearly identify the fiber type and its density.

Figure 2 shows a stack of representative overlaid images of
TPAF and SHG signals through the mucosa of fresh superior
porcine vocal fold. Close to the surface, only TPAF (red) signal,

originating from the epithelial cells, was visible. Starting at a
depth of 42 μm, SHG (green) signal accompanied TPAF
which indicated the existence of fibrous structures. The SHG
showed thick bundle-like fibers, while the TPAF showed thin
and long fiber structures. The orientation of these signals was
different, suggesting that they might be originating from differ-
ent fiber structures. As imaging depth increased, the SHG-gen-
erating structures became denser, covering the whole field of
view (FOV). Beyond 120 μm, the contrast decayed substantially.

Figure 3 shows representative images of porcine inferior
vocal folds. Here, the TPAF and SHG signals overlaid better
than that was seen for the superior vocal folds, suggesting
that they were originating from similar fibers. Since SHG signal
mainly originates from collagen, these SHG-positive fibers in
the inferior vocal folds were mostly collagen with less elastin
content as opposed to superior vocal folds.

To identify the type of fibers in the vocal folds more deter-
ministically, we used stains selective for collagen and elastin
fibers. Specifically, we used a combined Masson-Trichrome/
Verhoeff method that stains collagen fibers green and elastin
fibers black.43 Thin smooth elastin fibers (black) and wavy col-
lagen bundles (green) were visible in the superior vocal fold
[Fig. 4(a)], while mostly collagen and sparsely distributed elas-
tin fibers were seen in the inferior vocal fold [Fig. 4(b)], con-
firming our observations from nonlinear imaging.

We next studied the morphology differences between control
and scarred hamster cheek pouches. Similar to the porcine vocal
folds, the cheek pouch consists of a thin squamous epithelium
with a thickness varying between 35 and 45 μm, a thin LP of
loose connective tissue, and an underlying striated muscle. As
would be expected with previously frozen tissue samples, where
the main autofluorescence sources such as NADH, NADPH,
and flavins would be substantially degraded, TPAF signal
could not be observed in the epithelium. Unlike the porcine

Fig. 4 Histology images of porcine vocal folds and hamster cheek pouches. (a) Superior and (b) inferior vocal folds at 70 μm depth with combined
Masson-Trichrome (shows blue for collagen fibers) and Verhoeff (shows black for elastin fibers) stains. (c) Control and (d) scarred cheek pouches at
70 μm depth with Masson-Trichrome stain. Scaling bar represents 100 μm.
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Fig. 5 Representative SHG images of control hamster cheek pouch samples. Starting at 36 μm depth, SHG signals shows randomly aligned collagen
fibers with increasing, decreasing, and again increasing densities. We increased the average imaging power gradually from 0.8 mW at the surface to
9.6 mW at 174 μm. The scale bar represents 100 μm.

Fig. 6 Representative SHG images of scarred hamster cheek pouch samples. Starting from 36 μm, SHG signals from uniformly aligned collagen fibers
appear with increasing, decreasing, and again increasing densities. The scale bar represents 100 μm.
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vocal folds, we did not observe any TPAF signal below the epi-
thelium in the region where a substantial SHG signal was
present.

Figures 5 and 6 show SHG images of control and scarred
hamster cheek pouches, respectively. The SHG signal in both
samples started to appear at a depth of 36 μm, first increasing
and then decreasing in intensity along the tissue depth. This
SHG signal most probably originates from collagen fibers,
delineating the interface between the epithelium and LP. At a
depth of 60 μm, the SHG signal covered almost the whole
FOV, where we chose to perform our ablations. Collagen fibers
seemed to be randomly organized in the healthy control samples
and more aligned and denser in the scarred samples, which is in
agreement with another study that compared healthy and scarred
rabbit vocal folds.47 Histology analysis of the Masson-
Trichrome–stained hamster cheek pouches further confirmed
these observations and provided insight on the pathology of
the scarring. As compared with control [Fig. 4(c)], scarred tissue
showed regular and dense patterns of collagen fibers [Fig. 4(d)].

3.2 Ablation Studies

The primary goal of this work was to identify laser parameters
for the successful ablation of subepithelial voids in vocal folds
and how these parameters vary when ablating scar tissue. For
each tissue sample, we investigated ablation threshold fluences
(pulse energy per area of the focused laser spot), maximum abla-
tion depth, and initial bubble size and lifetime.

3.2.1 Ablation versus pulse energy

We previously showed that ultrashort pulses with submicrojoule
energies can create voids below the epithelium layer using
0.75 NA, 20× air objective.14 Here, we studied how the size
of these voids varies with the pulse energy and how scarring
affects the ablation properties.

First, we verified how well nonlinear images correlated with
the extent of the ablated voids by comparing them with histol-
ogy images of H&E-stained tissue. Figure 7 presents this com-
parison for two different pulse energies including a near-
threshold energy. Overall, there was a good correlation between
the TPAF and the histology images in terms of the extent and
morphology of voids for each pulse energy. The void ablated
with the near-threshold energy of 250 nJ appeared incomplete,
and the one ablated with the higher energy of 750 nJ was more
complete and uniform. Consistent with our previous study,14 his-
tology images showed slightly smaller voids mainly in their
heights because of three potential reasons: (1) contraction dur-
ing the histology preparation, (2) focal-point shift in the TPAF
images due to the deflection of the beam at the tissue-void inter-
face, as a result of the index of refraction mismatch between
tissue and gas, and (3) shrinkage of voids during the period
between TPAF imaging and tissue fixation. The heights of
the voids were 40% to 50% smaller in the histology images,
as a result of the reasons mentioned above.

We then studied ablation properties of healthy and scarred
tissue samples. Figure 8 illustrates representative TPAF images
of porcine superior and inferior vocal folds 1 min after ablation
with different incident pulse energies. The ablation depth was
90 μm, where collagen fibers covered the whole FOV, and
the plane of focus was completely below the epithelium within
the SLP. We chose the ablation size (250 × 250 μm2) smaller

Fig. 7 Comparison of cross-sectional TPAF images with histological
analysis of voids in an inferior porcine vocal fold. The voids were
ablated using (a) 250 nJ and (b) 750 nJ pulse energies at a depth of
90 μm beneath the tissue surface. Pre-ablation TPAF, post-ablation
TPAF, and H&E-stained histology images are presented in the first, sec-
ond, and third rows, respectively. Arrows in the TPAF images indicate
the plane targeted for ablation. Arrows in the histology images indicate
the location of the identified voids, corresponding well with the TPAF
images. All scale bars are 100 μm.

Fig. 8 The effect of incident laser pulse energy on the subsurface ablation properties of porcine vocal folds. The TPAF images show the characteristics
of subepithelial voids (bubbles) 1 min after ablation with different pulse energies (as measured at the surface) in superior (a) and inferior (b) vocal folds at
the ablation depth of 90 μm. Scale bar indicates 100 μm.
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than the FOV for imaging (430 × 430 μm2) to visualize the
entire region of interest before and after ablation. The
black areas with no signal presumably represent voids that
are filled up with a temporary bubble containing gaseous prod-
ucts of the vaporized ablated tissue. At low-pulse energies from
250 up to 500 nJ, the ablation was partial and could not cover the
whole targeted area, and the bubbles appeared small and scat-
tered. Pulse energies of 750 nJ and above provided a more uni-
form and complete ablation. Inferior porcine vocal folds
repeatedly required slightly less energy to obtain complete
ablation.

Figure 9 shows representative SHG images of control and
scarred hamster cheek pouch samples 1 min after ablation, per-
formed at a depth of 60 μm, where the SHG signal covered most
of the FOV. While laser pulse energies of 150 nJ were just
enough to initiate partially ablated spots in the control samples,
they resulted in more uniformly ablated regions in scarred tissue.
Scarred tissue repeatedly required less energy to obtain com-
plete ablation.

3.2.2 Sample-to-sample repeatability of tissue ablation

To understand how the ablation characteristics of a specific tis-
sue type vary from sample-to-sample, we studied five sample
sets of fresh porcine vocal folds (five samples for superior
and five samples for inferior) and three sample sets of hamster
cheek pouches (three samples for control and three samples for
scarred) at three different locations per pulse energy per sample.
We measured the initial area of the bubble at the targeted plane
immediately after ablation for each incident pulse energy vary-
ing between 50 and 1500 nJ. Figure 10 represents the plots of
these measurements as normalized to the size of the targeted
ablation area of 250 × 250 μm2 ¼ 0.0625 mm2. A unit area
is considered to indicate a complete ablation. As a general
trend, the size of the bubbles gradually increased with the
laser pulse energy and covered the whole targeted ablation
area at higher energies.

Figure 10(a) indicates that inferior vocal folds generally
required less energy than the superior to create the same size
of bubbles. The area of the initial bubble matched the targeted
area as the incident pulse energy approached to 1.0 and 1.5 μJ in
the inferior and superior vocal folds, respectively, and exceeded
the targeted area beyond those energy levels. The difference in
the initial bubble area was also distinctly close to the threshold
energy. For example, ablation at 250 nJ resulted in minimally
observable bubbles in the superior folds and in slightly larger
bubbles, covering more than 40% of the targeted area, in the
inferior. The ratios of the pulse energies for complete (100%
of the area) and partial (40% of the area) ablations were approx-
imately 4 for both types of vocal folds.

Figure 10(b) compares the bubble area results for healthy and
scarred hamster cheek pouch samples. As shown in the previous
section, the minimum energy required for ablation in this tissue
was lower than for porcine vocal folds. Interestingly, however,
the scarred tissue required less energy than the healthy tissue to
initiate ablation at 60 μm depth. Close to threshold, where 40%
of the area is ablated, ablation initiated in the scarred tissue with
incident energies as low as 50 nJ, at which no bubble appeared
in the healthy tissue. The initial bubble area approached the tar-
geted area between 600 and 700 nJ pulse energy, while it was
consistently larger in scarred samples for the same energy levels.

Fig. 9 The effect of incident laser pulse energy on the subsurface abla-
tion properties of hamster cheek pouches. SHG signal images of sub-
epithelial voids (bubbles) for different incident energies 1 min after
ablation in control (a) and scarred (b) hamster cheek pouches at the
ablation depth of 60 μm. Scale bar indicates 100 μm.

Fig. 10 Normalized area of the initial bubbles in the ablated voids at different incident pulse energies 1 min after ablation. Each data point represents an
average of (a) 15 measurements in five fresh porcine vocal folds and (b) nine measurements in three hamster cheek pouches. The error bars represent
the standard deviation of the mean of the samples.
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The standard deviation of each data presented in Figure 10
shows noteworthy differences in the areas of the initial bubbles.
Nonetheless, we could extract general trends of each tissue type,
as the error bars of each tissue type did not significantly overlap
with its counterpart (inferior versus superior and control versus
scarred). To summarize, these results indicated that it was easier
to ablate scar tissue than healthy tissue, and it was easier to
ablate inferior vocal fold than the superior vocal fold. In the
next section, we will discuss the hypotheses explaining these
differences in ablation thresholds.

3.2.3 Ablation threshold and tissue scattering properties

The differences in the incident energy thresholds for different
tissue types might be a result of one or both of the following
factors: (1) the scattering length of the tissue that determines
the portion of the incident energy reaching the focal volume
and (2) the sensitivity of the specific tissue to ablation,
which we refer to as tissue-specific ablation threshold—
TSAT fluence (Fth). Independent measurement of these two
parameters is not straightforward, as they depend on each
other. While it is easy to measure the incident pulse energy
at the surface that is required to initiate ablation at a given
depth, the calculation of the energy reaching the actual ablation
depth requires knowledge of the extinction properties of the tis-
sue. Furthermore, the extinction properties might vary with
depth as the light passes through different layers, e.g., from
the epithelium into the LP. We therefore developed a method
to measure ablation threshold fluence and extinction properties
of tissue simultaneously in a single set of experiments.

In our approach, we assumed that scattering dominated the
extinction properties of tissue in the NIR wavelengths and is
different in the epithelium and LP but constant within each
layer. This assumption is valid, since the absorption coefficients
are expected to be 3 orders of magnitude smaller than the scat-
tering coefficients as observed in skin epidermal measure-
ments.48,49 We also assumed that the TSAT was independent
of depth within the LP, and thus should remain constant in
the targeted regions of subepithelial ablations. Finally, we
assumed that Beer’s law could be used to estimate the attenu-
ation of light reaching the focal volume, since the nonlinear
ultrafast ablation processes are mostly governed by the ballistic
photons reaching the focal plane.

In the light of these assumptions, we measured the minimum
incident energy required to initiate ablation at three ablation
depths, zab, and used the Beer’s law to describe the exponential
beam attenuation with depth for each case:

Fth ¼
Eth;surface

πw2
· exp

�
−zep
ls;ep

−
zab − zep
ls;LP

�
¼ Eth;surface

πw2

· exp

�
−

zab
ls;eff

�
: (1)

Here, the pulse energy reaching the focal plane at the ablation
depth decays exponentially with the effective scattering length,
ls;eff :

ls;eff ¼
zab · ls;ep · ls;LP

zep · ls;LP þ ðzab − zepÞ · ls;ep
if ðzab > zepÞ:

(2)

We could then estimate the three unknown parameters: TSAT
fluence at the focal plane, Fth, epithelium scattering length,
ls;ep, and LP scattering length, ls;LP by solving Eq. (1) at
three depths. The radius of the laser beam at the focal plane
was w ¼ 0.7 μm, and the local epithelium thickness, zep, was
measured via the nonlinear images for each ablation data point.

To find the three unknowns in our experiments, we per-
formed ablations at three different depths (72, 90, and
108 μm for porcine vocal folds and 60, 78, and 96 μm for ham-
ster cheek pouches). At each depth, we measured the local zep
and found Eth;surface, which is defined as the energy required to
create an initial bubble covering 40% of the targeted area. For
each tissue type, we used two samples, and for each depth, we
collected data at three different locations to obtain an average
value. The results are tabulated in Table 1.

These data shed light on the ablation threshold results
observed in the previous section. We found that cheek pouches
to be more scattering than porcine vocal folds (ls;eff ¼ 25 μm
versus 33 μm), but they had ∼3.5 times lower ablation threshold
fluence than the porcine vocal folds, an average Fth of
0.5 J∕cm2 for cheek pouches versus 1.75 J∕cm2 for vocal
folds. While the scattering lengths were different, the normal-
ized depths presented in Figs. 8–10 were nearly constant
(zab∕ls;eff ¼ 2.4 and 2.7 for cheek pouches and vocal folds,
respectively) considering the different ablation depths. We
could therefore conclude that the difference in the ablation
threshold fluences was the main factor for the lower incident
energies, Eth;surface, required to ablate hamster cheek pouches
(50 to 150 nJ) as compared with those required for porcine
vocal folds (250 to 500 nJ) to initiate ablation.

The data in Table 1 also assist in interpreting the lower inci-
dent energies required for scarred cheek pouches. In comparing

Table 1 Summary of tissue optical and mechanical properties and ablation thresholds. Epithelium thickness (zep), scattering lengths of epithelium
(ls;ep) and superficial lamina propria (SLP) (ls;LP), the resultant effective scattering length at the ablation depth (ls;eff ), and tissue-specific ablation
threshold—TSAT fluence (Fth) for each tissue type for 776 nm light and 1∕e2 focused beam spot diameter of 1.4 μm. The ablation depth for
vocal folds was 90 μm and for cheek pouches was 60 μm. The last four columns summarize the observed trends for the content of elastin and collagen
fibers of each tissue type with their interpreted stiffness and tensile strength.

Tissue type zep (μm) ls;ep (μm) ls;LP (μm) ls;eff (μm) F th (J∕cm2) Collagen content Elastin content Stiffness Tensile strength

Superior vocal fold 36� 3.5 30� 0.3 33� 0.2 31.6� 0.5 1.9� 0.06 Low/medium High + ++++

Inferior vocal fold 46� 2.0 30� 0.4 39� 0.3 33.8� 0.6 1.6� 0.06 Medium Low ++ +++

Healthy cheek pouch 44� 2.8 21� 0.3 50� 0.9 24.8� 0.6 0.6� 0.02 High None +++ ++

Scarred cheek pouch 41� 1.0 21� 0.4 40� 0.5 24.7� 0.4 0.4� 0.03 Very high None ++++ +
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normal and scarred hamster cheek pouch mucosae, surprisingly
we found that the scarred samples showed similar scattering
properties as normal tissue. Thus, the main reason for lower inci-
dent ablation energy threshold in scarred mucosa observed in the
previous section could also be related to the TSAT fluence that
was about 30% lower than that for normal tissue.

Considering the ablation and scattering properties measured
in this set of experiments, we plotted the maximum ablation
depths that are achievable for a given incident pulse energy
for each tissue type in Fig. 11. For the maximum pulse energy
of 1.5 μJ available in our system, the maximum ablation depth is
approximately 5 ls;eff in cheek pouches and 3.5 ls;eff in vocal
folds for creating partial ablation (where initial bubbles cover
40% of the targeted area). Since the ablation threshold is higher
for a more complete ablation, the maximum ablation depth will
further decrease. For example, for the ablation of 60% to 80% of

the target area, maximum ablation depth may be roughly 4 ls;eff
for cheek pouches and 3 ls;eff for vocal folds, as shown in
dashed lines in Fig. 11. In principle, one could ablate deeper
with the availability of larger pulse energies. However, as the
pulse energy increases, other nonlinear phenomena, such as
self-focusing, might initiate and cause out-of-focus damage in
the form of filamentations.50 We can estimate that self-focusing
in scarred cheek pouches might occur when ablating at depths of
∼6 to 7 ls;eff with ∼10-μJ pulse energies using 3-ps NIR laser
pulses.

This ablation depth limitation might be overcame by intro-
ducing novel techniques, such as temporal focusing, to reduce
the out-of-focus peak intensities.51,52 In simultaneous spatial and
temporal focusing, a dispersive element, such as a grating, is
used to spatially separate the spectral components of the ultra-
fast laser pulse.53 The resulting pulse is temporally as well as
spatially dispersed, resulting in a dramatically reduced peak
intensity. Focusing by the objective lens serves to spatially con-
fine the spectrally dispersed beam back to a diffraction-limited
spot, and thus recombining the spectral pulse components and
restoring the ultrafast pulse duration at the focus. The reduced
peak power of the pulse during propagation reduces undesirable
nonlinear effects, such as self-focusing and filamentation,
thereby improving the maximum ablation depth and axial
confinement.

3.2.4 Bubble dynamics in ablated voids

In our previous studies, we have found that the initial bubbles
formed right after ablation, shrank to a thin layer within 45 min.
Figure 12 shows representative time-lapse images of the side
view of such a bubble in porcine vocal fold, where the tissue
was illuminated from the left side. The images show a gradually
shrinking bubble, as the vaporized tissue diffused out. As the
bubble shrinks, it leaves behind a thin layer of ablated void,
which is indicated as a thin layer of dark region in the last non-
linear image.

These bubbles could also be detected with the naked eye after
the ablation and used as indicators of successful void creation
and presumably for guiding the injection needle. We therefore
studied the lifetime of these bubbles for a range of energies from
which bubbles covering more than 80% of the targeted area can

Fig. 11 Minimum pulse energy at the surface to initiate ablation at dif-
ferent depths, and the resultant maximum ablation depth dependence
on pulse energy. Three experimental data points for each tissue type
and the resultant fits according to Eq. (1) considering the calculated
ablation and tissue properties are tabulated in Table 1. Solid lines re-
present estimates for the ablation of 40% of the targeted area, and
dashed lines represent estimates for a more complete ablation of
60% to 80%. Vertical black-dashed line indicates the maximum
pulse energy of 1.5 μJ that can be delivered to tissue surface in our
setup.

Fig. 12 Time-lapse side view TPAF images of a bubble in a subepithelial void that was created with 750 nJ pulse energy in inferior vocal fold. Multiple
arrows on the left side show the direction of the laser beam. The arrow on top shows the axial location of the targeted ablation plane. Scale bar indicates
100 μm.
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be created and how they vary between two representative sam-
ples. Specifically, we followed volumes of bubbles in two sets of
samples for each tissue type, whose initial bubble areas were
presented in Fig. 10.

Figure 13 illustrates the dynamics of bubble volumes with
time. We measured the bubble volume by counting the number
of dark pixels in three-dimensional nonlinear images. To correct
for the artifact of tissue/gas index of refraction mismatch at the
boundaries of the void, the axial dimension of the bubble was
downsized by a factor of 1.2, assuming that the bubble had an
index of refraction similar to that of air. We note that this cor-
rection simply reverses the original focal shift correction made
for the air lens when focused within the tissue.

The bubble lifetimes were generally consistent within a sam-
ple, but varied between the two samples. For example, in the
first porcine samples, the bubble lifetimes in both superior
and inferior vocal folds were between 80 and 100 min. In
the second sample, their lifetime dropped to 30 and 40 min,
highlighting sample-to-sample variability. In a given sample,
the bubble lifetime did not change significantly with incident
pulse energy, even if their initial volume did.

In the hamster cheek pouches, the lifetime of bubbles in both
control and scarred tissues were shorter than porcine samples,
while the biggest drop was observed for the scarred tissue.

Although the initial volumes of bubbles were, in general, larger
in scarred cheek pouches than in the control, they lasted a
shorter time on the average. As will be discussed in detail in
Sec. 4, shorter lifetime of bubbles can likely be attributed to
higher compression imposed by the dense and stiffened
mechanical structure of scarred tissue.

Overall bubble lifetime did not change within a sample sig-
nificantly with the incident pulse energy but showed sample-to-
sample variability. While the bubbles had the shortest lifetime
(10 to 20 min) for scarred tissue, they might still provide enough
time for verifying the creation of voids and guiding the injection
of biomaterials.

4 Discussion and Conclusions
The primary goal of this work was to study laser ablation param-
eters for creation of subepithelial voids in vocal folds and how
these parameters varied in scar tissue using animal models. We
specifically investigated the differences in tissue architecture
and scattering properties, and their relation to ablation thresh-
olds and bubble lifetime. By using nonlinear imaging, we ana-
lyzed tissue architecture and bubble dynamics. By developing a
new method, we measured the ablation threshold below tissue
surface, while simultaneously extracting the extinction proper-
ties of different tissue layers. In this section, we will discuss how

Fig. 13 Bubble lifetimes for different pulse energies for two different samples for each tissue. (a, b) Superior and inferior porcine vocal folds. (c, d)
Control and scarred hamster cheek pouches. Solid lines represent sample 1, and dashed lines represent sample 2.
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the mechanical properties as interpreted from the nonlinear
images could be related to the observed differences in the abla-
tion characteristics and bubble lifetime.

4.1 Mechanical Properties of Tissue

Nonlinear images provided valuable information on the archi-
tecture of LP in different tissues, shedding light on their stiffness
and elasticity properties. We observed a predominance of col-
lagen fibers (TPAF + SHG) in the inferior porcine vocal
folds, while the density of elastin (TPAF) and collagen fibers
(SHG) appeared roughly equal in the superior folds. On the
other hand, the hamster cheek pouch samples showed only
SHG signal below the epithelium, indicating a collagenous
ECM, which increases in density with scarring.

The collagen content of tissue defines its mechanical stiff-
ness, which is directly proportional to the shear elastic modulus.
In general, the elastic modulus of collagen is a couple of orders
of magnitude greater than that of elastin.54 In addition, a three-
fold increase in the shear elastic modulus has been found for
scarred samples compared with normal ones.55 Therefore, ham-
ster cheek pouches having mostly collagen and no elastin are
expected to be stiffer than the vocal folds, and scarring of
cheek pouches is expected to increase in stiffness further due
to their increased collagen density.

In addition to being stiffer, collagen fibers also possess a
higher tensile strength than elastin and can theoretically with-
stand much higher stresses in comparison with elastin.
However, the ECM that is composed of both collagen and elas-
tin, referred as a “two-phase” material, can provide even higher
overall tensile strength than that of collagen alone. Elastin in
two-phase material can distribute the stressing forces uniformly,
and thus transfer stresses at flaws to other parts of the system.
The uniform distribution of stresses across the system prevents
the extension of structural defects and permits the tensile
strength of the collagen to approach the theoretical value.54

In an opposite trend to the stiffness, this analysis points out
that cheek pouches potentially possess a lower tensile strength
compared with vocal folds.

The ability of a collagen matrix to withstand high-stress lev-
els is related to its concentration as well as fibril diameter.56

While a clear correlation between the tensile strength and col-
lagen concentration has been shown,54 scarring is not simply an
increase in collagen content, but it is a wound-healing process.
In the process of wound healing, although collagen content
increases, the new fibrils, filling in defects, are not as thick
as those in normal tissue. Morphologically, the diameters of col-
lagen in a scarred tissue have been observed to be less than that
in normal tissue.57 Furthermore, the collagen matrix in the
scarred area is poorly reconstituted in dense parallel fibers,
unlike the mechanically efficient basket-weave meshwork of
collagen in healthy tissue.58 Therefore, the tensile strength of
the scar tissue only reaches 70% to 80% of that of a normal
skin and is not fully restored.57

These mechanical properties of biological tissues are of
great importance, as that could potentially determine the dynam-
ics of the ablation process and bubble lifetime.19,59 To guide
our discussion below, we summarized the observed trends for
the content of elastin and collagen fibers of each tissue
type with their interpreted stiffness and tensile strength in
Table 1.

4.2 Effect of Mechanical Properties of Tissue on
Bubble Dynamics

When the ablation occurs within a confined volume below the
surface, as in our experiments, the gaseous ablated tissue is con-
fined within a bubble. These bubbles can initially expand
slightly beyond the scanned area laterally (in the current
study 250 × 250 μm2) and up to 100 μm axially. As the gas
slowly diffuses out, the initial bubble shrinks and eventually
becomes a thin permanent void.

The dynamics of bubble formation depend on the stiffness of
media in which bubbles are generated. Recent vocal fold stud-
ies55,60,61 report a higher stiffness of scarred tissues because of
their higher shear elastic modulus and dynamic viscosity. A
force balance at the bubble wall reveals that the stiffness of
the surrounding tissue aids surface tension in resisting and
thus dissipating energy for bubble growth during bubble expan-
sion, and thereby reducing maximum bubble radius. On the
other hand, during bubble collapse, tissue stiffness aids the bub-
bles to shrink faster. Since the scarred tissues are expected to be
stiffer, as discussed above, higher tension on the slowly shrink-
ing bubble will help it to collapse faster than the less stiff normal
tissue. In conclusion, shorter bubble lifetimes of scarred tissue
observed in our experiments can be associated with their
increased stiffness.

4.3 Effect of Mechanical Properties and Impurities on
Ablation Threshold

The ablation threshold results revealed, on average, a 3.5 times
smaller threshold fluence for cheek pouches (average ¼
0.5 J∕cm2) than vocal folds (average ¼ 1.75 J∕cm2). Interest-
ingly, the scarred cheek pouches showed a further 30% lower
ablation threshold fluence (0.4 J∕cm2) than the healthy cheek
pouches (0.6 J∕cm2). The reduced ablation thresholds for
scar tissue may be useful if this selectivity can be exploited
in clinical applications.

As discussed in Sec. 1, TSAT can be influenced by tissue
mechanical properties, the amount of initial seed electrons
due to impurities, and linear absorption. We first consider the
effect of the mechanical properties of different tissues in
terms of their stiffness and tensile strength by referring to the
summary in Table 1. The optical breakdown can create shock
waves and when the strength of the pressure across the shock
wave exceeds the tensile strength of the tissue, it may cause fur-
ther damage by a tearing/rapturing mechanism. Therefore, tissue
with a higher tensile strength is expected to have a higher abla-
tion threshold. The results clearly indicate a direct correlation
between the tensile strength of tissue and the ablation threshold.
The higher the content of elastin in the collagen/elastin system,
the higher the tensile strength, and thus the ablation threshold.
The observations of lower damage fluence for scarred cheek
pouches with respect to control tissue are also in accordance
with their lower tensile strengths, as a result of the wound heal-
ing process discussed above.

To understand the effect of the initial seed electrons, we have
simulated the free electron generation in water for varying initial
free electron densities. Considering both multiphoton and cas-
cade ionizations19,20,22 and assuming that the optical breakdown
occurs when a critical electron density of 1021 cm−3 is reached,
we could estimate the threshold intensity for a 3-ps laser pulse.
At the minimum possible electron density of 1012 cm−3 that cor-
responds to the existence of a single electron in the focal
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volume, we found that the threshold for optical breakdown
remained similar to the threshold in the absence of seed elec-
trons. In the presence of a larger number of seed electrons
(10 electrons per volume—1013 cm−3), there was only a slight
decrease (10%) in the threshold. It is possible that the scarring
creates additional free electrons, possibly leading to the slight
threshold reduction discussed above. However, it is not clear
how much the scarring might change the number of seed elec-
trons, and whether or not it leads to any possible linear absorp-
tion. Therefore, we conclude that the main mechanism for the
differences in the TSAT fluences might be related to the
mechanical properties of tissue, mainly to its tensile strength.

In conclusion, ablation with moderate repetition rate
(<1 MHz) ultrashort laser pulses of 3 ps, resulted in precise
and repeatable cutting of tissue and was confined within the
focal volume with no collateral damage observable in the his-
tology images. The existence of long-lasting bubbles should
provide ample time for monitoring the completeness of ablation
and guiding the surgeon better to the injection site, as verified in
our recent studies.62 We have successfully demonstrated locali-
zation of a polyethylene glycol-based biomaterial inside the
ablated subepithelial voids in a scarred hamster cheek pouch.
Our attempts of injecting without previously created subepithe-
lial voids resulted in backflow of the biomaterial along the point
of injection. In contrast, the presence of subepithelial voids cre-
ated at 90 μm below the tissue surface provided the space for the
biomaterial that greatly reduced backflow at the injection site
and resulted in a lasting localization of the injected material.

The ablation characterization efforts presented in this article
will guide the development of an ultrafast laser-assisted method
to reduce injection pressures in the scarred vocal folds while
improving localization of injected biomaterials. We are currently
developing a new generation endoscope suitable for in vivo
micro-laryngoscopic testing in large animal models.
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