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Abstract. Ultrafast laser ablation may provide a treatment for vocal fold (VF) scarring. Optical properties of vocal 12 
folds must be known prior to clinical implementation to select appropriate laser surgery conditions. Here, we present 13 
scattering lengths of epithelium, ℓs,ep, and superficial lamina propria, ℓs,SLP, and ablation thresholds, Fth, of human 14 
and canine VF tissues. Our experimental approach involves an image-guided, laser-ablation based method which 15 
allows for simultaneous determination of ℓs and Fth in these multilayered tissues. Studying eight canine samples, we 16 
found ℓs,ep = 75.3±5.7 μm, ℓs,SLP = 26.1±1.2 μm, Fth,ep = 1.58±0.06 J/cm2, and Fth,SLP = 1.55±0.17 J/cm2. Studying 17 
five human samples, we found ℓs,ep = 42.8±3.3 μm and Fth,ep = 1.66±0.10 J/cm2. We studied effects of cumulative 18 
pulse overlap on ablation threshold and showed no significant variations beyond 12 overlapping pulses. 19 
Interestingly, our studies about the effect of sample storage on the scattering properties of porcine VF showed a 60% 20 
increase in ℓs,ep for fresh porcine VF when compared to the same sample stored in isotonic solution. These results 21 
provide guidelines for clinical implementation by enabling selection of optimal laser surgery parameters for 22 
subsurface ablation of VF tissues. 23 
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1 Introduction 30 

Vocal fold (VF) scarring is a primary cause of voice disorders, which affect an estimated 2-6 31 

million people in the US alone 1–3. Scar tissue forms as an inflammatory response to external 32 

trauma, hindering phonation by reducing viscoelasticity of the vibratory layers of the VF 4,5. The 33 

lamina propria (LP), a sub-epithelial tissue layer consisting primarily of collagen, elastin, and 34 

reticulin fibers, is largely responsible for the vibratory response associated with normal phonation 35 

and thus is highly sensitive to scar formation. Current research focuses on restoration therapies for 36 
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the superficial lamina propria (SLP) including development of various injectable therapeutic  37 

biomaterials that could promote a more favorable reparative response 6–10. These therapies would 38 

benefit from the creation of subepithelial voids within the scarred tissue region-of-interest (ROI), 39 

allowing for a “pocket” to localize injected biomaterials for an extended period. Preclinical studies, 40 

demonstrating that injection into stiff scar tissue results in poor biomaterial localization and 41 

treatment repeatability, highlight the potential therapeutic benefit of sub-epithelial void formation 42 

11–13. 43 

One possible solution utilizes ultrafast laser ablation to create sub-epithelial voids within the 44 

SLP 14,15. The nonlinear dependence of multiphoton absorption on intensity confines energy 45 

deposition to femtoliter sized focal volumes if appropriately high numerical aperture (NA) 46 

focusing optics are used. In addition, creation of deep voids becomes feasible when using 47 

wavelengths within the optical window of tissues (λ ≈ 700 – 1400 nm), allowing for bulk material 48 

dissection without disturbing superficial tissue layers. Prior work by our group successfully 49 

demonstrated creation of voids ~100 μm beneath the tissue surface, well within the SLP of porcine 50 

VF with an epithelium thickness of 50 – 80 μm 14,16. 51 

Optical scattering properties of VF tissue must be known before implementing subsurface void 52 

formation for biomaterial injection in human patients. The literature only presents a small number 53 

of studies discussing the optical properties of human vocal folds. Among these studies, Mahlstedt 54 

et al utilized a double integrating sphere with Monte Carlo simulations to measure scattering and 55 

absorption coefficients over the 400 – 2,200 nm wavelength range 17. Their results indicate a 56 

scattering length ℓs = 83 μm at λ = 700 nm for bulk human VF. Since they homogenized their 57 

samples in a precooled mortar prior to measurements, they did not have the ability to differentiate 58 

between optical properties of the epithelium and SLP. Additionally, homogenization is known to 59 
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decrease optical scattering, thus reducing similarity to native tissue 18. Prior work by our group 60 

and others has shown variations in optical properties for different tissue layers 16,19–21, and a priori 61 

knowledge of the optical properties of individual tissue layers is required to  implement subsurface 62 

void creation for the proposed scarred vocal fold treatment method.  63 

In this paper, we present scattering properties for different tissue layers of freshly excised 64 

human and canine VFs and study how tissue storage conditions in isotonic solution can vary these 65 

properties. We also present ablation thresholds to create voids below the tissue surface and study 66 

how the number of overlapping laser pulses can affect these ablation thresholds. To overcome 67 

limitations associated with current tissue scattering measurement methods and enable assessment 68 

of multilayered tissues, we use a new method based on ultrafast laser ablation. This image-guided 69 

method, which we proposed in 16 and expanded in 19, allows for simultaneous determination of 70 

scattering lengths and ablation thresholds of individual layers in thick, multilayer tissues without 71 

requiring any sample processing. Results, obtained from multiple human VF samples as well as 72 

canine, which is the animal model of choice for preclinical testing of laryngeal treatments, provide 73 

a guideline for designing the necessary laser surgery conditions for future clinical treatment.  74 

2 Experimental Approach 75 

To measure the optical properties of excised human and canine VF samples, we used a laser 76 

ablation-based method that we recently developed 19. Using this method, we can simultaneously 77 

determine both scattering lengths and ablation thresholds in multiple layers of a heterogenous 78 

tissue. The method relies on finding input energies required to initiate ablation at multiple depths 79 

in each tissue layer. Assuming only ballistic photons contribute to nonlinear ablation, the threshold 80 

fluence at the focal plane of a single layered tissue can be described by Beer’s Law: 81 
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 𝐹𝑡ℎ =
𝐸𝑡ℎ,𝑠𝑢𝑟𝑓

𝜋𝑤𝑜
2 𝑒

−
𝑧𝑎𝑏
ℓ𝑠   , (1) 82 

where Eth,surf is the input threshold energy at the tissue surface, w0 is the 1/e2 beam radius, zab is 83 

the ablation depth in tissue, and ℓs is a direct measure (i.e. not reduced) of the scattering length. If 84 

Eth,surf is found at two depths, one can then determine the scattering length according to: 85 

 ℓ 𝑠 =
𝑧ab,2−𝑧ab,1

ln [𝐸𝑡ℎ,𝑠𝑢𝑟𝑓,2−𝐸𝑡ℎ,𝑠𝑢𝑟𝑓,1]
  . (2) 86 

One can determine threshold fluence, Fth, by inserting ℓs into Eq. (1). For multi-layered tissues, 87 

Eq. (2) can be used to solve for ℓs if each tissue layer is considered as a distinct, homogeneous 88 

medium. Threshold fluences in deep tissue layers can be found by extending Eq. (1) to consider 89 

the properties of multiple superficial layers, in our case epithelium and SLP: 90 

 𝐹𝑡ℎ =
𝐸𝑡ℎ,𝑠𝑢𝑟𝑓

𝜋𝑤𝑜
2 𝑒

−(
𝑧𝑒𝑝

ℓ𝑠,𝑒𝑝
+

𝑧𝑎𝑏−𝑧𝑒𝑝

ℓ𝑠,𝑆𝐿𝑃 
)
  , (3) 91 

where zep and ℓs,ep are the thickness and scattering length of the epithelium, and ℓs,SLP is SLP 92 

scattering length. For homogenous media, damage is expected to occur at a sharp threshold, as is 93 

the case for most metals and glass 22,23. However, this assumption does not hold in tissue, as 94 

heterogeneity in tissue scatterer distribution may lead to a broad range of energies over which 95 

ablation occurs. To address the effects of tissue heterogeneity on threshold determination, Eth,surf 96 

is found by recording percent ablation in a given field-of-view (FOV) for a range of pulse energies 97 

near threshold. The pulse energy required for 50% FOV ablation is found by fitting an error 98 

function to the collected data: 99 

 Percent Ablation = 50[1 + erf (
𝐸−𝐸𝑡ℎ,𝑠𝑢𝑟𝑓

1.05∆𝐸
)]  , (4) 100 

where ΔE is the difference in pulse energies required to reach 25% and 75% FOV ablation. If 101 

Eth,surf is found at multiple depths in each tissue layer, a nonlinear least squares fit of the natural 102 
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log of Eth,surf vs. ablation depth allows for determination of ℓs, defined as the inverse slope 103 

(according to Eq. (2)), and Fth (according to Eq. (3)). 104 

The experimental setup includes a home-made, upright two-photon microscope which employs 105 

an Er-doped fiber laser (1.0 ps pulse width, frequency doubled to λ = 776 nm, Discovery, 106 

Raydiance Inc.) for both imaging and ablation. We use a repetition rate of 303 kHz for imaging 107 

and ablation during experiments. A pair of galvanometric mirrors raster scan the incoming laser 108 

beam which is expanded onto the back aperture of a coverslip-corrected air objective (20×, NA 109 

0.75, Plan Apo, Nikon) and focused on the tissue. Two-photon autofluorescence is epi-collected, 110 

filtered (Schott BG39), and detected by a photo-multiplier tube (PMT). The galvanometric mirrors, 111 

PMT, and stages are controlled by MPScan software suite 24. 112 

To determine the beam waist at the focal plane inside scattering media, we imaged 100 nm 113 

fluorescent beads (FluoSpheres™, 2% solids, Invitrogen™), suspended in 2% low melt-point agar 114 

gel. We added 0.95 μm polystyrene beads (Bangs Lab) to the suspension at a concentration of 115 

1.85×1010 beads/mL to provide an estimated ℓs ≈ 46 μm, representing the expected scattering length 116 

of tissue. Bead solutions were added to agar, vortexed, set within a coverslip mold with spacers of 117 

known thickness, and allowed to solidify. Analysis of two-photon images at multiple depths 118 

determined 1/e2 beam waste radius w0 = 0.75 ± 0.01 μm. This value was consistent over ten depths 119 

in the 0 – 96 μm range, indicating minimal change in spot size due to spherical aberrations and 120 

scattering. 121 

We tested eight canine and five human VF samples. Canine VFs were harvested immediately 122 

following euthanization for unrelated research projects. Human VF samples were collected under 123 

an Institutional Review Board (UT Southwestern)-approved tissue collection protocol. The tissue 124 

was excised from VFs unaffected by tumor in total laryngectomy specimens immediately after the 125 
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larynx was removed in surgery. For both canine and human samples, we excised the specimen for 126 

testing as a rectangular piece of VF mucosa from the mid-VF by carefully dissecting the mucosa 127 

off the underlying muscle. The mucosal specimens were placed in phosphate-buffered saline (PBS) 128 

on ice and overnight shipped to UT Austin. The samples were kept at 4 °C until testing, which 129 

typically took place within 24 – 48 hours of tissue harvest. For measurements, we set the VFs in a 130 

petri-dish with 170 μm glass coverslip and submerged them in PBS to prevent desiccation. 131 

Fluorescent beads deposited onto the tissue surface aided in detection of the epithelium. Prior to 132 

ablation experiments, we determined the epithelial thickness by obtaining z-stacks in three 133 

different areas adjacent to the ROI. The repetition rate of the laser was changed from 303 kHz to 134 

2 MHz during z-stack image acquisition to acquire higher quality images before starting the 135 

experiments to determine average epithelium thickness with high certainty. 136 

To measure optical properties of VF samples, we ablated a 40×40 μm2 FOV in a single frame 137 

by scanning 512 lines at 1.11 frames-per-second (fps), resulting in N ≈ 301 pulse overlap.  We 138 

found the number of spots available in our ablation FOV by dividing the FOV size (40×40 μm2) 139 

by our beam area (πw0
2), and used this with the repetition rate (RR) of the laser to calculate N 140 

according to: 141 

 𝑁 =
𝑅𝑅

𝑓𝑝𝑠
×

π𝑤0
2

𝐹𝑂𝑉
  , (5) 142 

We acquired images over a slightly larger FOV of 80×80 μm2 at 1.11 fps to cover the entire 143 

pre- and post-ablated areas to determine the size of the ablated region. The pulse energy required 144 

for 50% ablation, Eth,surf, was found at eight depths per sample: four depths in the epithelium and 145 

four depths in the SLP. Ablation curves were generated at each depth by titrating over a range of 146 

pulse energies and recording the percent of FOV ablated at each energy. We acquired images as 147 
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the average of ten images and performed smoothing using a Gaussian filter (window size 10×10) 148 

prior to binarization. We utilized Otsu’s method to threshold before and after images and applied 149 

the same threshold to each image pair to calculate ablation percentage as the ratio of pixels below 150 

threshold after ablation to pixels below threshold before ablation within FOV. 151 

3 Results and Discussion 152 

Human and canine vocal fold scattering length and ablation threshold study 153 

Example two-photon autofluorescence images, taken before and immediately following ablation 154 

in canine VF #1, are shown in Figure 1a for a range of pulse energies at a depth of 36 μm. Only 155 

one depth in a single specimen is displayed for brevity. We could observe in all two-photon images 156 

a smooth transition from cell-rich epithelium to lamina propria with randomly organized collagen 157 

fibers, which are seen in normal SLP 16.  158 

159 
Figure 1 – Example data used in the scattering length and fluence threshold measurements: (a) 160 
Example two-photon images of 36 μm depth for canine VF sample #1. Left and right columns are 161 
images taken before and after ablation at the listed pulse energies. (b) Binarization of images in 162 
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(a) to allow for percent FOV ablation according to Eq. 4. Scale bar represents 20 μm. (c) Ablation 163 
curve for experiments presented in (a), the dotted line specifies the point of 50% ablation, Eth.  (d) 164 

Ablation depth vs. Eth,surf plotted as a semilogarithmic for clarity. The SLP begins around 60 μm 165 
depth, marked by a change in slope for the deeper layer. Errors bars represent 95% confidence 166 
intervals for the fit of each ablation curve to Eq. 4. 167 

Data shown in Figure 1c represents pulse energies and corresponding FOV ablation 168 

percentage at zep = 36 μm in canine VF #1. Collected data was fit according to Eq. 4, and the dotted 169 

red line indicates the point of 50% ablation where we defined Eth,surf = 43.9 ± 1.5 nJ with ΔE = 5.5 170 

± 1.6 nJ. While curves similar to Figure 1c were generated for every depth in each tissue sample, 171 

a single dataset is displayed for brevity. 172 

We repeated this procedure to determine Eth,surf at the seven remaining depths on the VF of 173 

canine #1. Figure 1d shows the semilogarithmic plot of Eth,surf vs. ablation depth from which ℓs 174 

was deduced according to Eq. (2) and Fth,ep and Fth,SLP were then found using Eq. (1) and Eq. (3), 175 

respectively. The process was repeated for the seven remaining canine tissues and five human 176 

specimens. Results are tallied in Table 1. 177 

Uncertainty in individual ℓs,ep and ℓs, SLP measurements represents the standard error in fitting 178 

parameters for a weighted nonlinear least squares estimation of the parameters. Weights were 179 

taken as the inverse of the variance for each approximated Eth,surf value. Uncertainty in Eth,surf and 180 

beam waist (w0) measurements were propagated forward to determine the uncertainties presented 181 

for Fth,ep, and uncertainty in Fth,SLP was estimated by using uncertainty propagation to account for 182 

uncertainty in zep, ℓs,ep, ℓs,SLP, and Eth,surf. Uncertainty of averaged values represents the root mean 183 

square error of contributing data points. 184 

We determined epithelium thickness, zep, by measuring the depth of transition from the cell-185 

rich epithelium to the densely packed collagen fibrils of the SLP. We measured zep in three areas 186 
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on each sample near ablation data collection ROIs. The presence of two distinct tissue layers are 187 

substantiated by our ablation threshold data, where we observed an abrupt increase in the pulse 188 

energies required to initiate ablation near zep, indicating a medium change. Scattering is likely 189 

lower in the epithelium due to sparse distribution of cell nuclei and other subcellular scatterers, 190 

whereas tightly packed collagen and elastin fibrils distributed throughout the SLP are highly 191 

scattering, leading to increased surface pulse energies required to initiate ablation. Further, 192 

uncertainty is higher in Eth,surf determined for epithelium than it is in Eth,surf of the SLP. This can 193 

be explained by the regularly distributed fibrous protein networks in SLP which help to maintain 194 

tissue structure post-ablation, making it easier to determine the percentage of the FOV removed 195 

and thus Eth,surf with higher certainty.  196 

Table 1 -  Scattering lengths and fluence thresholds of epithelium and SLP in canine and human 197 
samples. Uncertainty is represented as the standard error of the parameters from weighted non-198 

linear least squares fitting. 199 

Sample ℓs,ep [μm] ℓs,SLP [μm] Fth,ep [J/cm
2
] Fth,SLP [J/cm

2
] z

ep
 [μm] 

Canine VF #1 70.2 ± 4.2 25.9 ± 1.2 1.49 ± 0.05 1.70 ± 0.17 64.8 ± 4.8 
Canine VF #2 75.1 ± 5.6 26.9 ± 0.5 1.54 ± 0.06 1.67 ± 0.15 59.2 ± 5.0 
Canine VF #3 71.3 ± 6.6 25.5 ± 0.6 1.51 ± 0.06 1.30 ± 0.12 54.4 ± 3.7 

Canine VF #4 75.4 ± 4.1 25.2 ± 1.7 1.67 ± 0.06 1.25 ± 0.13 52.0 ± 2.2 

Canine VF #5 75.6 ± 5.6 27.1 ± 1.6 1.62 ± 0.06 1.83 ± 0.22 62.4 ± 6.3 

Canine VF #6 77.6 ± 8.6 25.9 ± 1.4 1.60 ± 0.08 1.58 ± 0.19 58.4 ± 5.0 

Canine VF #7 72.1 ± 2.9 25.9 ± 1.3 1.53 ± 0.04 1.49 ± 0.11 58.4 ± 2.8 

Canine VF #8 84.9 ± 6.2 26.7 ± 0.9 1.68 ± 0.06 1.57 ± 0.12 55.6 ± 3.4 

Average 75.3 ± 5.7 26.1 ± 1.2 1.58 ± 0.06 1.55 ± 0.17 58.2 ± 4.3 

Human VF #1 44.5 ± 3.8 - 1.61 ± 0.07 - 67.2 ± 5.2 

Human VF #2 40.6 ± 4.6 - 1.57 ± 0.09 - 62.0 ± 4.0 

Human VF #3 42.1 ± 2.8 - 1.69 ± 0.15 - 54.6 ± 2.6 

Human VF #4 43.8 ± 2.4 - 1.67 ± 0.08 - 51.3 ± 4.2 

Human VF #5 42.8 ± 2.3 - 1.74 ± 0.08 - 58.8 ± 2.4 
Average 42.8 ± 3.3 - 1.66 ± 0.10 - 58.8 ± 3.8 

Ablation curves follow the fit defined by Eq. (4) very well, and small step increases in pulse 200 

energy (typically 3 nJ and 8 nJ increments for epithelium and SLP, respectively) near the point of 201 
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50% ablation helped to achieve a well-defined threshold. While low variance was observed in 202 

scattering properties within species, there was a noticeable difference between the scattering 203 

lengths of human and canine tissue. We obtained an average canine ℓs,ep = 75.3 ± 5.7 μm and an 204 

average human ℓs,ep = 42.8 ± 3.3 μm. The shorter scattering length of human VF limited the 205 

experiments to the epithelial layers, as the pulse energy required to ablate at deeper depths 206 

exceeded the available laser power.  207 

In general, the width of the ablation threshold curve, ΔE, increased with depth likely caused 208 

by the accumulated influence of tissue inhomogeneity at deeper depths. We found the average 209 

fluence threshold for human epithelium (Fth,ep = 1.66± 0.10 J/cm2) to be slightly larger than those 210 

for canine epithelium and SLP (Fth,ep = 1.58 ± 0.06 J/cm2 and Fth,SLP = 1.55 ± 0.17 J/cm2). 211 

Porcine pulse overlap study 212 

We utilized the same experimental methodology presented above on freshly excised inferior 213 

porcine VF to study how varying the number of overlapping pulses N affects our ℓs and Fth 214 

measurements. We tested four different pulse overlap conditions by varying FOV and/or frame 215 

rates: N = 301 (FOV = 40×40 μm2, frame rate = 1.11 fps), N = 75 (FOV = 80×80 μm2, frame rate 216 

= 1.11 fps), N = 12 (FOV = 120×120 μm2, frame rate = 3.05 fps), and N = 4 (FOV = 200×200 μm2, 217 

frame rate = 3.05 fps). We obtained two porcine VFs from whole porcine trachea purchased from 218 

a local slaughterhouse and tested within 6 hours of animal sacrifice. Epithelial thickness was 219 

measured in multiple locations along the ROI as done in the human/canine VF study. Four depths 220 

were examined in the epithelium for the four different pulse overlap conditions. We tried to use 221 

identical pulse energies between pulse overlap conditions to allow for direct comparison of each 222 

condition for a given depth. 223 
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Table 2 summarizes epithelial scattering lengths and ablation thresholds for two porcine VF 224 

samples measured at four different pulse overlap conditions. We performed analysis of covariance 225 

(ANCOVA) using Minitab statistical software to determine if a significant difference existed 226 

between the regression coefficients (i.e. slope of regression line, ℓs,ep
-1)  and constants (i.e. y-227 

intercept, related to Fth,ep) generated for all four datasets in each sample. The test statistic used for 228 

hypothesis testing follows the method by Clogg et al. 25 where p-value ≤ 0.05 represents 229 

significance.  230 

We saw no significant difference in ℓs,ep measurements for all four pulse overlap conditions, 231 

and no significant difference in Fth,ep for N = 301, 75, and 12. We did see a significant difference 232 

in Fth,ep when comparing N = 301 (p = 0.05) and N = 75 (p = 0.04) to N = 4 in the first VF sample, 233 

and a significant difference in Fth,ep when comparing N = 301 (p = 0.01), N = 75 (p = 0.01) and N 234 

= 12 (p = 0.04) to N = 4 in the second VF sample. Figure 2a displays the data for all four pulse 235 

overlap conditions tested on VF sample #2. We see that the y-intercept for the N = 4  data is  higher 236 

on average than it is for N = 301, 75, 4, resulting in a larger Fth,ep for N = 4. On average, the percent 237 

FOV ablated was less at N = 4 for a given input energy and target depth, confirmed by counting 238 

pixels below threshold in the ablated areas using MATLAB. Images shown in Figure 2b illustrate 239 

this point; a smaller percentage of the FOV is removed during ablation at N = 4 for identical pulse 240 

energies, suggesting that incubation may play a role in lowering the fluence threshold for N > 4. 241 

Importantly, the exponential increase in input energy required for ablation at each depth scales at 242 

the same rate for all N values tested, demonstrating that ℓs,ep may be estimated with high certainty, 243 

regardless of the FOV or frame rate employed. We determined an average porcine ℓs,ep = 59.9±4.1 244 

μm, which is within 20% of our previous findings 19. 245 
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The negligible variation in Fth,ep for N ≥ 12 is in agreement with Rosenfeld et al. 26, which 246 

states that Fth reaches a steady state value for N > 20 in dielectric materials such as glass where 247 

ablation initiates as optical breakdown. In tissue ablation, there is an additional regime of ablation 248 

where low density plasma can lead to ROS-initiated photodamage 27. Our irradiance thresholds 249 

(1.8×1012 W/cm2) were close to this regime where we would also expect a direct dependence of 250 

threshold on the number of overlapping pulses as observed in our earlier findings for laser surgery 251 

in severing axons 28. Our results however do not show as large of dependence on N like Bourgeois 252 

et al., which may be due to the less deterministic nature of the highly heterogenous VF tissue 253 

architecture. Our results indicate initiation of ablation at N ≥ 12 requires 10 – 15% less energy than 254 

a few pulses while a further increase of N does not offer any significant decrease in Fth,ep. We, 255 

therefore, propose N = 10 – 20 to be an optimal number in the clinical practice to achieve the 256 

desired fast (10 – 20 minutes per VF) surgical speeds 29.  257 

Table 2 – Scattering lengths and ablation threshold results of two porcine VFs for various number 258 
of overlapping pulses, N. Uncertainty is represented as the standard error of the parameters from 259 

weighted non-linear least squares fitting. 260 

 ℓs,ep [μm] Fth,ep [J/cm
2
] 

N #1 #2 #1 #2 
301 58.4 ± 1.9 60.4 ± 3.2 1.50 ± 0.04 1.60 ± 0.05 
75 59.2 ± 3.8 58.3 ± 5.6 1.45 ± 0.04 1.61 ± 0.07 
12 59.7 ± 5.9 61.5 ± 4.7 1.57 ± 0.07 1.64 ± 0.08 
4 59.5 ± 3.8 62.4 ± 2.5 1.68 ± 0.08 1.86 ± 0.05 

 261 
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 262 

Figure 2 – Cumulative effect results of overlapping number of pulses on ℓs,ep and Fth,ep 263 
determination. a) The threshold energy at the surface, Eth,surf, becomes larger at each depth when 264 

overlapping pulses decreases to N = 4 in porcine VF sample #2, indicating more energy is required 265 

to ablate the same percentage FOV with smaller number of pulses. Error bars represent 95% 266 
confidence intervals for the fit of each ablation curve to Eq. 4. b) Two-photon images after ablation 267 
in porcine VF sample #2 at ablation depth of 20 μm for two different pulses energies: 40 nJ (top 268 

row) and 43 nJ (bottom row). 269 

Storage condition study 270 

To study the effects of tissue storage conditions on scattering length and ablation threshold 271 

determination, we measured ℓs,ep and Fth in fresh porcine VF samples and compared these values 272 

to ℓs,ep and Fth measured in the same samples after storage in PBS. As our human and canine 273 

samples were shipped in PBS to prevent dehydration, we deemed it necessary to understand how 274 

the measured properties relate to those of native tissue. We extracted VF from whole trachea of 275 

freshly sacrificed porcine immediately prior to testing to limit dehydration, then repeated 276 

measurements on VFs after 2 hours of storage in PBS at room temperature.  277 
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Table 3 summarizes the epithelial scattering lengths and ablation thresholds for two porcine 278 

VF samples measured before and after storage in PBS. The ANCOVA test described above showed 279 

there was a significant difference between scattering length measurements before and after storage 280 

(p = 0.01, p = 0.05 for samples 1 and 2, respectively) and a significant difference between the 281 

ablation thresholds before and after storage in only sample 2 (p = 0.02). On average, ℓs,ep is 60% 282 

longer in fresh samples when compared to PBS-stored samples. 283 

Increased scattering in PBS-stored samples may be caused by the larger difference between 284 

refractive index of PBS (n = 1.333) and refractive index of the epithelium (n =1.43 for human skin 285 

at λ = 800 nm) when compared to the refractive index of interstitial fluid (n = 1.365) 30,31. Prior 286 

work by Genina et al. agrees well with our results; they showed scattering coefficients (ℓs
-1) of rat 287 

skin increased by approximately 50% when stored in an isotonic 0.9% solution of NaCl 32. Another 288 

confounding factor could be dehydration of tissue samples, which is known to produce an optical 289 

clearing effect by reducing the refractive index mismatch between constituent tissue scatterers 33. 290 

To avoid this effect, we tested the samples immediately after excision to mitigate potential 291 

dehydration. 292 

These results suggest that scattering length measurements made on PBS-stored human and 293 

canine VFs may underestimate the actual scattering lengths of native tissue, as PBS storage is 294 

necessary for sample shipment. Hence, we conclude that reduced scattering in intact VF epithelium 295 

may lead to lower pulse energies required to ablate tissue within the SLP. This has important 296 

implications in surgery, as the lower peak powers required to penetrate epithelium may increase 297 

the maximum ablation depth by reducing the probability of unwanted nonlinear effects such as 298 

self-focusing, which has been shown to shift the ablation plane towards the surface during deep 299 

tissue ablation 34.  300 
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Table 3 – Scattering lengths and ablation threshold results of two porcine VFs under different 301 
storage conditions. Uncertainty is represented as the standard error of the coefficients and 302 

constants from weighted non-linear least squares fitting. 303 

 ℓs,ep [μm] Fth,ep [J/cm
2
] 

 #1 #2 #1 #2 
fresh 101.3 ± 6.5 99.5 ± 7.8 1.64 ± 0.05 1.83 ± 0.05 
PBS 59.8 ± 3.3 65.7 ± 6.5 1.49 ± 0.05 1.71 ± 0.08 

 304 

4 Conclusions 305 

We determined scattering properties and ablation thresholds of excised human and canine vocal 306 

folds by using a nonlinear image-guided, ablation-based method. We found the input pulse 307 

energies, Eth,surf, required to ablate 50% of the targeted FOV at increasingly deeper depths, fit these 308 

data to an exponential curve predicted by Beer’s law, and extracted ℓs and Fth. We observed low 309 

inter-species variance in scattering properties for both tissue types, yet a substantial difference in 310 

ℓs,ep of human and canine VFs. We studied the cumulative pulse overlap effects on two porcine 311 

VF samples and observed no statistically significant change in Fth,ep for N > 12, and no effect on 312 

ℓs,ep for any pulse overlap tested, providing evidence that this methodology can be applied at a 313 

range of spatial scales and scanning rates. Further, we believe surgically relevant speeds are 314 

obtainable for N = 10 – 20, providing lowered ablation thresholds and rapid subsurface void 315 

creation. We also studied the effects of PBS storage on measurements and determined scattering 316 

lengths are 60% longer in fresh VFs when compared to PBS-stored tissue, suggesting that ablation 317 

and subsequent void formation in the SLP may be possible at lower pulse energies in a clinical 318 

setting. These results can be used to define an optimal operating regime and predict ablation 319 

performance for precise microphonosurgical treatment. 320 
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8 List of Figure Captions 409 

Figure 1 – Example data used in the scattering length and fluence threshold measurements: (a) 410 
Example two-photon images of 36 μm depth for canine VF sample #1. Left and right columns are 411 
images taken before and after ablation at the listed pulse energies. (b) Binarization of images in 412 

(a) to allow for percent FOV ablation according to Eq. 4. Scale bar represents 20 μm. (c) Ablation 413 

curve for experiments presented in (a), the dotted line specifies the point of 50% ablation, Eth.  (d) 414 
Ablation depth vs. Eth,surf plotted as a semilogarithmic for clarity. The SLP begins around 60 μm 415 
depth, marked by a change in slope for the deeper layer. Errors bars represent 95% confidence 416 

intervals for the fit of each ablation curve to Eq. 4. 417 

Figure 2 – Cumulative effect results of overlapping number of pulses on ℓs,ep and Fth,ep 418 
determination. a) The threshold energy at the surface, Eth,surf, becomes larger at each depth when 419 

overlapping pulses decreases to N = 4 in porcine VF sample #2, indicating more energy is required 420 
to ablate the same percentage FOV with smaller number of pulses. Error bars represent 95% 421 

confidence intervals for the fit of each ablation curve to Eq. 4. b) Two-photon images after ablation 422 
in porcine VF sample #2 at ablation depth of 20 μm for two different pulses energies: 40 nJ (top 423 

row) and 43 nJ (bottom row). 424 

Table 1 -  Scattering lengths and fluence thresholds of epithelium and SLP in canine and human 425 
samples. Uncertainty is represented as the standard error of the parameters from weighted non-426 
linear least squares fitting. 427 

Table 2 – Scattering lengths and ablation threshold results of two porcine VFs for various number 428 
of overlapping pulses, N. Uncertainty is represented as the standard error of the parameters from 429 

weighted non-linear least squares fitting. 430 

Table 3 – Scattering lengths and ablation threshold results of two porcine VFs under different 431 

storage conditions. Uncertainty is represented as the standard error of the coefficients and 432 
constants from weighted non-linear least squares fitting. 433 
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