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induced by Er:YAG laser ablation at different moisture contents
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Background: As an innovative bone ablation tool, pulsed erbium: yttrium-aluminum-garnet (Er:YAG)
laser is being used in clinical practice. It faces the same problems as traditional tools: the water content of
bone usually changes with the position, while the amount of water spray in the process of laser irradiation
is also uncertain. Real-time monitoring of the effects of laser bone ablation is necessary, but effective tools
are still lacking. In this study, we examined the feasibility of rapidly and non-destructively evaluating the
surface properties of bone after Er:YAG laser irradiation at different moisture contents by optical coherence
tomography (OCT).

Methods: Bone specimens (n=90) collected from pig cortical bone were used in this study. All bone
specimens had similar volume and surface characteristics after machining. To display the baseline level before
Er:YAG laser ablation, a control group (n=10) without dehydration or Er:YAG laser ablation was examined
with OCT, scanning electron microscopy (SEM), and energy dispersive X-ray (EDX) spectroscopy. The
remaining specimens were randomly divided into four groups (n=20/group) with different moisture content:
dried (Group 2 and Group 4) or not dried (Group 1 and Group 3). Pulsed Er:YAG laser (120 mJ/pulse,
20 Hz, 100 ps) was used for perpendicular irradiation with (Group 1 and Group 2) or without (Group 3 and
Group 4) water spray. The treated specimens were subjected to SEM, EDX spectroscopy, OCT, and then
processed for histological evaluation.

Results: After Er:YAG laser ablation, the melting effect was obvious in the SEM results of the dry
groups and non-sprayed groups (Groups 2-4). EDX spectroscopy showed that the content of calcium and
phosphorus and their ratios remained unchanged in the undried and with water spray group (Group 1)
were the closest to the control group. Three-dimensional (3D) OCT could evaluate the depth and shape of
ablation grooves. The roughness of the laser-ablated surface could be visualized by extracting the surface
lines from cross-sectional OCT images. The results illustrated that the laser ablation with water spray could
achieve a smoother surface. Furthermore, OCT results demonstrated that a layer with high image intensity
was generated on the bone surface after laser irradiation. The thickness of these layers showed a correlation
with whether or not the laser irradiation was sprayed with water. Histology showed that thin eosin-stained
layers were created in all experimental groups, which matched well with OCT results of the layers with high
image intensity. No denatured layer was observed in the non-irradiated areas of bone tissues.
Conclusions: OCT could rapidly and non-destructively visualize the bone surface before and after
Er:YAG laser ablation at four different moisture contents. The morphology of ablation grooves, as well
as the roughness and thickness of the heterogeneous layer on the bone surface, could be characterized

quantitatively with good correlation with SEM and histology. This study will promote the development of
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OCT as an efficient and accurate tool for evaluating laser ablation of bone.
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Introduction

There is a long history of using manual instruments such
as metal drills for hard-tissue procedures in oral and
maxillofacial surgery. However, using these instruments is
usually accompanied by extremely harsh noise, and even
worse, could cause the deposition of metal shavings (1). In
recent years, the laser, which can achieve cutting effects
similar to conventional rotary instruments, was introduced
into dentistry as an alternative to traditional mechanical
instrumentation for the removal of biological tissues (2,3).
The erbium: yttrium-aluminum-garnet (Er:YAG) laser emits
a 2,940 nm wavelength that coincides with the absorption
peak of water and is also well absorbed by the hydroxyl
groups in hydroxyapatite (HA) crystals. Its mechanism
in hard tissue ablation is the thermo-mechanical effect
induced by the “micro-explosion” of water molecules (4).
The sudden evaporation of bound water causes micro-
explosions that blast away tiny particles of bone tissue (5).
Because of its many advantages, such as precise cut
geometry, high bactericidal effect, reduced tissue bleeding,
and less noise, vibration, and more discomfort for the
patient than rotary instruments, the Er:YAG laser has been
reported as suitable for use in clinical bone surgery (6-8).
Compared to conventional rotary instruments, the Er:YAG
laser can promote early bone healing due to high levels of
platelet-derived growth factor released in the wound and
the creation of a favorable surface for cell attachment (9,10).

Real-time and non-destructive monitoring of ablation
efficiency and morphology on bone tissue surface is
essential in clinical practice. The current mastery of
ablation efficiency depends on the physician’s experience
and visual observations. Traditional methods to evaluate
bone surfaces, such as histology and scanning electron
microscope (SEM), are mostly destructive tests and cannot
be directly applied in clinical cases (11,12). Therefore, it
is necessary to develop a testing aid that can evaluate the
character of bone tissue in a real-time and non-invasive
manner. Optical coherence tomography (OCT) is a real-
time and noninvasive optical imaging modality based on
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the back-scattered signal intensity from within structure
(13,14). OCT has a high resolution, significant depth, fast
speed, and three-dimensional (3D) imaging ability (15). Its
applications in dentistry include assessing dental caries and
detecting tooth-composite interfacial integrity and tooth
cracks (16-19). In addition, OCT also has unparalleled
security and convenience. Endoscopic OCT devices are
being used for clinical cardiovascular and bronchial imaging,
and hand-held OCT devices for retinal and tympanic
membrane imaging are being developed (20-22). Therefore,
it is possible to develop OCT oral imaging equipment.

Laser irradiation may cause thermal tissue damage,
which is closely related to the internal water content of the
tissue and external water spray. It is known to all that a great
difference exists between the water content of bone dense
matter and that of bone loose matter. Moreover, inadequate
water irrigation may occur during laser irradiation in
clinical situations, and irradiation without water-cooling
may have detrimental effects on bone tissue. Therefore, to
ensure the clinical safety of Er:YAG laser during orthopedic
surgery, a thorough analysis of the actual maximal thermal
damage caused to the cortical bone in a clinical situation
should be performed. In this study, four different moisture
content models were constructed by changing internal
water content and external water spray. Since cross-sectional
or 3D images of specimens can be obtained by OCT, the
purpose of this study was to examine the feasibility of
rapidly and non-invasively evaluating the surface properties
of cortical bone after Er:YAG laser irradiation at different
moisture contents by OCT. SEM, energy dispersive X-ray
(EDX) spectroscopy, and pathological section were also
used in this study. Our findings may help to develop a
testing aid that can evaluate the thermal damage of bone
tissue in a real-time and non-invasive manner.

Methods
Specimen preparation

The experimental specimens were freshly isolated cortical
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bones from pig tibias. The surrounding soft tissues and
periostea were removed, making the specimens as smooth as
possible. All of the collected cortical bone specimens were
cut into several pieces with a low-speed electric saw under
running water to obtain regular bone specimens with size
5x6 mm’. The thickness of all specimens was the original
size of the pig bone, ranging from 3 to 5 mm. Each bone
specimen was observed under a stereo microscope, and then
any cracked bone pieces were discarded. All of the bone
specimens were stored in the 0.9% physiological saline at
4 °C and used for experiment within one week. The
specimens at room temperature were dried with compressed
air before the experiment.

Er:YAG laser ablation

A commercially available pulsed Er:YAG laser (LightWalker,
Fotona LLC., Dallas, USA) was applied for bone ablation.
A sapphire tip 1.3 mm in diameter was used, and the laser
tip was placed vertically on the bone surface. The laser
beam propagated through the articular arm and was focused
directly on the surface of specimens through the lens.
The laser was set according to the recommended energy
parameters (120 mJ/pulse, 20 Hz, 100 ps). Due to an energy
loss of approximately 20% in the probe, the actual output
energy at the tip was about 96 m]J/pulse, and the laser
output energy density was approximately 0.36 J/mm’. With
or without continuous water spray and 90% air pressure,
the laser transmission was carried out by R14 handpiece in
the indirect contact mode from the target 1 mm, and the
laser hand tool was moved to form a linear tunneling area

through the full length of the bone specimens.

SEM and EDX spectroscopy

A back-scattering electron mode SEM (S-3400N II,
Hitachii, Japan) was used in this study. The bone specimens
were fixed with 4% paraformaldehyde solution for 48 h,
rinsed with water overnight, and then dehydrated using
cryodesiccation. Then, the specimens were mounted,
sputter-coated with gold, and observed with SEM at 50,
250, and 500 magnifications. The accelerating voltage
was 15 kV. The composition of elements was detected by
an EDX spectroscopy (5501, IXRF Sytems, Austin TX,
USA) that was installed on the SEM. Each tested region
was randomly selected from 3-4 laser-irradiated regions
and non-irradiating regions to determine the contents
of calcium (Ca, atomic %), phosphorus (P, atomic %),
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and carbon (C, atomic %). The ratios of calcium and
phosphorus (Ca/P) were calculated from each region.

The OCT system

A spectral-domain OCT (SD-OCT) imaging system
(Figure 1) was utilized in the study (23). This SD-OCT
system utilized a single superluminescent diode (InPhenix,
Livermore CA, USA) with an 840 nm central wavelength
and an over 40 nm spectral bandwidth as the light source.
A 50/50 broad bandwidth spliced fiber coupler (Ziyin
Photoelectric Technology, Shenzhen, China) served as the
core of the interferometer. The spectrometer of this OCT
system integrated 1,200 L/mm @ 840 nm volume phase
holographic gratings (Wasatch Photonics, Logan UT, USA)
and a 2,048-pixel line-scan camera (SF-10-02K40-GE-02,
Luster Co., Ltd., Beijing, China). The spectrometer design
was optimized for the light source of this system, and our
SD-OCT imaging setup could achieve an axial resolution
of 8 ym and a lateral resolution of 12 pm in the air. The
imaging depth of this system could achieve around 4 mm
for the clear optical phantom and about 2 mm for tissues
such as muscle. The scan system adopted two high-speed
galvo mirrors (Han’s Motor, Shenzhen, China), which
enabled rapid volume acquisitions at a high imaging speed
of up to 18 kHz A-scan per second. A custom C# language
code was developed for operating the SD-OCT system.
As a result, the SD-OCT could carry out real-time, depth-
resolved, cross-sectional, and 3D imaging. The maximum
viewing field of the SD-OCT system reached 10x10x2 mm’.
Data acquisition and signal processing were simultaneously
performed using a high-performance personal computer. A
CCD camera (Daheng Optics, Shanghai, China) could live
to monitor the application area and take photographs of the
samples. OCT imaging could be performed along a path
selected based on the photograph of a sample. With the
help of the CCD camera, we were able to acquire the OCT
images along with the same profile on the sample for each
time point.

Histological section

The bone specimens in each group were fixed with 4%
paraformaldehyde solution for 48 h and then were rinsed
with water overnight. All bone specimens were soaked
in EDTA decalcified solution for 21 days and flushed 4 h
after decalcification. After dehydration, the specimens
were embedded in paraffin and cut into 4-5 pm tissue
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Figure 1 Schematic diagram of the spectral-domain optical coherence tomography imaging system.

sections. The specimens were stained with hematoxylin-
eosin and subjected to light microscopy (DM4, Leica,
Wetzlar, Germany). Photomicrographs were taken, and
histomorphometric analyses were performed.

Experimental protocol

According to whether the specimens were dry and whether
or not there was external water spray, the experimental
specimens were divided into four groups: the undried and
with water spray group (Group 1), the dry and with water
spray group (Group 2), the undried and without water
spray group (Group 3), and the dry and without water spray
group (Group 4). Each group comprised of 20 specimens.
Ten non-irradiating bone specimens were regarded as the
control group. The drying method of placing the drying
box at 60 °C for 24 h was adopted. Then, the irradiated bone
specimens were randomly distributed into two groups: the
OCT-histology analysis group and the SEM-EDX analysis
group. The OCT and EDX analysis were detected in the
control group. The experimental protocols of this study are
shown in Figure 2.

Surface line and image profile extraction

To acquire images with minimum inhomogeneity, imaging
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was performed multiple times in different regions. Images
with the least heterogeneous presentation were imported
and saved using MATLAB 8.0 (MathWorks, Natick MA,
USA). OCT images were binarized and etched, and then
surface lines could be extracted by a simple maximum
detection method. To compare the roughness more
accurately, all the surface lines were calibrated by the
polynomial fitting. In addition, the OCT intensity profiles
for each image were extrapolated according to the Hilbit
envelope function. The OCT intensity profiles were
determined on the basis of the distribution and density
of the pixels within the image and provided information
regarding the thickness of the bone tissues.

Statistical analysis

The differences in the calcium, phosphorus, and carbon
content, as well as the groove depths on the surface of the
bone tissues, were subjected to one-way analysis of variance
(ANOVA) followed by the Bonferroni post hoc test for
multiple comparisons at a 5% significance level (P=0.05).
Differences in the ratios of calcium and phosphorus were
analyzed by the Kruskal-Wallis test, and P<0.05 was considered
statistically significant. Quantitative data were expressed as
mean = standard deviation. The calculations were handled

using Prism 5.0 (GraphPad Software, San Diego CA, USA).
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Figure 2 The experimental protocols of this study.

Results
Performance of the OCT system

The lateral resolution of the OCT imaging system
depended on the bandwidth of light source that is
shown in Figure 3A. The bandwidth of the light source
is about 40 nm. According to the calculation formula,
R, = (2In2/m) x (A*/AL), where the X is the central
wavelength, and the AM is the spectral bandwidth, the axial
resolution of the OCT system is ~7 pm. Furthermore,
the lateral resolution of the OCT system was measured
by imaging a blade. The 3D OCT image of the blade is
shown in Figure 3B. An OCT image profile was extracted
and fitted to obtain a line expansion function. Normalized
differentiation of the line spread function is shown in
Figure 3. The full width at half maximum (FWHM) ~12 pm
was the lateral resolution of the OCT system. We further
imaged the bone tissue samples to test the imaging depth of
the OCT system, as shown in Figure 3D. The OCT image
was an X-Z cross-sectional view that covered a 2x2 mm’
area. The left part of the OCT image showed the location
of the horizontal plane of bone, and the right part showed
the inclined plane of bone. The imaging depth of the OCT
system in bone was about 400 pm, as measured in the image
by the green dash line. Based on these unique advantages,
this OCT system is very suitable for the evaluation of laser-
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ablated bone surface.

En-face micro-morphology of the bone surface observed by
SEM

The bone samples used in this study were machined.
The first column of Figure 4 shows the SEM image
of the bone without Er:YAG laser ablation. The trace
induced by mechanical cutting could be clearly seen in
the 50x magnification SEM image, as shown in Figure 44.
The surface of the bone tissue was very flat, but fine
cracks could be seen in the high magnification SEM
images (Figure 4B,C). The SEM images in columns 2-5
correspond to the bone tissue samples of the laser ablation
experiments in Groups 1-4. Continuous grooves with clear
and regular boundaries were observed on the surface of
bone tissues in the 50x SEM image of Group 1 (undried
and with water spray, Figure 4D). Under the condition of
high magnifications (250x and 500x), a large number of
multilayer protrusions were observed, which were slightly
irregular and rough scales (Figure 4E,F). In Groups 2, 3 and
4, the melting effect in bone tissues was obvious, and there
were continuous grooves with irregular boundaries. Under
the condition of high magnifications (250x and 500x),
more irregular protrusions and micro-cracks were observed
(Figure 4G,H,1,7,K,L,M,N,0).
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Figure 3 Performance of OCT system. (A) The bandwidth of light source used in the OCT system. (B) 3D OCT image of a blade. (C)
OCT image intensity profile (black line), fitting line (red line), and corresponding normalized differential line (green line). (D) Cross-

sectional OCT image of a piece of normal cortical bone. OCT, optical coherence tomography.
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Figure 4 SEM images at three magnifications (50x, 250x and 500x) used for characterizing bone surface before (A,B,C) and after Er:YAG
laser-treatment at four different moisture contents [Group 1 (D,E,F), Group 2 (G,H,I), Group 3 (J,K,L), and Group 4 (M,N,O)]. Scale bars

are 100 pm in all images.
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Figure 5 The calcium (A), phosphorus (B), and carbon (C) content on the surface of bone tissues after Er:YAG laser ablation at four
different moisture contents (Groups 1-4) measured by EDX spectroscopy as well as the ratio between calcium and phosphorus (D). The
control group represented the non-irradiated areas of bone tissue. *, P<0.05, **, P<0.01, ***, P<0.001.

The elemental changes in bone surface assessing by EDX
spectroscopy

Calcium, phosphorus, and carbon are three key elements
in bone tissue. The results of EDX spectroscopy analysis
are shown in Figure 5. Compared to the control group
(non-irradiating sites), the results from Group 1 (undried
and with water spray) showed no significant changes in
the amounts of calcium and phosphorus and Ca/P ratios
(P>0.05), except for slightly increased carbon component
(P<0.05). The high water content and external water
spray surface received more energy and reduced thermal
deposition at the same time. Mechanical tissue was
removed without undesirable thermal damage, leading to
no significant change in calcium and phosphorus from the
irradiated bone surface. In Groups 2, 3, and 4, the amounts
of calcium and phosphorus were significantly increased
compared with the control group, and Group 1 (P<0.05).
A decrease in the amount of carbon was noted in Group 2
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and Group 3 (P<0.05), while the carbon amount remained
unchanged in Group 4 (P>0.05). The evaluation of the Ca/P
ratio showed no significant changes between the laser-
ablated group and the control group (P>0.05). Once the
water content of tissue is not high enough or without
external water spray, no additional water is available for
absorbing laser energy and the laser energy dries out the
bone surface, resulting in an uncontrolled energy deposition
and the consequent change of calcium and phosphorus from
the irradiated bone surface.

Evaluating the bone surface before and after Er:YAG laser
ablation by 3D OCT

Figure 64 is a brief introduction to the 3D OCT imaging
process. As a non-contact imaging mode, the scans were
0.2x4 mm’ and 2 mm in depth, centered on the laser-ablated
bone surface with an 18 kHz A-scan imaging speed. The
acquisition time for a 3D OCT image was ~2 s. Figure 6B
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Figure 6 Evaluation of bone surface properties by OCT in 3D imaging mode. (A) Schematic of the imaging process. OCT 3D images of the bone

tissues before (B) and after Er:YAG laser abladon (C,D,E,F) at four different moisture contents (Groups 1-4). OCT, optical coherence tomography.

shows the 3D OCT image of bone before Er:YAG laser
ablation, depicting a very smooth surface. Figure 6C,D
show the 3D images of laser-ablated bone with water spray.
Ablation grooves on the two bones were inverted trapezoid.
Figure 6E,F show the 3D images of laser-ablated bone
without water spray. Ablation grooves induced without
water spray showed a circular shape. The shape of the
ablation groove depended on whether or not there was
water spray. The groove depth was extracted from the OCT
images and statistical analysis was performed, as shown in
Figure 7. Among Groups 1-4, the highest ablation depth
could be seen in Group 4 (P<0.05). The ablated depths
of Group 1 were significantly lower than those of Groups
3 and 4 (P<0.05). There was no significant difference in
groove depths between Group 1 and Group 2 (P>0.05).
These results demonstrated that OCT has the ability to
evaluate ablation efficiency in real-time.

OCT characterizing the laser-ablated surface of bone along
the depth direction

One of the significant advantages of OCT imaging is that
it can obtain a high-resolution depth profile of samples.
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Figure 84 shows an OCT image of bone tissue in the
control group. In this OCT image, the surface of bone
tissue is smooth, with uniform light scattering characteristics
in the depth direction. The green arrow indicated the
boundary between bone tissue and air. Figure §B,C,D,E
show the OCT images of bone tissue treated with Er:YAG
laser. The boundary of all four laser-ablated bones showed
relatively high image intensity. The thickness of the high
image intensity area was similar in Group 1 and Group 2,
which were treated under water spray. The thickness of
the high image intensity area increased when the bone was
ablated without water spray. Group 4 showed the maximum
thickness, which is related to having the lowest moisture
content. There is an inevitable relationship between the
high-intensity layer in the OCT images and Er:YAG laser
ablation. The evaluation based on OCT image intensity was
qualitative, and quantitative analysis based on FWHM will
be given in the following section.

Pathological verifying the heterogeneity of bone surface
after laser ablation

The Er:YAG laser-ablated bone specimens were further

Quant Imaging Med Surg 2020;10(3):713-726 | http://dx.doi.org/10.21037/qims.2020.02.15



Quantitative Imaging in Medicine and Surgery, Vol 10, No 3 March 2020 721

400

300

200

100 4

Depth of ablition induced groove (um)

Group 1

Group 2 Group 3 Group 4

Figure 7 Quantitative evaluation of the groove depth induced by
Er:YAG laser at four moisture contents (Groups 1-4) based on 3D
OCT images. ***, P<0.001. OCT, optical coherence tomography.

examined after sectioning and staining. The histological
results are shown in Figure 9. The laser-irradiated bone
areas are within the range of the black dashed lines. All
groups had thin layers stained by eosin along the surface of
the grooves with irregular boundaries and without a clear
structure. The green arrows indicate the deep stained layers.
The black arrows indicate the non-irradiated areas. No
eosin-stained layer was observed in non-irradiating areas of
bone tissues (Figure 94,C,E,G). The eosin-stained layers in
the non-sprayed groups (Figure 9E,F,G,H) were thicker than
those in the water sprayed groups (Figure 94,B,C,D). There
was no significant difference in eosin-stained layers between
the dry groups (Figure 9C,D,G,H) and the undried groups
(Figure 94,B,E,F). The thickness of the thin eosin-stained
layers was affected by the external water spray, but not
by internal water content, which matches well with OCT
results of the layers with high image intensity.

Discussion

Optical imaging technology and optical therapy technology
play an increasingly important role in the process of disease
diagnosis and treatment. The primary goal of this study was
to test the feasibility of real-time evaluation of Er:YAG laser
ablation on the cortical bone surface by OCT. At the same
time, SEM, EDX, and pathology were also used in this
study for qualitatively evaluating laser-ablated bone surface
at four different moisture contents.

Holmes et al. obtained the range of thermal relaxation
time in cortical bone are 400 to 500 ps (24). On the basis of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Figure 8 The OCT images of bone tissues before (A) and after
Er:YAG laser ablation (B,C,D,E) at four different moisture
contents (Groups 1-4). Scale bar: 200 pm. The green arrow
indicated the boundary between bone tissue and air. OCT, optical

coherence tomography.

the fact that the pulse width (100 ps) used in this study was
close to 400 ps, residual heat under laser irradiation without
water cooling could spread to the surrounding tissue, and
thus further micro-explosion shock could cause microcracks
in the tissue. In this study, the thermo-melting effect was
obvious, and more cracks were observed in the SEM results
of the dry groups and non-sprayed groups. Er:YAG laser
ablation of hard tissue is based on the thermo-mechanical
theory. Water absorbs the laser energy and then vaporizes
rapidly, resulting in micro-explosion within a small range
of laser irradiation. Thus, in this way, accurate cutting can
be achieved, similar to blasting rock with explosives. The
faster the laser pulse, the shorter the time it takes for heat
to transfer to the surrounding tissue, minimizing lateral
thermal damage (25).

The response of biological tissue to laser irradiation
largely depends on the nature of its components. Bone is
composed of apatites surrounded by an organic matrix.
In this study, EDX spectroscopy results showed a clear
increase of calcium and phosphorus content in Groups
2, 3 and 4, and that laser ablation with water spray does
not affect the calcium and phosphorus content in undried
bones. In a study by Sasaki ez 4/., the chemical composition
of laser-irradiating bone tissues in rat skull was analyzed
by EDX spectroscopy, and the calcium, phosphorus
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Figure 9 The histological sections of bone tissues after Er:YAG laser ablation. In Group 1 (A,B), Group 2 (C,D), Group 3 (E,F), and Group
4 (G,H). Scale bar: 80 pm. The green arrows indicate the deep stained layers. The black arrows indicate the non-irradiated areas. Dashed

lines label the boundary of laser ablated areas.

content, and Ca/P ratios were all found to be decreased (26).
Nevertheless, Panduric et /. observed no differences in
calcium, phosphorus content, or Ca/P ratios between
Er:YAG laser or low-speed guided drill-treated pig ribs (27).
Differences in laser-irradiated parameters, sample types,
and experimental design can explain the inconsistency in
results (28,29).

The OCT system has three advantages: first, it has
high imaging resolution and can perform depth imaging;
second, it has a large imaging range and fast scanning speed
that enable real-time 3D imaging; and third, it is a non-
contact and non-invasive imaging mode as the front end of
OCT system can be miniaturized. Based on the advantages
mentioned above, the OCT system has been tested for
evaluating the effect of laser ablation of bone tissue in the
past few years. Ohmi et 4. and Zhan et 4l. measured the
depth of craters induced by Nd: YAG laser or CO, laser
on the hard bone surface (30,31). More recently, Fuchs
et al. achieved online measurement and evaluation of the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Er:YAG laser ablation process using an integrated OCT
system (32). Previous studies have focused on the evaluation
of ablation efficiency, explicitly measuring the depth of the
ablation crater. OCT technology has developed rapidly in
recent years. Our OCT system could image 0.5x4x2 mm’
bone tissue in 2 seconds. In this study, the highest ablation
could be seen in dry bones without an external water spray
(Group 4), as shown in Figure 7. The ablated depth was
significantly lower in the groups with external water spray,
which is consistent with the results of Meister et /. (33). On
the contrary, different internal water volume had little effect
on tissue ablation efficiency. This study demonstrated that
real-time imaging of Er:YAG laser ablation grooves could
be realized based on the 3D OCT system.

Based on its broad field view 3D imaging capacity, OCT
could provide information about the ablation groove. In
addition to visual evaluation, the OCT features high-
resolution imaging that allows the quantification of the
roughness of the ablation groove surface. Five surface lines
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Figure 10 Quantitative evaluation of surface roughness. (A) Surface lines extracted from the OCT images shown in Figure 8. (B) Calibrated
surface line of the control group without Er:YAG laser ablatdon. (C,D,E,F) showed the calibrated surface lines of bone ablated with Er:YAG

laser at four different moisture contents (Groups 1-4). OCT, optical coherence tomography.

were extracted from the OCT images, as shown in Figure §.
The original surface lines with 2 mm length are shown in
Figure 104. For a clear illustration of surface roughness,
baseline calibration was performed on each surface line.
Figure 10B,C,D,E,F provide five calibrated surface lines.
Obviously, the surface line of the control group was the
flattest, followed by the surface lines of Groups 1 and 2.
The surface lines of Groups 3 and 4 were the most rugged.
Moreover, similar roughness was observed between
Groups 1 and 2, as well as between Groups 3 and 4. This
confirms the fact that water spray plays an important role
in the roughness of bone surface induced by Er:YAG laser
ablation.

Furthermore, our OCT system could achieve depth
imaging of bone tissue with a thickness of over 400 microns.
This imaging capability is beyond the capacity of other
existing imaging technologies. Based on the high-resolution
cross-sectional OCT image of the bone tissue surface, it
could be clearly found that the boundary between the bone
tissue surface and air in the control group was straight, and
the bone under the decomposition line was very uniform.
After Er:YAG laser ablation, the surface of the bone tissue
was uneven, and there were distinct bright layers on the

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

surface. Quantitative evaluation can be realized by the
extraction and analysis of image intensity. Image intensity
profiles (with 200 pm length) covering the boundary and
bright layers were extracted from the OCT images (control
group, Groups 1-4), as shown in Figure 11. The maximum
value of each image intensity profile was different but
insignificant. The FWHM was measured and marked on
each line as a quantitative evaluation standard. These layers
in the non-sprayed groups were thicker than that in the
control group and water spray groups, indicating that the
thickness of heterogeneous layers had a positive correlation
with the corresponding thermal damage of the laser-
irradiating tissues. The water content in cortical bone does
not affect the thickness of heterogeneous layers after laser
ablation. On the contrary, external water supply makes it
possible to reduce the thermal damage to the surrounding
tissues.

Similarly, thin eosin-stained layers were observed in all
the experimental groups through histology. The eosin-
stained layers in the non-sprayed groups were thicker than
those in the non-irradiating areas and water spray groups.
This is consistent with the results of Yoshino et 2/. (34),
who used Er:YAG laser (pulse energy 115 m], pulse

Quant Imaging Med Surg 2020;10(3):713-726 | http://dx.doi.org/10.21037/qims.2020.02.15



724 Huang et al. OCT characterizing bone surface after Er:YAG laser ablation

300 +

— Control
—— Group 1
—— Group 2

— 250 —— Group 3

o}

s

2 200 4

(%2}

j

9]

£

o 150 4

©

S

& 100

5]

£

3

be) 50 4

0
0.00

Profile distance (mm)

Figure 11 The OCT image profile intensity of bone before
(control group) and after Er:YAG laser ablation at four different
moisture contents (Groups 1-4), as shown in Figure 8. The length
of the two-way arrow line is the full width at half maximum
(FWHM) of the corresponding OCT image profile intensity line.
OCT, optical coherence tomography.

repetition frequency 10 Hz) without water spray to ablate
the cortical bone of rat skull and observed a thin denatured
layer without serious thermal damage by histology. It is also
worth noting that there was good agreement between the
denatured layers obtained by OCT and histology.

In this study, four different moisture content models
were constructed by changing internal water content
and external water spray. Compared with normal bone,
the irradiated bone with high water content and external
water spray showed no significant change of calcium and
phosphorus, representing lower thermal damage. This study
had some limitations that need to be addressed, such as
bone samples and Er:YAG laser parameters should be more
diversified. However, we observed that OCT allows the
real-time imaging and assessment of alterations of surface
properties of cortical bone after Er:YAG laser irradiation
at different moisture contents without having to harvest
specimens of tissue. Large field of view 3D OCT imaging
could be used to evaluate ablation efficiency and ablation
groove morphology. Surface lines could be extracted from
high-resolution OCT images and be used to evaluate
roughness. OCT images with large imaging depth realized
non-destructive visualization of a heterogeneous layer on
cortical bone surface induced by Er:YAG laser ablation.
This study demonstrated that different moisture contents
led to different ablation effects, and OCT could quickly

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

and accurately evaluate the differences between them, as
compared to histology and SEM. In conclusion, this study
will promote the application of OCT technology in the
real-time evaluation of Er:YAG laser ablation of bone.
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