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Summary

Optical coherence tomography (OCT) is a well-established interferometric imaging tech-
nology in biology and medicine. Nowadays, OCT has many applications in different
clinical specialties due to its capability to provide high-resolution three-dimensional im-
ages of biological tissue in real time and remotely. In addition to the main application
of OCT as a noninvasive optical biopsy, its features make it an ideal candidate as a
visual-feedback system during laser surgery. OCT-assisted laser surgery can compensate
for the primary inherent drawback of laser-surgery systems, namely, their feedback. In
this thesis, a long-range OCT system was developed to provide the required feedback for
surgeons during laser osteotomy.

In the first part of this thesis, a long-range and extended depth of focus (DOF)
swept-source OCT system (SS-OCT) was developed. The long-range SS-OCT system
demonstrated an imaging range of 26.2 mm and an extended DOF of 28.7 mm. The
custom-made OCT system was integrated with an Er:YAG laser to monitor and control
the depths of laser-induced cuts in real-time. In addition to the real-time visual feedback,
a tissue-sensor (laser-induced breakdown spectroscopy (LIBS)) system was integrated with
an Er:YAG laser to achieve closed-loop laser osteotomy. The closed-loop system allowed
tissue-selective laser surgery with a controlled ablation depth in the target tissue (bone).

Thermal damage during bone surgery is a drawback of mechanical and laser meth-
ods. For this reason, the next goal of the thesis was to investigate the potential of a
phase-sensitive OCT system to monitor temperature increases in the tissue during laser
osteotomy. The developed method is based on calibrating the photothermal expansion
of tissue with its corresponding temperature increase. The preliminary results of the
phase-sensitive OCT system show its potential to monitor temperature increases in bone
tissue beyond the coagulation level.

In the last part of this thesis, a miniaturized prototype of the fiber-based Er:YAG
laser and OCT system were designed and fabricated. The miniaturized, integrated setup
could potentially be used in minimally invasive laser surgery. The developed system
could perform several preplanned ablation cuts (maximum ablation depth of 5 mm)
with the assistance of the real-time depth monitoring provided by the OCT system.
This study was part of the Minimally Invasive Robot-Assisted Computer-guided Laseros-
teotomE (MIRACLE) project, which aims to develop a robotic endoscope for performing
laser-based bone surgery.
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Zusammenfassung

Optische Koh”renztomografie (OCT) ist eine weit verbreitete interferometrische Bildge-
bungstechnik in der Biologie und der Medizin. Heutzutage gibt es, aufgrund der F”ahigkeit
hochaufl”osende, dreidimensionale Bilder von biologischen Geweben aufzunehmen, viele
OCT-Applikationen in verschiedenen medizinischen Fachrichtungen. Neben der Haup-
tanwendung des OCT als nicht invasive optische Biopsie, ist sie wegen ihrer Eigen-
schaften ein idealer Kandidat als visuelles Feedback-System während der chirurgischen
Laserbehandlung. OCT-unterstützte Laserchirurgie kann den primären eigenen Nachteil
von Laserchirurgiesystemen, nämlich ihre Rückkopplung kompensieren. In dieser Ar-
beit wurde ein Long-Range OCT System entwickelt, das dem Chirurgen während einer
Laserosteotomie das erforderliche Feedback bereitstellt.
Im ersten Teil dieser Arbeit wurde ein Long-range und Extended Depth-of-Focus (DOF)
Swept-Source-OCT System (SS-OCT) entwickelt. Das Long-Range SS-OCT System
zeigte einen Bildbereich von 26.2mm und einen Extended DOF von 28.7mm. Das
ma”sgeschneiderte OCT System wurde mit einen Er:YAG Laser integriert um die Tiefe
der laserinduzierten Schnitte in Echtzeit zu überwachen. Zus”atzlich zum visuellen Feed-
back in Echtzeit wurde ein Gewebesensorsystem (Laser Induced Breakdown Spectroscopy
(LIBS)) mit einem Er:YAG laser integriert um eine Closed-Loop Laserosteotomie zu erre-
ichen.. Das Closed-Loop System ermöglichte eine gewebeselektive Laserchirurgie mit kon-
trollierten Ablationstiefen im Zielgewebe (Knochen). Ein Nachteil der Knochenchirurgie
mit Lasern oder mechanisch sind thermische Sch”aden. Deshalb war das n”achste Ziel
der Arbeit, das Potential eines phasensensitiven OCT zur ”Uberwachung von Temper-
aturerh”ohungen im Gewebe w”ahrend der Laserosteotomie zu untersuchen. Die en-
twickelte Methode basiert auf der Kalibrierung der photothermalen Ausdehnung mit
der entsprechenden Temperaturerh”ohung. Die vorl”aufigen Resultate des phasensensi-
tiven OCT Systems zeigen sein Potential zur ”Uberwachung der Temperaturerh”ohung
”uber die Koagulationsschwelle im Knochengewebe. Im letzten Teil dieser Arbeit wurde
ein miniaturisierter Prototyp eines glasfaserbasierten Er:YAG Lasers mit OCT System
entworfen und gebaut. Das miniaturisierte und integrierte Setup kann in der minima-
linvasiven Laserchirurgie verwendet werden. Das entwickelte System konnte mit Hilfe
der Echtzeit”uberwachung der Ablationstiefe durch das OCT mehrere vorausgeplante
Ablationsschnitte (maximale Ablationstiefe von 5mm) durchf”uhren. Diese Arbeit war
Teil des Minimally Invasive Robot-Assisted Computer-guided Laser osteotomE (MIR-
ACLE) Projekts, welches zum Ziel hat ein Roboterendoskop f”ur die Durchf”uhrung
laserbasierter Knochenchirurgie zu entwickeln.
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Chapter 1

Introduction

1.1 Motivation

In recent years, different applications of lasers have been introduced in surgical and other
medical treatments. The various properties of lasers – including high precision, high
speeds, minimal or less invasiveness, and contactlessness – have drawn great interest
in the medical field [1–4]. Dermatology, ophthalmology, dentistry, bone surgery, and
oral surgery are among the medical specialties that most commonly use lasers [5–8].
In particular, lasers present distinct advantages in the medical field of bone cutting
(osteotomy). They are able to perform accurate and nonlinear cuts while preserving the
porous structure of bones during surgery in comparison to common mechanical tools
[9–11]. In addition, due to the hemostatic effect of lasers, they can provide clean and dry
operating areas by coagulating small blood vessels [12]. The advantages offered by laser
technology have the potential to reinvent surgery, but there are still some challenges that
need to be addressed.

Human beings are able to use visual, auditory, olfactory, and tactile modalities to col-
lect information when interacting with the environment. In surgical procedures, the syn-
ergistic effects of haptic and visual feedback mainly enable optimal surgical outcomes [13].
In open laser surgery, laser devices block the surgeon’s direct vision, and several start-
stop-check procedures are required to monitor the process, which consequently prolongs
the surgical procedure. Furthermore, in minimally invasive surgery (MIS), where a small
endoscope is inserted into the human body through a small opening, surgeons cannot
control the procedure based on immediate visual and haptic feedback. Due to these chal-
lenges, different feedback systems are required to provide real-time feedback to surgeons.

In laser osteotomy, feedback, and control regarding the depth and shape of the laser-
induced cuts, dynamic changes in the surrounding tissue (e.g., temperature), and type of
tissue are crucial [12, 14]. Visual feedback systems ensure that laser-induced cuts follow
the planned shape and depth, and temperature feedback systems can prevent thermal
damage to the surrounding tissue. In addition to depth and temperature feedback, tissue-
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4 Introduction

differentiation feedback to detect the type of tissue before ablation is crucial to achieving
smart laser surgery [15]. A tissue sensor can improve the safety of laser surgery and lead
to tissue-specific laser surgery.

Integrating real-time feedback systems and ablative lasers is thus vital to providing
surgeons with the necessary information during surgery. In MIS settings, the importance
of feedback systems is even more pronounced since the ablation site is located inside
the human body. An important requirement for the feedback system in this project was
its potential to be miniaturized to provide the information required during minimally
invasive laser osteotomy.

To date, different techniques have been investigated for their potential to serve as
feedback systems in laser surgeries. Photoacoustic imaging [16], ultrasound [17], magnetic
resonance imaging (MRI) [18], optical coherence tomography (OCT) [19], and laser-
induced breakdown spectroscopy (LIBS) [20] are among the promising technologies that
could serve as feedback systems in laser surgery. While extensive research has been
conducted on developing different feedback mechanisms during laser surgery, further
investigations are required to develop an integrated feedback system in laser osteotomy.

This doctoral thesis aimed to develop long-range OCT as a visual feedback system
for surgeons during laser osteotomy. The developed OCT system should be able to
visualize the depth of the laser-induced cut (up to ≃ 2–3 centimeters in air) in real time.
Integrating the developed long-range OCT system (visual feedback) and tissue sensor
(LIBS) with an ablative laser (erbium-doped yttrium aluminium garnet (Er:YAG)) was
another part of this doctoral thesis. In addition, it aimed to investigate the potential
of the OCT system to detect temperature increases in the bone during laser osteotomy.
Finally, miniaturizing the integrated ablative laser and OCT system to achieve minimally
invasive surgery was the final goal of this project.

1.2 Contribution

This thesis project was part of the Swiss flagship project MIRACLE (Minimally In-
vasive Robot-Assisted Computer-guided LaserosteotomE) at the University of Basel in
Switzerland. The MIRACLE project aims to develop a robotic endoscope integrated
with an ablative laser and feedback systems capable of performing deep bone ablation.
The objective of the thesis project presented in this thesis was to develop a long-range
OCT imaging system as a visual feedback system for the MIRACLE project. To achieve
this goal, first, a free-space long-range Bessel-like beam OCT (BLB-OCT) system in-
tegrated with an Er:YAG laser was developed to monitor the ablation process in real
time [21]. The developed BLB-OCT system achieved a DOF of 28.7 mm within the
imaging range of 26.2 mm inside the laser-induced crater. In addition to the extended
DOF, the BLB improved the imaging quality during bone ablation by reducing imaging
artifacts (such as debris and water droplets). In addition to visual feedback (OCT),
smart laser osteotomy also requires feedback regarding the type of tissue. A tissue sen-
sor could improve the safety of surgery by preventing the ablation of the wrong tissue
and by advancing the development of tissue-specific laser surgery. Here we utilized LIBS
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to detect tissue types based on their spectra. A nanosecond neodymium-doped yttrium
aluminum garnet (Nd:YAG) laser was added to the integrated Er:YAG laser and OCT
system. This allowed us to achieve closed-loop tissue-specific laser osteotomy that avoids
cutting unwanted tissue (such as bone marrow, fat, and muscle) [22].

In laser osteotomy (and in a similar way in conventional bone surgery), an irrigation
system is commonly used to prevent thermal damage and rehydrate the bone. How-
ever, water molecules in the structure of the bone have a strong absorption peak at
the wavelength of the Er:YAG laser (2.94 µm), so an excessive amount of water on the
bone tissue can work as a protective layer and reduce ablation efficiency. Adding tem-
perature feedback to the irrigation system could therefore improve ablation efficiency.
This thesis investigated the potential of a calibrated phase-sensitive OCT for detecting
temperature increases in the bone during laser osteotomy beyond the limits of the pho-
tothermal OCT and the thermal imaging of the optoacoustic system. The preliminary
results of the developed phase-sensitive OCT system demonstrate its potential to serve as
a temperature-feedback system [23]. The working principle of the developed temperature
feedback is based on correlating the thermal expansion of the bone tissue (measured with
an OCT system) with a corresponding temperature increase (measured with a thermal
camera). To the best of our knowledge, there are no similar methods for detecting tem-
perature increases in tissue during laser ablation. The unique advantage of the developed
method is how it uses the OCT system to monitor both depth and temperature, which
eliminates the need for another device and follows the requirements of the MIRACLE
project. Miniaturizing the integrated Er:YAG laser and OCT system to monitor the
depth of the laser-induced cuts was the final step of this thesis [24]. After completing
these steps, the first prototype of the integrated ablative laser and OCT system was
developed for the MIRACLE project.

1.3 Outline

This doctoral thesis consists of six chapters. Following this introductory chapter, Chap-
ter 2 describes the background of the thesis project, including the medical basis of the
project, laser surgery, image-guided laser surgery, the principles of the OCT system,
phase-sensitive OCT, and miniaturized OCT systems. Chapters 3 to 6 present the pub-
lications were arising from this thesis. Each chapter begins with a brief introduction
followed by the corresponding publications. Chapter 3 describes the developed long-
range OCT system integrated with an Er:YAG laser (first paper). Chapter 4 concerns
the development of the phase-sensitive OCT system for measuring temperature increases
in bone tissue during laser osteotomy (second paper). Chapter 5 reports on a minia-
turized ablative laser integrated with an OCT system (third paper). Finally, the thesis
concludes in Chapter 6 with a discussion of the findings, an outlook on future research,
and closing remarks.
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Chapter 2

Background

2.1 Laser surgery

Following the invention of the laser by Maiman in 1960 (Ruby laser) [25], it found its first
medical application when Goldman used it in dermatology to treat skin melanoma. In
the same year, Campbell demonstrated how a laser could be used to weld the detached
retina of a rabbit [26]. Following these pioneering studies, researchers began investigating
the effects of lasers on different biological tissues. Goldman, who is often called the
“father” of lasers in medicine and surgery [27], listed the advantages of laser surgery over
conventional surgery as follows [3]:

• Contactless surgery

• Highly sterile surgery

• Highly localized and precise microsurgery

• Clear field of view and easy access in confined areas

• Prompt healing with minimal postoperative swelling and scarring

• Apparent reduction in postoperative pain

• No electromagnetic interference on monitoring instrumentation

Although lasers offered quite a few advantages in the medical field, several shortcomings
prevented further applications. In contrast to common surgical procedures, surgeons
might not be able to control laser procedures based on haptic and visual feedback due
to either fine laser-induced cuts or laser safety protocols. In laser surgery, the depths
of laser-induced cuts have mainly been controlled by surgeons using manual surgical
tools. This method of monitoring laser surgery limits the accuracy and requires several
laser-pause-control steps since the direct view of the ablation site is blocked by the laser
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8 Background

system. Contactless, noninvasive, and accurate feedback systems are required to control
laser-surgery procedures in real time. For instance, M.C Muckerheide suggested that
technologies such as the distance-measurement system used in the Vietnam War could
be integrated into laser systems to monitor the depth and surface of the tissue being
cut [28].

Thanks to many breakthroughs, today, lasers have a wide range of applications in
medical science, including in ophthalmology [29], dermatology [30], dentistry [31,32], bone
surgery [14], and many other therapeutic and surgical procedures [2]. However, despite
this wide range of applications, to the best of our knowledge, there are no closed-loop
feedback control systems that can provide the necessary information during a procedure
to achieve efficient and safe laser surgery.

2.2 Laser osteotomy

In the medical field of bone cutting (osteotomy), lasers present a means to address the
drawbacks of traditional mechanical tools. These drawbacks include bacterial contam-
ination, limited cutting geometry, and low precision. Lasers are able to perform high-
precision and nonlinear cuts remotely [11,33,34]. They thus have the potential to reinvent
bone surgery as we know it. Among the different types of lasers, the Er:YAG laser has
been demonstrated to produce efficient ablation in hard tissue with minimum collateral
damage [11,35,36]. However, developing feedback systems is crucial to achieving efficient
and safe laser surgery [15].

2.3 Feedback systems for laser osteotomy

To date, several techniques have been investigated for their potential as feedback systems
in laser osteotomy. Since the main goal of laser osteotomy is to cut the bone in the
desired shape and depth, a visual feedback system that can monitor and control the
ablation procedure is crucial [37]. The presence of different types of tissue in bone
structures underscores the importance of a method for accurate tissue differentiation in
tissue-specific laser surgery [38]. Finally, due to the heat-based interaction of the laser
and tissue, temperature feedback could help prevent thermal damage to the surrounding
tissue [39]. The following section discusses the systems and technologies required to
provide such feedback in laser osteotomy.

2.3.1 Feedback: depth monitoring

The lack of depth feedback is considered one of the main technical obstacles to the medi-
cal applications of lasers. A depth-monitoring system must be able to monitor the depth
of a cut remotely, noninvasively, in high resolution, and in real time. By definition,
real-time depth monitoring is when the acquisition rate of the imaging system is faster
than the repetition rate of the ablative laser. This would make it possible to stop the
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ablative laser when it reaches the desired depth. To date, several optical and acoustic
methods have been proposed for monitoring the depth and shape of cuts during laser
surgery, including optoacoustic methods [40], inline coherent imaging [41], self-mixing
interferometry [42], and OCT [43]. Among these methods, OCT and optoacoustic meth-
ods have demonstrated promising results. However, optoacoustic methods are considered
a slightly invasive method for depth monitoring since detection depends on generating
acoustic waves and the acquisition rate depends on the repetition frequency of the ablative
laser. In recent years, several studies have shown that OCT can be used to noninvasively
monitor the depth of laser-induced cuts in real time.

2.3.2 Feedback: temperature

Although laser ablation can create a localized heated region, the diffusion of heat to
the adjacent tissue can cause thermal damage to it. In addition, in deep laser ablations
of bone tissue, the nonuniformity of the spot size outside the Rayleigh length is con-
sidered to be an extra parameter that can induce thermal damage to the surrounding
tissue. Heat deposition causes tissue temperature to rise, which may lead to hyperther-
mia (45 ◦C), coagulation (60 ◦C), vaporization (100 ◦C), carbonization (>100 ◦C), and
melting (>300 ◦C) [44,45].

Regarding the importance of safety, several methods have been investigated for their
potential to monitor temperature rise in the surrounding tissue during laser surgery.
Thermocouples [46], thermal cameras [47], fiber-optic sensors [48, 49], magnetic reso-
nance thermal imaging (MRTI) [50], optoacoustic methods [51, 52], and photothermal
OCT [53,54] are among the various technologies utilized during laser surgery to determine
and control the temperature of the tissues. Since the main aim is to measure the temper-
ature of surrounding tissue remotely, MRTI, optoacoustic methods, and photothermal
OCT have exhibited promising results in providing tomographic images of temperature
rise. Current systems have been able to measure temperatures during laser coagulation.
However, to the best of our knowledge, there are no imaging modalities for detecting the
temperature rise of the tissue in laser-ablation regimes, which is the topic of this thesis.

2.4 Optical coherence tomography

Optical coherence tomography is a noninvasive, high-resolution, and high-speed imag-
ing modality, which has a wide range of applications. The applications range from the
nondestructive examination of museum objects [55] to industry [56] and medical ap-
plications [57]. In medical settings, OCT is a high-resolution interferometric imaging
technique that acts as an ”optical biopsy” [58], a real-time and noninvasive visualization
of tissue microstructures and pathology. The applications of OCT in clinical settings can
be classified into several categories: (1) for cases where a standard excisional biopsy is
hazardous or impossible; (2) for cases where a standard excisional biopsy has a sampling
error; (3) for the guidance of intervention procedures; and (4) for performing functional
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measurements and imaging. In addition, OCT can be integrated with many medical
devices such as catheters, endoscopes, laparoscopes, or needles [59].

2.4.1 History

The application of optical coherence tomography in medicine and biology has a long
history. Although it has often been described as an optical analogue of ultrasound due
to its similar working principle, in fact, it has its origins in femtosecond optics. The
main concepts that ultimately led to the development of OCT started with early studies
by Michel Duguay that suggested that high-speed optical gating could be used to ”see
inside” biological tissues [60]. Following the invention of OCT in 1991, it has achieved
tremendous success.

2.4.2 Principle of OCT

The optical configuration of OCT is mainly based on the Michelson interferometer, which
has a history that reaches back to 1881 [61] when Michelson introduced an apparatus to
precisely determine the value of a meter in a luminous wavelength [62]. This method
detects induced phase changes (due to displacement, etc.) based on intensity changes
in terms of the known wavelength of the light source. Analogous to high-speed optical
shutters that perform selective imaging, a broadband light source (low coherence) is used
to image inside the tissue. Figure 2.1 shows a schematic of the Michelson interferometer.
The illumination from the light source is first divided into two channels using a beam
splitter, a reference arm, and a sample arm, where the reflected or scattered light from
the sample in the sample arm interferes with the intact reference beam reflected from
a mirror. These beams (from the reference arm and sample arm) are then recombined
using a beam splitter and imaged by a detector.

By denoting the angle of the optical beams in respect to the optical axis as θ, the
optical path difference between two beams can be described as:

∆d = 2(d2 − d1)cos(θ). (2.1)

In equation 2.1, the constant 2 denotes that light travels twice the difference in distance
between two mirrors. In addition, with consideration of the fact that the beam in channel
2 undergoes internal reflection only once and the beam in channel 1 undergoes it twice,
equation (2.1) can be written as:

mλ = 2(d2 − d1)cos(θ) (m = 0, 1, 2, 3, ...) destructive interference

(m + 1/2)λ = 2(d2 − d1)cos(θ) (m = 0, 1, 2, 3, ...) constructive interference (2.2)

where λ denotes the wavelength of the light source. Equation 2.2 shows that the difference
in distance between the two mirrors can be detected with an accuracy of λ/2. This
interference pattern is visible within the temporal coherence length, which is defined
as [63]:
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Figure 2.1: Schematic of the Michelson interferometer. The top figure: the interference of the
He-Ne laser; and the bottom figure: the interference of white light.

lc = cτc ≈
λ2
0

∆λ
. (2.3)

In equation 2.3, c represents the speed of light, τc is the coherence time (the time interval
within the phase of the optical wave is usually predictable), λ0 is the central wavelength,
and ∆λ defines the spectral bandwidth of the light source.

According to the working principle, there are two categories of OCT: time-domain
OCT (TD-OCT) and Fourier-domain OCT (FD-OCT))(Fig. 2.1). TD-OCT is the con-
ventional method for OCT systems, in which the first OCT image is also produced using
this configuration [60]. In TD-OCT, a power density of the interference signal is acquired
using a single photodiode. In addition, a cross-sectional image of the sample is produced
by scanning the reference mirror in the reference arm within the coherence length, where
the amplitude of the successive interference signal corresponds to each scattering layer of
tissue. Despite the breakthrough results introduced by TD-OCT, a lower signal-to-noise
ratio (SNR) and lower speeds in comparison to the inherent motion of tissue limits its
application [64].

Equation 2.2 denotes that if we keep the reference mirror stationary, changes in the
wavelength (λ) can also produce the same effect. This introduces the principle of FD-
OCT systems, which, in contrast to TD-OCT, require a scanning mirror and in which
information about the entire depth is acquired by a signal shot of the laser. In addition,
in contrast to conventional OCT, which measures the interference signal, FD-OCT mea-
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Figure 2.2: Schematic of different OCT modalities. Based on the working principle, OCT
can be divided into two groups, time-domain OCT (TD-OCT) and Fourier-domain OCT (FD-
OCT). Furthermore, FD-OCT can also be divided into spectral-domain OCT (SF-OCT), and
swept-source OCT (SS-OCT). Adapted with permission from [65] ©The Optical Society.

sures the spectrum of the interference signal [66]. Measuring the backscattered light in
the Fourier domain could improve the sensitivity and speed of OCT imaging. Based on
the method of accessing the frequency information of the tissue, FD-OCT can be divided
into spectral-domain OCT (SD-OCT) and swept-source OCT (SS-OCT). In SS-OCT,
similarly to TD-OCT, a single photodiode is used as the detection tool. In SS-OCT,
time encodes spectral information by sweeping a narrow line-width laser through a broad
optical bandwidth [67]. A broadband light source is utilized in SD-OCT, and the inter-
ference spectrum is directed toward a spectrometer. In the spectrometer, the interference
spectrum is resolved into its spectral components, and each is measured separately.

Based on the advantages of FD-OCT in producing high-speed imaging, different scan-
ning protocols have been developed to take advantage of these features to yield volumetric
images. Figure 2.3 presents the scanning protocol for acquiring volumetric images. A one-
dimensional (A-scan) signal is the unit of the volume image in the OCT system, which
produces a cross-sectional image (B-scan) by scanning the OCT beam in a transverse
direction. Acquiring adjacent B-scans makes it possible to produce a volumetric OCT
image (Fig. 2.3).
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Figure 2.3: Schematic of the OCT scanning protocol. From left to right: 1D depth profile
(A-scan), B-scan, acquired A-scans in the transverse direction, series of B-scans to produce a
volumetric image, and en face OCT images.

Imaging parameters in OCT

One of the unique advantages of OCT is that the axial and lateral resolutions of the
imaging system are defined independently. The axial resolution is defined by the spec-
tral properties of the light source, and the lateral resolution is defined by the imaging
properties of the optical lens. The axial resolution, lateral resolution, imaging range, and
depth of focus are defined respectively as [68]:

axial resolution : ∆z =
2ln2

nπ
× λ0

∆λ
, (2.4)

lateral resolution : ∆x =
4λ0

π
× f

d
, (2.5)

depth of focus : n× π∆x2

λ0

, (2.6)

imaging range : zmax =
λ2
0

4nδλ
. (2.7)

Where λ0 is the central wavelength of the light source, ∆λ is the spectral bandwidth,
f is the focal length of the lens, d is the size of the incident beam on the lens, n is
the refractive index of the sample, and δλ is the wavelength-sample spacing following
digitization [66].
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2.4.3 Miniaturized OCT

OCT fills the gap between high-resolution microscopy and whole-body imaging tech-
niques [69]. One technical drawback of OCT in comparison to other imaging modalities
is its limited imaging range inside biological tissue due to the strong optical attenuation
of biological tissue. This technical drawback limits its application in directly accessing
internal organs from outside the body. However, since OCT is a fiber-based imaging tech-
nology, it has the potential to be miniaturized and used in endoscopic systems to access
the internal organs of the human body. The first demonstration of in vivo endoscopic
OCT was done by Tearney et al. in 1997 using a 1 mm fiber-optic catheter to image the
astrointestinal (GI) and pulmonary tracts of a rabbit [70]. Following this study, endo-
scopic OCT has become a critical component in enabling high-resolution tomographic
imaging of internal organs [71].

In recent years, various OCT probes have been developed, which, based on their
design, can be divided into two groups: forward-viewing and side-viewing probes [71,72].
Figure 2.4 presents the design of the endoscopic sample arm of the OCT system. A side-
viewing endoscope is more suited for surveying a large area of a luminal organ, while
a forward-viewing endoscope is generally more suited for image guidance in biopsies,
device placement, or treatments in which sufficient space between the OCT probe and
the sample surface is needed.

Figure 2.4: Schematics of a side-viewing OCT system (A, C, D, F). Schematics of forward-
viewing OCT systems (B, F). Adapted with permission from [71] ©The Optical Society.
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2.4.4 Photothermal OCT

During a temperature rise in a material, the kinetic energy of atoms increases, and the
atoms vibrate and move, which results in a greater average separation of the atoms and
thermal expansion [73]. Due to the high accuracy of interferometric methods, they have
been utilized to measure the induced thermal expansion of tissue [74,75]. Early research
on detecting the thermal expansion of samples using a Michelson interferometer was per-
formed by attaching a mirror to the sample. This made it possible to determine the
thermal expansion of tissue by detecting displacement and its corresponding tempera-
ture value during controlled heating of the sample. This method can be used to detect
the coefficient of the linear thermal expansion of tissue regardless of its optomechanical
properties. Equation 2.8 illustrates the correlation of the linear coefficient of thermal
expansion with temperature changes and displacement:

α =
nλ

2L0∆T
. (2.8)

In equation 2.8, L0 is the initial thickness of the sample, n is the number of fringe shifts
in the interference pattern (displacement), α is the linear thermal expansion coefficient
of the tissue, and ∆T is the measured temperature change [76].

Because of the promising results of interferometric methods in detecting temperature
rise, researchers have investigated the potential of OCT, which is an interferometric
imaging system, for measuring temperature rise in tissue. These studies have led to
additional functionality of conventional OCT systems in detecting changes beyond its
axial resolution [77]. The contrast in conventional OCT images resulted from measuring
the amplitude of the interference signal in the Michelson interferometer. However, it
is also possible to extract the phase of the interference signal to add extra contrast to
OCT images. Phase-sensitive Fourier-domain detection enables contrast at extremely
high imaging speeds. This high sensitivity offered by phase-sensitive OCT can detect
the optical displacement of the target tissue beyond the axial resolution of conventional
OCT systems. Consequently, optical path displacement (∆z) can be calculated from the
value of the measured phase difference (∆ϕ) [77]:

∆z =
λ0∆ϕ

4πn
, (2.9)

where λ0 is the central wavelength of the light source, and n is the refractive index of the
targeted sample. Using this principle, Adler et.al measured the modulation frequency
and corresponding displacement of the attached piezoelectric transducer attached to a
glass-cover slide as a sample. The measured displacement and frequency were measured
as 5 kHz and ±3 nm, respectively [77].

Equations 2.8, and 2.9 denotes that through detecting the photothermal expansion of
tissue and an understanding of linear thermal expansion and the optomechanical proper-
ties of tissue, one can predict temperature rise in a sample. The photothermal expansion
of tissue can be described as the expansion of tissue due to the absorption of laser ra-
diation (pulse, continuous wave (CW)). These changes in the temperature of tissue can
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result in changes in the refractive index and thermoelastic surface displacement [78].
Measuring and controlling the corresponding temperature changes during laser therapy
or surgery can reduce the risk of thermal damage. Figure 2.5 shows the photothermal
expansion of bone during laser osteotomy using an Er:YAG laser. In Figure 2.5, (a) is
the B-scan OCT image, and (b) is the corresponding M-mode OCT image over the time
of laser ablation (4.1 seconds). The zoomed version is presented in Figure 2.5(c), where
the photothermal expansion of tissue resulting from each pulse is visible.

(a) (b) (c)

Figure 2.5: Photothermal expansion of bone tissue during laser osteotomy with an Er:YAG
laser. (a) B-scan image, (b) M-mode image acquired over the time of laser ablation, and (c)
zoomed version of M-mode with visible photothermal expansion of the tissue.

The working principle described above has been used to measure the photothermal
expansion of tissue with an OCT system. The net displacement on the surface of the
tissue can be defined as [79]:

∆OPL(r) =

∫ L

L0

n(T, r)dl. (2.10)

In the equation 2.10, L0 is the initial thickness, and L is the expanded thickness of
the tissue. Therefore, the photothermal expansion can be defined as a summation of
the changes in optical path difference (OPD). To date, several studies have investigated
different methods for correlating temperature changes and changes in OPD measurements
with OCT systems [53,80,81]. Photothermal OCT faces several challenges in measuring
temperature rise in tissue beyond the coagulation threshold of the tissue. For instance, as
mentioned with regard to the optoacoustic temperature-measurement method, there is a
nonlinearity in the Grüneisen parameter as well as changes in the optical properties of the
tissue (absorption and scattering coefficients) that reduce the accuracy of temperature
measurements [82]. Due to the nonhomogeneous structure of biological tissue, changes
in the optomechanical properties of the tissue will reduce the accuracy of photothermal
OCT, just as they reduce the accuracy of optical measurement methods. That is why
we investigated the potential of using phase-sensitive OCT to measure temperature rise
during laser ablation.





Chapter 3

Real-time depth monitoring and
tissue differentiation during laser

osteotomy

This chapter contains two publications. Feedback systems are essential during laser
surgery to provide real-time feedback for the surgeon in real-time. In the first publication,
visual feedback, and in the second publication, integrated visual feedback and tissue
sensor with an Er:YAG laser is presented.

3.1 Real-time visual feedback

Our development of a long-range Bessel-like beam OCT system integrated with an
Er:YAG laser as real-time visual feedback during laser osteotomy is presented in this
section. The developed long-range BLB-OCT demonstrated supreme advantages com-
pared to monitoring the depth of laser-induced cuts during laser osteotomy, which is
accompanied by the generation of debris and water droplets.

Publication: Hamidi, A., Bayhaqi, Y. A., Canbaz, F., Navarini, A. A., Cattin, P. C.,
and Zam, A. (2021). Long-range optical coherence tomography with extended depth-of-
focus: a visual feedback system for smart laser osteotomy. Biomedical Optics Express,
12(4), 2118-2133.

Copyright notice: ©2021 Optical Society of America under the terms of the OSA
Open Access Publishing Agreement.
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Abstract: This work presents a long-range and extended depth-of-focus optical coherence
tomography (OCT) system using a Bessel-like beam (BLB) as a visual feedback system during
laser osteotomy. We used a swept-source OCT system (λc = 1310 nm) with an imaging range of
26.2 mm in the air, integrated with a high energy microsecond Er:YAG laser operating at 2.94
µm. We demonstrated that the self-healing characteristics of the BLB could reduce the imaging
artifacts that may arise during real-time monitoring of laser ablation. Furthermore, the feasibility
of using long-range OCT to monitor a deep laser-induced incision is demonstrated.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Osteotomy is a surgical intervention involving cutting, etching, shaving, and/or chipping of the
bone. The most common osteotomy methods apply mechanical stress to the surface of the bone,
using saws, drills, and chisels [1,2]. In addition to practical difficulties, mechanical trauma, broad
cuts, excessive heat generation, and bacterial contamination are among the main risks associated
with using conventional instruments for osteotomy [3]. Laser technology was introduced to
overcome the limits of the mechanical tool used during surgery. Laser osteotomy is a contactless
and potentially minimally invasive technology for bone surgery, providing freedom along with
the cutting geometry and high precision [4–8]. However, one technical drawback of using lasers
for osteotomy is the lack of depth feedback and the missing feedback in the type of tissue being
cut currently [9]. Without this information, there is a risk of damaging the critical structure in the
vicinity. Thus, a real-time feedback system is needed to guide the ablative laser during surgery.
To date, several optical and acoustics methods have been proposed to monitor the depth and
shape of the cuts during laser surgery [10–17].

Photoacoustic tomography is an imaging technique based on the generation and time-resolved
detection of optoacoustic waves. These optoacoustic waves originate from the interaction
of a short-pulse ablation laser and biological tissue [18,19]. Shockwaves emanate from the
ablation spot; consequently, measuring the time-of-flight of these shockwaves can present a
one-dimensional (1D) depth profile of the incision. Remote detection of shockwaves using
air-coupled transducers shows a reliable sensitivity, suitable for real-time monitoring of the
incision depth [14]. Using an air-coupled transducer, Landa FJO et al. could monitor the 1D
depth profile of an 8 mm deep incision in osseous tissue. Furthermore, three-dimensional (3D)
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localization of the laser cut (ex-vivo) was achieved by using an array of ultrasound detection
elements [10]. This method robustly and accurately tracked incisions up to 9 mm deep in bovine
tissue. However, photoacoustic tomography is able to measure the depth of the incisions only
after the tissue has been ablated and shockwaves generated.

Optical techniques are also capable of remotely and non-invasively monitoring the depth
and shape of laser cuts in real-time. To date, several optical methods have been developed to
monitor the ablation procedure, such as the linnik interferometer (using a femtosecond laser), the
self-mixing interferometer, and inline coherence imaging [15–17]. The first report of monitoring
using the OCT system during the ablation of a rat organ demonstrated the strength of using
OCT to monitor the formation of ablation craters, carbonization, and thermal damage [11].
Subsequently, extensive effort has been made to improve the integrated OCT and laser ablation
system to provide visual feedback for the surgeon during laser surgery.

OCT is a non-invasive, high resolution, and high-speed interferometric imaging modality
capable of providing 3D images of the internal microstructure within biological tissues [20–22].
However, one inherent drawback of OCT is the inverse proportion between the depth-of-focus
(DOF) and lateral resolution [23,24]. This issue is more pronounced in the Fourier-domain OCT,
which measures the whole depth profile (A-scan) in a single shot [25]. To achieve a high lateral
resolution within the imaging range, a DOF that is comparable to the imaging range of OCT
is required. Several methods have been introduced to achieve a high lateral resolution over an
extended DOF to resolve this dilemma [26–33]. One approach could be the generation of Bessel
beams (BBs) using an axicon lens or pupil filters [34]. By utilizing diffraction-limited BBs
extended DOF has been achieved while preserving the lateral resolution. One major drawback of
BBs compared to the Gaussian beam at focus is the sidelobe artifacts that reduce the sensitivity
[29]. Multiple aperture synthesis (MAS) has also demonstrated an extended DOF depth profile
with a high lateral resolution. In this method, the A-scans were collected using distinctive
apertures then coherently summed [27,28]. MAS is free from sidelobe artifacts and signal
loss; however, the coherent summation of the A-scans reduces the imaging speed leading to an
application limitation in real-time monitoring systems. Computational methods can also correct
the defocus and optical aberration of the Gaussian beam while imaging a biological tissue to
achieve a uniform lateral resolution within the imaging range [30,32]. Interferometric synthetic
aperture microscopy (ISAM) computationally produces spatially uniform resolution regardless
of the focus position by solving the inverse scattering problem [26]. Computational adaptive
optics (CAO) corrects the induced aberration to achieve a high lateral resolution in the imaging
range [33]. ISAM and CAO methods are computationally expensive and require a phase-stable
acquisition of the consecutive depth profile.

The possibility of using fiber optics makes OCT even more interesting, particularly for
minimally invasive clinical applications. In a free-space integrated setup, two approaches
have been introduced to monitor the ablation site by OCT, one with an angled and one with
a perpendicular view. The angled view is achieved by selecting different beam paths for the
ablation laser and OCT laser [35,36]. The perpendicular view is accomplished by employing a
dichroic filter to combine the OCT and the ablation laser beams on a coaxial path. Monitoring the
ablation procedure with a perpendicular view can measure the cutting depth with higher accuracy
than with an angled view, particularly for deep incisions. Several studies have yielded promising
results with various configurations of fiber-based OCT setups to monitor the ablation progress.
One novel method used a simplified setup, including a single laser source (1064 nm mode-lock
fiber laser with a 10 MHz repetition rate and 20 ps pulse duration) and a beam splitter (instead of
a dichroic filter) for both ablation and imaging [37]. The authors of the paper demonstrated a
real-time depth profile of stainless steel with an A-line rate, axial resolution, and imaging range
of 46 kHz, 16 µm, and 1 mm, respectively. Alternatively, several groups have reported all-fiber
integrated laser ablation and OCT systems using a doubled-clad fiber (DCF). This configuration
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allows for a coaxial beam path (delivery without using a dichroic filter), which reduces the
size of the integrated setup [38,39]. In this configuration, the OCT laser beam was coupled
to a single-mode core of a DCF, and a coagulation laser was delivered through the multimode
first cladding. One drawback inherent to this configuration is the generation of multimodal
crosstalk-induced artifacts on the images. Several methods have since been introduced in order
to reduce these image artifacts [38,40,41].

Each method for monitoring the ablation depth has its own pros and cons. The imaging range
of these systems is limited to less than 1 cm, and these systems are not able to monitor the
incision cut where a deep incision is needed. A long-range visual feedback system is required
to monitor ablation procedures when a deeper cut is required. Recently, the feasibility of using
an akinetic laser source for a long-range OCT system was investigated [42,43]. To the best of
our knowledge, the integration of a long-range, extended DOF OCT system with an ablation
laser has not been reported yet. Furthermore, deep ablation of hard tissue presents challenges for
any visual feedback system, as the debris generated and water droplets sprayed by the irrigation
system are more pronounced, thereby reducing the image quality of the monitoring system.

In this paper, we present the process of integrating an Er:YAG laser and a long-range, swept-
source OCT (SS-OCT) system to provide real-time visual feedback during laser osteotomy. We
extend the DOF of the OCT system up to 28.7 mm using the Bessel-like beam (BLB) to meet the
requirements for a long-range imaging system. We also showed that image artifacts that may
arise during laser ablation could be reduced by using BLB in the OCT system due to the BLB’s
self-healing nature. This study also demonstrates the potential use of BLB-OCT as a feedback
system for real-time monitoring of the laser ablation process.

2. Methods

2.1. Photothermal ablation of bone

The ablation mechanism of Er:YAG (2.94 µm) laser is known as photothermal ablation [9,44]. The
ablation laser’s wavelength overlaps with a strong absorption peak of water and hydroxyapatite
around 3 µm. When the laser impinges the bone’s surface, heat transfers to the water molecules
present in the bone and increase the pressure in the bone’s interstitial matrix [45,46]. The
pressure build-up leads to an explosion and, consequently, the removal of the tissue. Water spray
and high-pressure airflow are usually integrated with the Er:YAG laser to clean the ablation area
and keep the temperature of tissue below the damage/carbonization threshold [47,48]. In this
study, a microsecond-long pulse Er:YAG laser was used to ablate the bone.

2.2. Imaging artifacts during laser ablation

Laser osteotomy is followed by the generation of debris and bone fragmentations [49,50]. Water
droplets (due to the irrigation system) also can cause imaging artifacts for the imaging system.
As the laser interacts with the generated debris and water droplets, several optical effects can
occur, such as absorption, scattering, diffraction, reflection, and refraction. Although the spectral
bandwidth of the OCT system is selected according to the optical window of the biological
tissue, water droplets surrounding the bone and the superficial layer of water on the bone can
still degrade the quality of the OCT image. For this experiment, we used a sapphire window
to protect the optical components against the debris and water droplets during laser osteotomy.
However, accumulated debris on the sapphire window can block and scatter the OCT’s laser. To
demonstrate these artifacts, we used the shadowgraph imaging method to capture the generated
debris and explosion of accumulated water inside the incision [51]. The Er:YAG laser and camera
are synchronized. For the synchronization, the TTL trigger pulse of Er:YAG laser is connected
to start the capture of the camera with a time-steps of 50 µsec. The energy level per pulse of the
ablative laser was 220 mJ.
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2.3. Experimental setup

2.3.1. Bessel-like beam

The zero-order BB is a solution to the scalar Helmholtz equation. The electrical field amplitude
of the zero-order BB is given by [52]:

E(r, z) = A exp(ikzz)J0(kr, r), (1)

where J0 is the zero-order Bessel function, and kr and kz are the radial and longitudinal components
of the free-space wave vector (k, k = 2π

λ ) respectively. Distinct advantages of non-diffractive
BB include preserving the transverse resolution within the DOF and self-healing properties
[34]. BBs have been proposed for use in combination with OCT because of their diffraction-free
propagation and self-healing properties, which can improve the quality of OCT images in a
scattering media [29,53–55]. This combination allows for an extended DOF beyond what is
possible with a Gaussian beam. The most straightforward way to generate a BBs is to use an
axicon lens with cone-shaped refractive material (or a reflective surface) to transform an incident
plane wave into a self-interfering cone of light. This self-interference forms concentric fringes, as
shown in Fig. 1. An ideal non-diffraction BBs carry an infinite amount of energy and exist over
an infinite area; hence are not practical. However, BBs with z-dependent cone angles, Bessel-like
beam (BLB), can overcome the limitation of the BBs [56]. BLB also demonstrates extended
DOF and self-constructing; however, it exhibits slow diffraction during propagation [57]. For
this study, we aimed to use BLB to extend the DOF of the OCT system and reducing the image
artifacts due to the self-healing properties of BLB.

Fig. 1. Schematic of Bessel beam generation using an axicon for the plane wave. α shows
the apex angle of the axicon. The red arrow delineates the region where the BB is generated,
corresponding to the DOF of the BB.

Figure 2 shows the ray-tracing simulation of the sample arm designed for the OCT system,
using the Zemax OpticStudio software. The collimated output of the fiber optics (a), with a beam
diameter of 3.4 mm, was incident to an axicon lens with an apex angle of two degrees (b); it was
followed by an achromatic lens (c). Galvanometer scanner (d) directed the ring-shaped beam
beyond the axicon to the achromatic lens (e). Focusing this ring-shaped beam also generates
self-interfering beams, which result in a second BLB with an extended DOF. Figure 2(f) illustrates
the zoomed generated BLB behind the achromatic lens pairs. Figure 2(g) is corresponding to
the cross-section of the computed point spread function using Fast Fourier Transform (FFT)
at the center of BLB. The corresponding calculated DOF of the simulated BLB using Zemax
OpticStudio software is 25.7 mm.

2.3.2. Integrated setup

Figure 3 gives an overview of the integrated system. The OCT system consisted of a fiber-based
Michelson interferometer, a programmable akinetic swept-source laser (Insight Photonic Solution,
Inc., Lafayette, Co, USA), and a balanced photodetector (PDB48xC-AC). In the sample arm of
the OCT system, the collimated beam (after C1) was incident on an axicon lens (A1) with an
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Fig. 2. Ray-tracing simulation calculated using Zemax OpticStudio software for the sample
arm of the OCT system. (a) the collimator, (b) axicon lens with apex angle of two degrees,
(c) achromatic doublet lens (f= 75 mm), (d) two-dimensional galvanometer scanner, (e)
achromatic lens pairs (f= 100 mm). (f) Zoomed illustration of the generated BLB, (g)
cross-section of the computed PSF at the focal plane of the achromatic lens pair, where
dashed red line is shown in (f).

Fig. 3. Schematic of the integrated long-range and extended DOF OCT system for laser
ablation. An Er:YAG laser is integrated into the sample arm of the OCT system using a
dichroic filter.
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apex angle of two degrees. An achromatic lens with a focal length of 75 mm (L1) was placed
after the conical lens to focus the ring-shaped beam onto the Galvano scanner’s relatively small
size (3 mm). A two-dimensional galvanometer scanner directed the ring-shaped beam to an
achromatic lens pair (1:1 with 100 mm effective focal length). Focusing the ring-shaped beam
resulted in self-interfering beams, which generated the second BLB with an extended DOF.

In the reference arm, a dispersion compensator (DC) and an axicon lens (A2) with an apex
angle of two degrees were placed after the collimator lens (C2) to compensate for the dispersion
mismatch between the sample arm and the reference arm. The laser source in the OCT system
operated at a central wavelength of 1310 nm, a spectral bandwidth of 61.5 nm, and an A-scan line
rate of 111.61 kHz. The imaging range of the OCT system is equal to 26.2 mm in the air. In this
experiment, we set the OCT system parameters in such a way as to capture B-scans, including
400 A-scans, which could provide a field of view of 4.3 × 4.3 mm2. The captured raw data was
processed using DC subtraction, averaging filter, and fixed-term noise subtraction. The Er:YAG
laser (LITETOUCH by Syneron) was integrated with the OCT system, using a custom-made
dichromatic filter that transmits the OCT’s laser beam and reflects the beam of the Er:YAG laser.
A 75 mm calcium fluoride (CaF2) lens was utilized to focus the ablation laser onto the surface
of the bone. A protective window was also placed after the dichroic filter to protect the optical
elements from the debris as well as water droplets. As debris and/or water accumulate on the
protective window, it could be exposed to high laser energy due to the absorption by debris and/or
water. Thus, a window (e.g., sapphire, magnesium fluoride) with a high damage threshold is
needed. In this experiment, we used a sapphire window with 2 mm thickness. The bone was
placed within the focal region of both the Er:YAG and OCT lasers.

2.4. Irrigation system

A water jet was directed to the ablation spot to improve ablation efficiency. Using a water-based
irrigation system prevents the carbonization of the bone during laser ablation and rehydrates the
surface of the bone. A specially designed nozzle from Synova Laser MicroJet Technology was
used in the experiments which can produce laminar water flow within a 50 µm diameter with
10-800 bar pressure [58]. Figure 4 demonstrates a photograph of the experimental setup. Er:YAG
and OCT lasers were aligned to be in a coaxial path using a dichroic filter; in addition, a water jet
(at 30 bar pressure) is aimed at the ablation spot to prevent carbonization. Since water has one of
its highest absorption peaks around 3 µm, which overlaps with the operation wavelength of the
Er:YAG laser, water accumulation on the surface of the sample reduces the efficiency of ablation.
Therefore, we also used a continuous air pressure nozzle directed to the ablation spot to extract
the accumulated water and debris from the laser-induced cut.

2.5. Comparison of performance of the BLB and Gaussian beam in the presence of
imaging artifacts

Figure 5 demonstrates the schematic of the sample arm of the OCT system to compare the
performance of BLB and Gaussian beam. In Fig. 5, red and green beam trajectories correspond to
the BLB and Gaussian beam, respectively. To integrate the Gaussian beam, we utilized the same
optical fiber and collimator which have been used in the BLB path (Fig. 4), and an additional
flip mirror. We switched between these two arms by using a flip mirror. In addition, during the
experiments, the corresponding sample arm was connected to the interferometer. To compare the
performance of BLB and Gaussian beam, we created three different conditions of the protective
window (sapphire window in Fig. 3): clean, covered with debris, and covered with water droplets.
The 2D intensity profile of each beam after passing the protective window was recorded within
the imaging range of the OCT system using a camera (BFLY-U3-23S6M-C, FLIR).

One inherent drawback of the Bessel beam is the signal-to-noise ratio (SNR) penalty due to
the small fraction of power in the central lobe of the Bessel beam [59]. However, comparing the
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Fig. 4. Photograph of the setup used for ablation of femur bone sample. The OCT and
Er:YAG lasers are combined using a dichroic filter. To avoid carbonization and enhance
the efficiency of ablation, a water jet and a pressurized air nozzle are aimed at the ablation
crater, respectively.

Fig. 5. Schematic of the sample arm of the OCT system for comparing the performance of
BLB and Gaussian beam. In this experimental setup, switching between Gaussian beam and
BLB is possible using the flip mirror.
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SNR of the BB and Gaussian beam using the conventional method (placing a reflector instead of
the sample) is not feasible for BLB mainly because the back-coupled signal in the BB case will
include the contributions from the sidelobes. Therefore, this comparison was made by comparing
the sensitivity of these beams. Illumination efficiency and collection efficiency for both sample
arms were measured at different conditions of the protective window (clean, covered with debris,
and covered with water droplets) by using the method described by Lee. et al. [60]. The incident
beam power of 8 mW is measured by a power meter. For the BLB case, the collection efficiency
was measured using a conventual lens (LSM05, Thorlabs). The on-axis sensitivity of BLB in
different conditions of the protective window was determined by subtracting the illumination
efficiency and collection efficiency from the corresponding peak sensitivity of the Gaussian
beam.

3. Results

3.1. Extending depth-of-focus of OCT using Bessel-like beams

Figure 6(a) illustrates the cross-sectional intensity profile of the BLB in the sample arm of the
OCT system. The evolution of the BLB was recorded by a camera, with a step size of 0.5 mm in
the propagation direction (z-direction). The white curve [Fig. 6(a)] indicates the corresponding
variation of intensity of the central peak as a function of the propagation distance. The DOF of
the BLB was measure as 28.7 mm (full width at half maximum (FWHM)), which exceed the
imaging range of 26.2 mm in the experiment. Figures 6(b)–6(d) demonstrate the 2D intensity
profiles of the BLB at z= 20 mm, z= 40 mm, and z= 60 mm with corresponding point spread
function of 38.6 µm, 29 µm, and 26 µm, respectively.

3.2. Imaging artifacts

3.2.1. Debris

When ablative laser pulses are directed onto biological tissue, ablated particles are emitted above
the tissue surface. Figure 7(a) demonstrates the generation debris with time-steps of 50 µsec
after shooting an Er:YAG laser pulse to the surface of the bone. Figures 7(b) and 7(c) illustrate
the window covered with debris. Figure 7(d) depicts the OCT beam with a Gaussian intensity
distribution, which was obtained after the protective window [Fig. 7(d)].

3.2.2. Water droplets

Laser surgery using an Er:YAG laser system is usually integrated with a water spray. Figure 8(a)
corresponds to the explosion of water accumulated inside the incision (time-steps are 50 µsec).
Figures 8(b)–8(d) illustrate a Gaussian beam interaction with water droplets on the protective
window. These images were acquired at different axial and lateral positions to demonstrate
different artifacts induced by water droplets on the protective window.

3.3. Interaction of the BLB and Gaussian beam with debris and water droplets

Debris and water droplets generated during laser osteotomy pose significant challenges to the
visual feedback system, mainly due to their interaction with laser light. These interactions may
reduce the quality of the images collected by the OCT system. Note that, since the accumulation
of water droplets and debris were random during laser ablation of the bone, it was not feasible to
compare the performance of the BLB OCT and the Gaussian beam OCT in real-time monitoring
of laser osteotomy. Therefore, these comparisons are made by using a protective window that
was deliberately kept clean, covered with debris, and covered with water droplets.

To investigate the influence of debris and water droplets on the quality of the imaging system,
we captured the 2D intensity profile of the BLB and Gaussian beam after the protective window.
Since water droplets on the sapphire window were unstable due to movement or evaporation, we
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Fig. 6. (a) Measured cross-sectional intensity profile of the experimentally-generated BLB,
and propagation is from left to right. The variation of the intensity profile of the central peak
of the BLB over 65 mm propagation distance, where FWHM was 28.7 mm. Cross-sectional
intensity image of the BLB at (b) z= 20 mm, (c) z= 40 mm, and (d) z= 60 mm. The point
spread function of (b)-(c) is 38.6 µm, 29 µm, and 26 µm, respectively. The scale bar is 100
µm.

used a window with a hydrophobic coating to capture the intensity profile of the beam. Figure 9
illustrates the intensity profile variation with respect to distance from the focal plane for the three
cases.

The three columns in Fig. 9 present the intensity profile of the BLB and Gaussian beam when
it passed through a window covered with water droplets, covered with debris, and the clean
window, respectively. Each raw represents the relative distance to the focal plane of the Gaussian
beam and BLB. The interaction of the Gaussian beam and BLB with debris and water droplets
on the surface of the protective window results in a distorted 2D intensity profile. However,
BLB demonstrated superior performance in comparison to Gaussian beam due to the so-called
self-healing properties.

To investigate the performance of the BLB and the Gaussian beam for monitoring the
depth of ablation in laser osteotomy, lateral resolution and sensitivity of each beam have been
compared. Figure 10 demonstrates the comparison of lateral resolution and sensitivity of
the BLB and the Gaussian beam in different conditions of the protective window. First raw
[Figs. 10(a)–10(c)] illustrates the measured lateral resolution for each experiment. In Fig. 10(a),
the lateral resolution of 23 µm and 25 µm were measured for the BLB and Gaussian beam,
respectively. Figures 10(b)–10(d) demonstrate the effect of the imaging artifacts on the lateral
resolution of the Gaussian beam; however, the BLB showed approximately an invariant lateral
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Fig. 7. (a) Debris formation over time, from the onset of an Er:YAG laser pulse onto hard
tissue. These images are captured using shadowgraphy method. (b)-(c) Debris accumulated
on the sapphire. (d) Intensity profile of the Gaussian beam after passing through the windows
covered with debris (scalebar= 200 µm).

Fig. 8. (a) The explosion of water accumulated inside the cut after shooting Er:YAG laser
pulse. These images are captured using the shadowgraphy method (time-steps are 50 µsec).
(b)-(d) Intensity profile of the Gaussian beam after passing through the protective window
covered with water droplets. The scale bar is 200 µm.
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Fig. 9. Intensity profile of Bessel-like beam and Gaussian beam after passing through the
protective window under three conditions: clean, covered with debris, and covered with
water droplets. Each column represents one of these situations, starting from Z= -10 mm, to
Z= 10 mm from the focus point. The size of the images is 1 mm × 1 mm.

resolution (less than 11 µm within 2.6 cm) in different condition of the sapphire window. The
second raw in Fig. 10 demonstrates the measured sensitivity of the BLB and the Gaussian beam.
For the Gaussian beam, on-axis peak sensitivities of 108 dB, 98 dB, and 82 dB were measured
for a clean, covered with debris, and covered with water droplets, respectively. The sensitivity of
the BLB was determined by subtracting the illumination efficiency and collection efficiency from
peak sensitivity in each case. The SNR penalty of using BLB is visible in Figs. 10(d)–10(f). The
higher sensitivity region of the Gaussian beam is localized over its DOF, while BLB shows a
considerably higher sensitivity along with the imaging range.

Furthermore, the power ratio (ratio between the central peak and sidelobe) of the normalized
intensity profile of BLB at the focus were measured as 0.21, 0.28, 0.37 in a clean protective
window, covered with debris, and covered with water droplets, respectively. As it is visible
in Fig. 11, the sidelobes of the BLB do not cause any significant artifacts during real-time
monitoring of the laser osteotomy.

3.4. Real-time monitoring of laser ablation of bone

For this experiment, we placed a pig femur at the focal plane of the integrated BLB OCT and
laser ablation system. The ablation laser’s output energy and repetition frequency were 220 mJ
and 1 Hz, respectively. To monitor the ablation procedure of the femur bone, we ran the OCT
system continuously, starting before administering the first laser pulse to the end of the ablation
procedure. Figures 11(a)–11(d) represent selected images captured within the imaging range of
the OCT. Figure 11(d) shows that the ablative laser passed through the cortical line of the femur
bone, reaching the surface of the cortical bone in the medullary cavity. Figure 11(e) shows the
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Fig. 10. Comparison of lateral resolution (a-c) and sensitivity (d-f) for Gaussian and BLB
cases at different conditions of the sapphire window: clean [(a) and (d)], covered with debris
[(b) and (e)], and covered with water droplets [(c) and (f)]. Gaussian beam and BLB are
delineated with continuous red and dashed blue lines, respectively.

deepest point of the ablated cut with the OCT images presented. The depth of the incisions in
Figs. 11(a)–11(d) is 0.5 mm, 1.57 mm, 2.53 mm, and 12.72 mm, respectively. The cutting width
is measured as ∼ 0.56 mm. The time difference between Figs. 11(a)–11(d) is 51 seconds, which
corresponds to 51 pulses of the Er:YAG laser. The thickness of the cortical line of the femur
bone to the medullary cavity was 2.54 mm, and the diameter of the medullary cavity was 10.1
mm, which was measured with a caliper.
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Fig. 11. Selected images during a laser ablation process of bone collected using the
long-range and extended DOF OCT system. (a)-(d) real-time depth monitoring of laser
ablation of the femoral bone. (d) In this image, the ablative laser cut through the cortical
line of the femur bone and reached the surface of the cortical bone in the medullary cavity.
(e) The measured depth of cuts within the imaging range of the OCT system.

4. Discussion and conclusion

This study demonstrated the feasibility of using a long-range optical coherence tomography
system to provide visual feedback during laser osteotomy. Laser osteotomy often generates image
artifacts (especially in deep ablation) that hinder the OCT system; thus, we investigated the
potential of a Bessel-like beam (BLB-OCT) to extend the DOF of the long-range OCT system
and to improve the quality of acquired images by reducing the effect of such artifacts.

The proposed method offers some unique advantages over existing designs that employ a
Gaussian beam in the OCT system to monitor the ablation procedure. A long-range imaging
system can be used when deep laser-induced cuts (in order of cm) are required. Likewise, the
most effective approach to reducing image artifacts is to place the sample further away from the
protective window. Although this configuration is not practical for minimally invasive surgical
procedures, a free-space integrated setup would benefit from the reduction of debris and water
droplets that reach the protective window. Such a setup would require an optimized ablation laser
with an extended DOF to perform a deep ablation, which is beyond the scope of this paper. In
our configuration, just a fraction of the debris reaches the protective window. The debris cloud
scatters laser light close to the sample’s surface [61]. As can be seen from Fig. 10, the BLB-OCT
shows a superior lateral resolution and sensitivity in comparison to the Gaussian beam within the
imaging range, especially in the presence of imaging artifacts (accumulated debris and water
droplets) on the protective window. However, it worth mentioning that the protective window
needs to be cleaned in a long-term ablation. An additional feedback system that controls the
irrigation system would enhance the quality of the OCT images further. Another approach would
be the use of the OCT system as a feedback system for the irrigation system. Lastly, the proposed
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method has the absence of a depth control system that can stop the ablative laser after reaching
the desired depth of the incision.

Using a novel long-range extended DOF BLB-OCT system to provide visual feedback during
laser ablation, we demonstrated real-time monitoring of laser osteotomy. Using the BLB-OCT,
we demonstrated how self-healing property improves the quality of the OCT images in the case of
debris and water droplet accumulation. We believe that the proposed BLB-OCT system has the
potential to be used in smart laser osteotomy involving deep incisions. Controlling the irrigation
system, miniaturizing this system, and providing depth control to be used in a minimally invasive
device are of future interest.
Funding. Werner Siemens Foundation through the Minimally Invasive Robot-Assisted Computer-guided Laseros-
teotomE (MIRACLE) project.
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34
Real-time depth monitoring and tissue differentiation during laser

osteotomy

3.2 Multimodal feedback systems for smart laser os-

teotomy: Depth control and tissue differentia-

tion

In the second publication, a close-loop tissue-specific laser osteotomy system is presented.
In this study, a tissue sensor (LIBS) is integrated to differentiate tissue types and to avoid
damaging soft tissue during laser osteotomy. The developed system is a coaxial integra-
tion of a long-range BLB-OCT system (visual feedback and depth control), a LIBS (tissue
sensor), and an Er:YAG laser.

Publication: Hamidi, A., Bayhaqi, Y. A., Drusová, S., Navarini, A. A., Cattin, P.
C., Canbaz, F., & Zam, A. Multimodal feedback systems for smart laser osteotomy:
Depth control and tissue differentiation. Lasers in Surgery and Medicine, Wiley.
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Abstract
Objectives: The study aimed to improve the safety and accuracy of laser
osteotomy (bone surgery) by integrating optical feedback systems with an
Er:YAG laser. Optical feedback consists of a real‐time visual feedback system
that monitors and controls the depth of laser‐induced cuts and a tissue sensor
differentiating tissue types based on their chemical composition. The developed
multimodal feedback systems demonstrated the potential to enhance the safety
and accuracy of laser surgery.
Materials and Methods: The proposed method utilizes a laser‐induced breakdown
spectroscopy (LIBS) system and long‐range Bessel‐like beam optical coherence
tomography (OCT) for tissue‐specific laser surgery. The LIBS system detects
tissue types by analyzing the plasma generated on the tissue by a nanosecond
Nd:YAG laser, while OCT provides real‐time monitoring and control of the laser‐
induced cut depth. The OCT system operates at a wavelength of 1288 ± 30 nm
and has an A‐scan rate of 104.17 kHz, enabling accurate depth control. Optical
shutters are used to facilitate the integration of these multimodal feedback
systems.
Results: The proposed system was tested on five specimens of pig femur bone to
evaluate its functionality. Tissue differentiation and visual depth feedback were
used to achieve high precision both on the surface and in‐depth. The results
showed successful real‐time tissue differentiation and visualization without any
visible thermal damage or carbonization. The accuracy of the tissue differentia-
tion was evaluated, with a mean absolute error of 330.4 μm and a standard
deviation of ±248.9 μm, indicating that bone ablation was typically stopped
before reaching the bone marrow. The depth control of the laser cut had a mean
accuracy of 65.9 μm with a standard deviation of ±45 μm, demonstrating the
system's ability to achieve the pre‐planned cutting depth.
Conclusion: The integrated approach of combining an ablative laser, visual
feedback (OCT), and tissue sensor (LIBS) has significant potential for enhancing
minimally invasive surgery and warrants further investigation and development.
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INTRODUCTION

Laser osteotomy is a contactless surgical procedure
where bone tissue is removed by a laser. The
advantages of using lasers include faster healing,
functional cutting geometries, and no contamination,
due to contactless cutting.1–4 Laser osteotomy has the
potential to replace conventional osteotomy in the
future, but first, several challenges still need to be
addressed.5,6 An important aspect of any surgical
intervention is safety, which is typically carried out by
surgeons during conventional surgery. In the case of
laser osteotomy, in free‐space and endoscopic set-
tings, a feedback system is required to avoid damag-
ing the critical adjacent tissue. Ideally, a noninvasive
method is needed to provide real‐time feedback about
the depth of the cut and the tissue type.

To date, several feedback systems for controlling the
depth of cuts in laser surgery have been reported in the
literature. Optoacoustic tomography,7,8 inline coherent
imaging (ICI),9 optical coherence tomography
(OCT)10–12 are some of the techniques introduced for
monitoring the depth of laser‐induced cuts. Particularly,
OCT has demonstrated high‐speed monitoring of the
ablation process noninvasively presenting superior ad-
vantages compared to other methods. OCT is a well‐
established noninvasive imaging technique in medical
diagnosis because it can provide three‐dimensional (3D)
images of the tissue with high resolution.13,14 Tissue
sensors play a vital role in advanced laser surgery,
enabling precise and targeted procedures while minimiz-
ing the risk of unintended damage. These sensors operate
by identifying the type of tissues through the detection of
their optical or mechanical characteristics. By leveraging
this principle, tissue sensors provide valuable informa-
tion that guides surgeons in performing tissue‐specific
laser surgery. An example of this is the utilization of
acoustic shock waves (ASWs), which are primarily
influenced by the properties of the ablated material. As
a result, ASWs can be employed to identify and
differentiate various types of tissues. The optical methods
have often been combined with machine‐learning classi-
fication algorithms. Hohmann et al.15 used random
lasing phenomena caused by the scattering of fluorescent
emissions in the tissue. The tissues were classified using
support vector machines (SVM). Other machine learning
approaches were diffuse reflectance spectroscopy with
linear discriminant analysis,16–18 Raman spectroscopy
and nearest‐mean classifiers,19 and OCT and convolu-
tional neural networks.20,21 The utilization of short‐pulse
(ns‐ps‐fs) laser ablation systems offers the advantage of
generating a localized plasma at the ablation site.
Spectroscopic analysis of the generated plasma can
reveal the chemical composition of the tissue, enabling
precise tissue differentiation. Both Nd:YAG and CO2

lasers have demonstrated successful outcomes in ablation
and tissue differentiation during laser surgery.22–27

Furthermore, studies have reported the integration of
OCT into the aforementioned configuration to achieve
tissue differentiation and depth monitoring.28,29 How-
ever, these investigations are limited to nonbiological
samples, and challenges during laser surgery have not
been investigated. Despite the simplified configuration of
using a single laser for both tissue differentiation and
laser ablation, it should be noted that a significant
portion of the laser pulse's energy is primarily consumed
for plasma generation, resulting in limited ablation
efficiency. Consequently, to achieve deep laser‐induced
ablation, longer‐pulsed lasers are preferred. Er:YAG
laser (2.94 μm) in μs pulse regime has demonstrated a
superior advantage to achieve deep laser ablation in hard
tissues in comparison to the Nd:YAG and CO2 lasers.
The high absorption of Er:YAG laser at water molecules
inside the bone tissue can lead to an efficient laser
ablation with minimal thermal damage to the surround-
ing tissue.30 Another efficient optical method for analyz-
ing the chemical content of different tissues is laser‐
induced breakdown spectroscopy (LIBS).27,31 LIBS is
considered a slightly invasive technique due to the need
for slight tissue removal during the plasma generation
process. Following the collection of plasma, the tissue
can be differentiated from other tissue types by compar-
ing the ratios of selected peaks.32

Although several methods have been used for depth
monitoring and tissue differentiation, only a few have been
implemented as feedback systems for laser osteotomy. In
our earlier study,33 we presented a streamlined integration
of the Er:YAG laser and Nd:YAG laser for tissue
differentiation and ablation. The tissue differentiation
relied on the collected intensity of the generated plasma
without spectrum analysis. However, certain drawbacks,
including the sensitivity of the detected intensity level to
various parameters (e.g., tissue hydration, presence of
water/blood, tissue roughness) and a limited depth of focus,
were recognized as limitations of the previous configura-
tion. In this paper, we present a novel and smart feedback
system capable of simultaneous depth control and tissue‐
specific ablation. This system can further be used in other
applications with only small iterations in the controlling
algorithm, increasing its appeal for transferring optical
systems into real‐life clinical applications. Depth control
was demonstrated by making several cuts to a predefined
depth while preserving the soft tissue. The system uses a
long‐range Bessel‐like beam OCT capable of imaging deep
cuts up to 26.2mm. Bone‐specific ablation was achieved
using LIBS combined with a novel software that first
generates the tissue type map and keeps it in its memory.
This memory reduces the data‐processing time during
ablation and the risk of repetitive tissue damage with
plasma generation. The presented coaxial integration of
various feedback systems yields superior accuracy in deep
laser ablation compared to alternative configurations. This
represents a significant technological advancement toward
utilizing laser osteotomy in minimally invasive surgery.
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MATERIALS AND METHODS

Laser osteotomy

The ablation mechanism of the Er:YAG laser is known
as photothermal ablation, and it has been demonstrated
to make efficient ablations of hard tissue with minimal
collateral damage.34,35 The wavelength of the Er:YAG
laser (2.94 μm) has high absorption in water and
hydroxyapatite (≈73% of bone's structure36,37). The
photothermal interaction steps are the following: (1)
laser pulse energy is transferred to the tissue, (2) the
temperature of the tissue increases, (3) the pressure
buildup inside the hard tissue leads to micro explosions
resulting in tissue removal.38 However, the high ablation
efficiency of the Er:YAG laser in hard tissues results in a
lower cutting precision in comparison to other lasers
used in osteotomy.39 A study regarding the ablation
efficiency of the Er:YAG laser in bone ablation is
provided elsewhere.35 In this study, we used an Er:YAG
laser (LITETOUCH by Syneron) for cutting bone tissue.
The Er:YAG laser was running at a 2 Hz repetition rate
and a pulse energy of 138.3 mJ. To perform line cuts, the
samples were placed on a 1D motorized stage.

Real‐time depth control

OCT is a noninvasive interferometric imaging technology
that can provide 3D and real‐time tissue images with
submillimeter resolution.40 The first study that mon-
itored the laser ablation process using OCT demon-
strated its potential capabilities for use as a reliable visual
feedback system.41 The high‐speed imaging of OCT can
make it possible to control the depth of laser‐induced
cuts. In this study, the depth of the cut was measured
based on the difference between the height of the
reference line (the surface of the surrounding areas)
and the bottom surface of the cut. This was measured by
integrating the OCT system with an ablative laser
controlled by an optical shutter. This allowed the OCT
system to send a trigger to close the optical shutter when
the desired ablation depth had been reached.

Tissue differentiation

Knowledge regarding the type of tissue before firing the
ablative laser pulse is crucial for ensuring laser surgery's
safety. Among the different methods for tissue differen-
tiation in laser surgery, LIBS has exhibited promising
results in performing tissue‐specific surgery.42 The LIBS
analysis system consists of two elements: an excitation
laser (here Nd:YAG, 1064 nm, at 4 Hz repetition rate
and pulse energy of 85.9 mJ) that produces plasma on the
surface of the tissue and a spectrometer that analyzes
the collected spectrum. The collected spectrum matches

the chemical structure of the material under investiga-
tion.43 Here our main interest was to ablate hard tissue
while preserving soft tissue. To do so, the difference in
the intensity of calcium peaks (385–400 nm) of hard
tissue's spectrum (bone) and that of soft tissue (bone
marrow, muscle, etc.) was used. Therefore, the strong
peaks in the spectrum of the bone in comparison to soft
tissue make it distinguishable. Laser osteotomy requires
3D tissue differentiation that can detect the type of tissue
on the surface and below the surface. Although the LIBS
method can provide accurate information regarding
tissue type, plasma generation on the tissue is accompa-
nied by a shallow ablation of the tissue. To prevent
further unwanted damage to the superficial soft tissue,
we used a tissue map. The working principle was to
compare the intensity of the Ca peaks in the spectra of
the tissues, which are the main difference between the
soft and the hard tissues, at each individual point and
then to use this to create a tissue map. Tissue
differentiation was repeated twice for each spatial point
to reduce the risk of incorrect detections. In addition, we
have set a threshold of the intensity of the Ca peak to
prevent false detection of debris splashed on the tissue.
Figure 1 illustrates the working principle of the described
method. The red and blue lines represent the Er:YAG
and Nd:YAG lasers, respectively. The xy‐coordinate
plane is the surface of the bone. At first, a tissue map of
the surface is created by LIBS. In Figure 1, the locations
of the red boxes were detected as soft tissue, and the
green boxes were recognized as hard tissue. Following
the creation of the tissue map on the surface, a line cut
(dashed line) was performed into the depth of the tissue.
On the xz‐coordinate plane, red boxes correspond to the
spatial points that were detected as soft tissue, and
neither the Nd:YAG laser nor the Er:YAG laser was
used. During the ablation of the bone tissue, the tissue
map was updated by the detection of soft tissue below
the ablated bone tissue (marked with a black circle).

Integrated closed‐loop setup

The optical setup consisted of an integration of three
different optical technologies: an Er:YAG laser, LIBS,
and OCT. Figure 2A illustrates the schematic of the
combined setup with a long‐range Bessel‐like beam OCT
system with a swept‐source laser (Insight Photonic
Solution, Inc.) with a central bandwidth of ±1288 30 nm,
a swept rate of 104.17 kHz, and an imaging range of
26.2 mm.10 The OCT system was responsible for
monitoring and controlling the depth of the cut in real‐
time. In the OCT system, C1 and C2 were collimators,
A1 and A2 were the axicon lenses with an apex angle of
two degrees (AX122‐C; Thorlabs), L1 and L2 were
achromatic doublet lenses ( =f 75 mm, AC127‐075‐C;
Thorlabs), and L3 was an achromatic lens pair ( =f 100
mm, 47‐302, Edmundoptics). DM1 was a long‐pass
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dichroic mirror (DMLP950, Thorlabs) that transmitted
the OCT wavelength and reflected the generated plasma
light from the sample's surface. The reflected plasma light
was directed to a multimode fiber, that delivered the light
to the Echelle spectrometer using a microscope objective
lens (RMS4X; Olympus). A flash‐lamp pumped Q‐
switched Nd:YAG laser (Q‐smart 450; Quantel) running
at 1064 nm was used to generate the plasma light on the
surface of the tissue. In Figure 2A, OS1 was an optical
shutter (SH1; Thorlabs), L4 was a plano‐convex lens
( =f 150 mm, 69‐622 Edmundoptics), and the Nd:YAG
laser was combined with the OCT laser using a harmonic
beam splitter (HBS, HBSY11; Thorlabs), which had a
transmission of 53% at 1280 nm. Finally, the Er:YAG
laser was combined with the OCT system and Nd:YAG
lasers using a custom‐made dichroic mirror (DM3, 97%
reflection at 2.94 μm, and transmission at ≥ ±90%1300 75
nm). Here, OS2 was an optical shutter, and L5 was
calcium fluoride ( =fCaF , 1002 mm; Thorlabs). Since the
ablation process and plasma generation were accompa-
nied by the generation of debris and tissue particles, a
sapphire window was placed after the lenses to protect
the optics. Proper adjustments of L4 and L5 according to
the working distance of the OCT system ensured that all
lasers had a common focal plane. The estimated beam
size for Nd:YAG and Er:YAG lasers are 62.5 and
682.4 μm, and the corresponding pulses duration are 6 ns
and 350 μs respectively. Finally, the sample was placed
on a 2D stage (Standa 8MT167S‐25LS‐MEn1), that

could move in steps of 0.5 mm. A detailed version of the
sample arm of the OCT system, which was integrated
with the Er:YAG laser and LIBS system, is presented in
Figure 2B.

Workflow of the experiment

Integrating different laser technologies with different
properties requires a predefined protocol to ensure the
performance of an efficient and safe laser osteotomy. The
workflow of the experiment is presented in Figure 3. To
start, the sample was scanned on the xy plane to generate
a 2D tissue map based on the analyzed data from the
LIBS system.

For each point, two pulses of the Nd:YAG laser
were fired at the sample to detect the tissue type,
which was then saved to the tissue map. A high‐
pressure airflow was continuously used to reduce the
error in the detection of the type of tissue by cleaning
the surface of the sample. Following the generation of
the map on the surface, the ablation procedure was
initiated to cut a line by running the Er:YAG laser
and the Nd:YAG laser in sequence (two pulses of the
Er:YAG laser and then two pulses of Nd:YAG laser)
on the bone parts. This sequence was longer than the
required time for the formation of the debris cloud
(500 μs10), which consequently results in false detec-
tion of the tissue type. Due to the photothermal

FIGURE 1 Three‐dimensional tissue differentiation. The xy‐coordinate plane represents the surface of the sample. Red boxes correspond to
spatial points detected to be soft tissue, and green boxes correspond to bone tissue. The xz‐coordinate plane represents a depth at the dashed line in
the xy plane. Black circles correspond to spatial points characterized as soft tissue and update the previous tissue map. At first, a tissue map is
created by the LIBS system on the surface of the sample. The system remembers not to perform ablation and LIBS on soft tissue. Ablation and LIBS
are performed on the hard‐tissue points. When LIBS detects soft tissue after ablating hard tissue, the tissue map is updated. Once all the spatial
points are detected as soft tissue, the ablation laser is stopped automatically.
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FIGURE 2 Schematic of the integrated setup including the optical coherence tomography (OCT) system, the Er:YAG laser, and the
laser‐induced breakdown spectroscopy system. (A) Simplified schematic of the optical setup. (B) A detailed version of the sample arm of the OCT
system with the Er:YAG laser, Nd:YAG laser, and a channel for the collection of generated plasma.

FIGURE 3 Workflow of the experiment. Creation of a grid map at the first arrow beginning from START.
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ablation mechanism of the Er:YAG laser, an irriga-
tion system was essential. Irrigation can both improve
ablation efficiency and reduce thermal damage to the
surrounding area of the cut.44 One major drawback of
continuously using water is that excessive amounts of
water on the surface of the bone can work as a
protective shield reducing the ablation efficiency. In
addition, a layer of water on the tissue can increase
the chance of false detection by the LIBS system due
to the high content of water in soft tissue. We,
therefore, used a mechanism where the irrigation
system (Synova Laser MicroJet Technology) only
irrigated the sample at every end of the line cut for a
couple of seconds. Consequently, after sufficiently
irrigating the sample, high‐pressure airflow removed
the excess water on the surface. At each round of the
laser ablation and tissue differentiation, the tissue
map was updated by adding any detected soft tissue.
As the laser continued ablation, it was possible for it
to go through the bone and reach the bone marrow
lying underneath in some regions. Updating the map
was important for protecting soft tissues lying
beneath hard tissue. These steps continued until the
Nd:YAG laser detected bone marrow and com-
manded OS2 to stop at that spatial point. This way,
we achieved 3D tissue differentiation (LIBS system)
synchronized with depth monitoring (OCT system).
To show that we can also control the ablation depth
with the tissue map approach, we also set 1 mm as our
cutting depth and ablation stopped when the pre-
defined depth was reached.

The sequence and decisions of the closed‐loop feed-
back system are controlled using integrated software
(Figure 4). The software is responsible for (1) processing
and visualization of the OCT data, controlling (2) the
Nd:YAG laser and processing the LIBS data, (3) the
irrigation system, (4) the shutters, (5) stages, and (6)
Er:YAG laser. The detected spectrum of the plasma light
using a camera (PI‐MAX 4; Princeton Instruments) is

transferred to the processing unit of the OCT system to
detect the tissue type (green indicator in Figure 4 shows
the bone tissue). To improve the speed of the tissue
differentiation, we have used a cropped image
( ×1024 70) which includes our main area of interest
(the spectrum of the bone tissue). The overall response
time for the acquisition of the spectrum and detection of
the type of tissue was 2.3 Hz. Depth control was based on
the cross‐sectional image of the OCT (frame rate of
16.6 Hz). Following the detection of soft tissue or
reaching the pre‐planned depth of cut, a software
command is sent to the optical shutters to stop the
lasing process (response time = 10ms, information was
provided by the manufacturing company).

Specimens

In this experiment, we used five different pig femur slices
purchased from a local butcher (Figure 5), and the
experiment was performed on the same day. Samples
have an average diameter of 25 mm and a height of
30 mm. Part of the muscle attached to the bone's surface
was removed by a scalpel and cleaned using tap water. In
this way, the surface of each sample had muscle and
bone, as well as the bone marrow in the center. Samples
were not fixed or processed with any chemicals.

FIGURE 4 Integrated software used in this study. The software controls (1) optical coherence tomography system, (2) laser‐induced breakdown
spectroscopy system, (3) irrigation system, (4) shutters, 5) stages, and (6) Er:YAG laser.

FIGURE 5 Prepared pig femur bone slices for the experiment.
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RESULTS

Tissue differentiation: Validation

To validate tissue differentiation based on the disparity in
calcium peak intensities within the 385–400 nm range, we
investigated the calcium peak intensities for five samples,
including bone, muscle, and bone marrow. Figure 6A
illustrates the spectroscopic analysis of the spectra from these
three distinct tissue types studied in this research. The region
of interest is highlighted in the graphs. To ascertain the
disparity and establish the necessary threshold for distin-
guishing between bone and soft tissues (muscle and bone
marrow), LIBS measurements were conducted on five
different samples, with each type of tissue comprising
20 points, and the mean values of the peaks along with
their standard deviations were evaluated. Figure 6B depicts
the mean value and standard deviation of the calcium peaks
for each sample. The variation in intensity values between
bone and soft tissues served for tissue differentiation.

Real‐time tissue differentiation and depth
control

To test the functionality of the proposed system, we used
closed‐loop tissue differentiation and visual depth

feedback on five different samples of pig femur bones.
The tissue differentiation was used to achieve hard‐bone‐
specific ablations on the surface (avoiding cutting
muscle) and hard‐bone‐specific ablation in depth (cutting
through the hard bone layer until bone marrow). The
depth control feedback was used to achieve 1 mm
deep cuts.

Figure 7 illustrates the representative results of the
closed‐loop real‐time tissue differentiation and visualiza-
tion during smart laser osteotomy. Each row in Figure 7,
presents the results for each sample. No visual thermal
damage or carbonization was induced during the
experiment. From left to right, the first column is an
en‐face OCT image overlaid with the acquired tissue's
map on the surface; the second column is a cross‐
sectional OCT image; and the third column is a cross‐
sectional image acquired with microcomputed tomogra-
phy (micro‐CT, pixel size of 18 μm). To generate the
tissue map, two laser pulses were sent at each spatial
point on the sample's surface. If both pulses detected the
point as soft tissue, it was saved as soft tissue in the tissue
map (red); if both pulses detected the point as hard
tissue, it was saved as hard tissue (green); and if one pulse
detected the point as soft and the other signal detected it
as hard tissue, the point was saved as uncertain (blue). If
an uncertain point was surrounded by soft or hard tissue,
it was assigned the value of the neighboring tissue (after

FIGURE 6 Tissue differentiation. (A) Laser‐induced breakdown spectroscopy system spectrum of the bone, muscle, and bone marrow. (B) The
mean and standard deviation of the intensity of the calcium peaks (385–400 nm) for 20 points for each tissue type. The experiment is performed on
five samples.
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processing). The depth of the cut on the left side was
controlled using the OCT system to achieve a cutting
depth of 1 mm, and the cut on the right side was
controlled using the tissue‐differentiation method using
LIBS (Figure 7). The controlled tissue differentiation
stopped the Er:YAG laser as soon as the LIBS system
detected soft tissue and the depth control stopped the
ablative laser as soon as it reached the desired pre‐
planned depth of the cut by sending a command to OS2
to close.

Errors

The errors are illustrated in Figure 8, where Figure 8A
illustrates the induced laser cut for tissue differentiation.
The errors are calculated based on a total of 280 points
from the micro‐CT images. Here there is an error of
cutting bone marrow of 0.468 mm. Figure 8B

corresponds to the error in the detection of tissue type.
The Er:YAG laser stopped before reaching the bone
marrow (0.19 mm of bone tissue is left).

Table 1 presents the accuracy of this experiment
regarding depth control and tissue differentiation per-
formed on five different samples of pig femur bones.
Here, the border of the bone tissue and bone marrow is
considered the reference point. Negative values denote
the quantity of bone tissue left before reaching the bone
marrow, whereas positive values indicate cases of false
detection of tissue type and excessive ablation. It Is
worth noting that due to variations in bone thickness
along the ablation line, the error at each point is assessed
in relation to the thickness of the bone at that specific
point. For tissue differentiation, the mean value of the
absolute error was 330.3 μm with a standard deviation of
± μ248.9 m. The minimum and maximum values of this
error show that bone ablation was usually stopped before
it reached the bone marrow. The second row in Table 1

FIGURE 7 Closed‐loop tissue differentiation and depth monitoring in smart laser osteotomy. Representative three samples are separately
presented in each row with corresponding optical coherence tomography (OCT) and computed tomography (CT) data. En‐face OCT images overlaid
with tissue map are presented in the first column; cross‐sectional OCT images in the second; and micro‐CT in the third. The cut on the left side is the
controlled laser‐induced cut, and the cut on the right side is the controlled tissue differentiation. The scale bars are 1 mm× 1mm.

8 | MULTIMODAL FEEDBACK SYSTEMS FOR SMART LASER OSTEOTOMY

 10969101, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/lsm

.23732 by Schw
eizerische A

kadem
ie D

er, W
iley O

nline L
ibrary on [31/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



shows that the mean value accuracy was 65.9 μm with a
standard deviation of ± μ45  m for the depth‐controlled
laser cut.

DISCUSSION AND CONCLUSION

In this study, we investigated the potential of a closed‐
loop laser ablation empowered with both OCT (visual-
ization and depth control) and a LIBS system (tissue
differentiation). Although laser osteotomy offers several
advantages compared to conventional methods for bone
surgery, feedback systems are crucial to ensuring the
safety of the surgery. The left column of Figure 7
indicates that the proposed method has the potential to
differentiate soft tissue (muscle) and hard tissue (bone)
by comparing the peaks of Ca intensity in the collected
spectrum. To evaluate the method, we acquired larger‐
scale tissue maps in comparison to the line cut. As one
can see, the blue regions (uncertain tissue points)
are largely located on the border between muscle and
bone or between bone and air. These uncertain points are
mainly due to the presence of debris created during
plasma generation on the surrounding spatial points or
to the difference in spot size of the lasers and movement
steps of the stage. Furthermore, the uncertain points
surrounded by the same type of tissue are unexpected

errors that will be converted to the value of the
surrounding points after acquiring the tissue map. The
column in the middle of Figure 7 represents the real‐time
visual feedback and depth control provided by the OCT
images. In the sample arm of the OCT system, several
optical components in the optical path of the OCT laser
(DM1, HBS, DM3, and protective window) can cause
some noise in the OCT images. We were able to adjust
the angle of DM1, DM3, and the protective window to
avoid reflections; a high reflection of the OCT wave-
length in the HBS made the visible line in the OCT cross‐
sectional images. The third column in Figure 7 corre-
sponds to the micro‐CT images acquired just after
finishing the experiment to avoid detaching soft tissue
from the bone at room temperature.

Figure 8 presents the type of tissue in the depth of the
bone with the detection error. Figure 8A illustrates the
case of an incorrect detection of the tissue type that
caused ablation of bone marrow. Here we used changes
in the intensity of Ca peaks for tissue differentiation. As
a consequence, changes in the amount of collected
plasma can cause an error in detection. For example,
the conical geometry of the laser‐induced cut led to a
lower collection of plasma light at the bottom of the cut
than on the surface of the bone. Ablation of bone
marrow by the Er:YAG laser or generation of plasma on
soft tissue accompanied by splashing of soft tissue on

FIGURE 8 Cross‐sectional images acquired with the micro‐computed tomography to investigate the errors accompanied by closed‐loop tissue
differentiation and depth control. (A) Tissue (bone marrow) removal of 0.468mm induced by the Nd:YAG laser for tissue differentiation; and (B)
The Er:YAG laser stopped due to incorrect detection of the type of tissue. The scale bar is 1 mm 1 mm.

TABLE 1 Errors of the depth control and tissue differentiation for five samples of pig femur bones.

Mean (μm) Std (μm) Maximum (μm) Minimum (μm)

Tissue differentiation 330.3 ±248.9 720 −1846

Depth control 65.9 ±45 188 −279.9

HAMIDI ET AL. | 9
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surrounding tissue could stop the ablation laser if soft
tissue was detected (Figure 8B). While this experiment
used continuous high‐pressure air to avoid such errors,
the air could not reach the bottom of the cut due to the
shape of the laser‐induced incision. Table 1 presents the
method's accuracy with regard to tissue differentiation
and depth control in its application to the five different
samples. An error of ± μ330.3 248.9 m indicates that the
ablation was often stopped before reaching bone
marrow. In addition, it is worth noting that this method
could not avoid slight ablation of soft tissue by the
Nd:YAG laser to generate plasma. The Er:YAG laser's
maximum unwanted ablation of soft tissue below the
surface was 1846 μm. This amount already shows how
destructive Er:YAG laser can be in the case of a wrong
detection or lacking feedback. The effect of such an error
in tissue type detection can be reduced by controlling the
ablation rate as the incision goes deeper. Another
approach could be combining Er:YAG laser with a
highly accurate light source producing ultrashort pulses.
In this case, bulk ablation can be provided by the
Er:YAG laser, while a secondary ablative laser is used to
remove the tissue close to tissue borders and to define
better borders. Alternatively, the feedback system can
be combined with an ultrashort laser source to induce
shallow cuts with high accuracy, then the speed of the
feedback system should be optimized.

Advancing pre‐planned and tissue‐specific laser sur-
gery was another aim of this study. Although OCT
provided accurate monitoring of the cutting depth in
real‐time, controlling the depth of the cut also depended
on changes in the properties of the bone tissue during the
experiment. For example, dehydration or carbonization
are parameters of the tissue that can change the ablation
rate, which contributes to errors. The depth‐controlled
cuts for an incision with a depth of 1 mm had an error of

± μ65.9 45 m (Table 1).
In 2016, an in‐vivo mid‐face osteotomy using a

Carlo device was performed.45,46 With the advance-
ment of robotic laser surgery, research into feedback
systems for ensuring safe automated surgery has
become increasingly crucial. Even though certain
safety aspects are included in the surgical device,
achieving precision for depth control is significant.
Highly precise laser surgery with depth control can
provide pre‐planned ablation accurately, providing
small features and dimensions for patient‐specific
implants. Moreover, preventing damage to critical
surrounding tissues (e.g., nerve tissue) can significantly
enhance the safety of the laser osteotomy. The
proposed closed‐loop laser ablation approach can
potentially improve the safety of minimally invasive
surgery. This system can perform laser ablation with
visual feedback and a tissue sensor to prevent
unwanted damage to the tissue. Although the potential
of OCT and LIBS systems have been well investigated
in laser surgery systems, an integration of these

methods has not been undertaken. The tissue viability
and feasibility studies can be performed in the future to
test the method and laser ablation capabilities. To the
best of our knowledge, this is the first integration of an
ablative laser, visual feedback, and a tissue sensor in a
coaxial manner, which has the potential to maintain
the feedback's accuracy in a deep laser cut.

One of the limitations faced in the present study
concerns the conical shape of the laser‐induced cut,
which limits the cross‐section at the bottom of the cut
and increases tissue differentiation errors. Using a tophat
intensity beam could improve the accuracy of tissue
differentiation.47 Improving the airflow and irrigation
system could further reduce errors in tissue differentia-
tion. Furthermore, developing a real‐time adjustment of
the Er:YAG laser parameters is planned to achieve a
higher accuracy in depth‐controlled laser ablation. The
integration of OCT has unlocked the potential for real‐
time depth monitoring and control in this study. We are
also exploring additional capabilities of OCT, including
temperature measurements,48 tissue differentiation,21

and the detection of parameters like water/blood content
in tissue, which could potentially lead to incorrect tissue
differentiation. For instance, OCT feedback regarding
the accumulation of water/blood during surgery would
trigger a pause in the operation of the LIBS and Er:YAG
lasers to clean the surface using pressurized air and
suction. Such feedback mechanisms have the potential to
enhance the ablation efficiency of the Er:YAG laser and
decrease the likelihood of false tissue type detection using
the LIBS system.49 in addition, A tracking system based
on the OCT images targeting the center of the ablation
crater can also reduce the error due to the movement of
the patient. Integration of the aforementioned feedback
systems is considered crucial before the transition of the
developed system for an in‐vivo experiment. Finally,
improving the developed system and miniaturizing50 it
for use in minimally invasive surgery are among our
future objectives.
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Chapter 4

Phase-sensitive OCT system:
Temperature Feedback

The publications in this chapter document the investigations on a phase-sensitive OCT
system for use in temperature feedback during laser osteotomy. Temperature feedback
could minimize the risk of thermal damage to the surrounding critical tissue.

4.1 Imaging photo-thermal expansion of bone tissue

The first publication concerns the development of a phase-sensitive OCT system. The
developed phase-sensitive OCT system demonstrated the potential to detect the thermal
expansion in bone tissue induced by the Er:YAG laser.

Publication: Hamidi, A., Bayhaqi, Y. A., Canbaz, F., Navarini, A., Cattin, P. C., and
Zam, A. (2020, April). Imaging photothermal-induced expansion of bone during laser
osteotomy by phase-sensitive OCT: preliminary results. In Biomedical Spectroscopy, Mi-
croscopy, and Imaging (Vol. 11359, pp. 127-133), SPIE.
Copyright notice: ©2020 COPYRIGHT Society of Photo-Optical Instrumentation
Engineers (SPIE). Reprinted with permission under the terms of use of SPIE Publica-
tions
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ABSTRACT 

Lasers have introduced many advantages to the medical field of osteotomy (bone cutting), however, they are not without 

drawbacks. The thermal side effects of laser osteotomy, in particular, affect a patient’s healing process. Employing an 

irrigation system during surgery is a standard solution for reducing thermal damage to the surrounding tissue, but, due to 

the high absorption peak of water at the wavelength of Er:YAG laser (2.96 µm), accumulated water acts as a blocking 

layer and reduces the ablation efficiency. Therefore, irrigation systems would benefit from a high-speed and accurate 

feedback system to monitor the temperature changes in the tissue of interest. Phase-sensitive optical coherence tomography 

(PhS-OCT) is a highly sensitive method for measuring internal displacement (photothermal-induced expansion) during 

laser surgery. In this study, we utilized the integrated swept source PhS-OCT system (operating at a  central wavelength of 

1314 nm and with an imaging-speed of 104,000 A-scans/s) with an Er:YAG laser to detect localized phase changes induced 

by laser ablation irradiation and thereby quantify the photothermal-induced expansion of bone. The PhS-OCT system was 

calibrated by measuring the phase changes corresponding to the displacement of cover glass attached to a piezoelectric 

actuator (PA4HEW, Thorlabs) at different operating voltages. Furthermore, we explored how the induced photothermal 

expansion of bone changes when irradiated by different pulse energies. Using a PhS-OCT system to spatially and 

temporally resolve measurements of axial displacement of bone during laser surgery can play an important role in 

determining the corresponding temperature map, which can, in turn, offer feedback to the irrigation system in smart laser 

osteotomy. 

Keywords: Optical coherence tomography, phase-sensitive OCT, smart laser osteotomy, photothermal-induced expansion 

1. INTRODUCTION  

There are distinct disadvantages to using conventional instruments like saws and drills for bone surgery. Among the may 

associated risks are the broadening of cuts, extensive heat deposition, mechanical traumatization, deposition of metal 

shaving, and bacterial contamination [1]. Laser osteotomy, in contrast, is an accurate, contactless and minimally invasive 

method for bone surgery. Studies have shown that during laser surgery, the porous structure of bone is preserved, which 

leads to an accelerated healing time [2]. The ablation mechanism of Er:YAG lasers is known as photothermal ablation [3]. 

The wavelength of the ablation laser coincides with one of the highest absorption peaks of water, at ~3 µm [4]. When the 

laser impinges the bone’s surface, the heat transfers to water molecules present in the bone and increases the pressure in 

the bone’s interstitial matrix, which finally leads to an explosion and, consequently, removal of tissue [5]. Nevertheless, if 

all of the water in the bone are vaporized, the organic constituents of bone are starting to carbonize with further laser 

exposure, thereby reducing the efficiency of ablation in laser osteotomy [6]. Although lasers induce less thermal damage 

to the surrounding tissue as compared to conventional instruments, controlling the accumulated temperature in tissue is 

still required to prevent any thermal damage to the surrounding tissue. The main thermal side effect in bone surgery is 

thermal osteonecrosis, defined as the death of bone tissue due to high temperature [7]. Several studies have shown that 
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using an external irrigation system can prevent thermal osteonecrosis, such irrigation systems are considered to be the 

standard method for cooling tissue during bone surgery [8]. However, due to the high absorption peak of water at the 

Er:YAG wavelength, the water accumulated during continuous irrigation acts as a blocking layer, which reduces ablation 

efficiency. Therefore, a  feedback system that monitors the temperature changes in tissue during laser ablation is required 

to control the irrigation system in a way that conserves the temperature of surrounding tissue below the critical temperature 

of 47ºC [9], and enhances the efficiency of ablation. 

To date, many techniques have been investigated for their potential to offer real-time temperature imaging with high 

resolution and high sensitivity. Directly measuring temperature with a thermocouple is the most accurate method, but it is 

invasive and often unfeasible during laser surgery. Infrared thermography is a real-time and non-invasive method, but is 

only capable of measuring superficial temperatures. Magnetic resonance imaging (MRI) can measure relative temperature 

changes with high accuracy and high resolution deep within living tissues. The proton resonance frequency of water is 

almost linearly related to temperature, but MRI cannot provide real-time temperature information [10, 11]. Ultrasound 

(US) has also been considered for real-time relative measurements of temperature at a  depth of samples based on speckle 

tracking. Still, accuracy is poor due to native tissue motion artifacts and a limited range of measurements. Photoacoustic 

imaging can be used to measure temperature by tracking the temperature-induced changes in the optoacoustic (OA) signal 

amplitude (due to the dependence of the Grüneisen parameter on temperature) [12, 13]. Advanced OA volumetric 

temperature monitoring was performed with a three-dimensional OA imaging system consisting of a 512-element spherical 

transducer array, covering a  140º angle with a 4 cm radius of curvature, and spatial and temporal resolution of 150 µm and 

10 ms, respectively [14]. However, OA monitoring is not able to show the temperature rise corresponding to each pulse 

during laser ablation, due to low temporal resolution in three-dimensional imaging. Optical coherence tomography (OCT) 

performs contactless, high-resolution, non-invasive, and volumetric imaging of the internal microstructure in biological 

tissue, by measuring backscattered or back-reflected light [15]. Conventional OCT imaging can be used to assess tissue 

deformation depending on the axial resolution of the OCT system. However, if the tissue deformation induced during laser 

surgery is in the order of microns or less, it may fall below the detection capabilities of structural OCT imaging. By 

analyzing the phase component of the OCT signal, phase-sensitive OCT (PhS-OCT) can provide much greater sample 

displacement sensitivity and direct quantitative measurements of the displacement due to photothermal-induced expansion 

of tissue [16-19].  

In this study, we monitored the phase changes and corresponding displacement of bone during photoablation by  a pulsed 

Er:YAG laser at different energy levels. First, we calibrated the PhS-OCT system with a  cover glass attached to a 

piezoelectric actuator (PA4HEW, Thorlabs) to verify the displacement calculated from phase changes at different working 

voltages. Then, using an integrated PhS-OCT and Er:YAG laser system, we monitored the photothermal-induced 

expansion of bone in real-time. 

 

2. MATERIALS AND METHOD 

2.1 Integrated PhS-OCT system with laser ablation 

In this experiment, we used a PhS-OCT system with a conventional fiber-based Michelson interferometer and an akinetic 

swept source laser from Insight (Insight Photonic Solution, Inc., Lafayette, Co, USA), as shown in Fig. 1. The laser source 

operates at a  central wavelength of 1314 nm and spectral bandwidth of 61.5 nm. The axial and lateral resolution of the 

OCT system was 14 µm and 50 µm, respectively, while the sweep rate was set at 104 kHz. A dispersion compensator was 

placed in the reference arm to balance the dispersion induced by the telecentric lens in the sample arm. In the sample arm, 

the OCT beam was coaxially combined with the Er:YAG laser using a custom-made dichromatic mirror. A sapphire 

window was placed after the dichromatic mirror to protect the optical elements from debris generated during laser ablation. 

To investigate the thermal expansion of bone during ablation, we did not use an irrigation system in this experiment. To 

measure the photothermal-induced expansion, we set the PhS-OCT scanning parameter to record the B-scans continuously. 

At the same time, the center-of-line scan was positioned where the Er:YAG laser was focused on the sample. Hence, we 

were able to monitor the photothermal expansion in the surrounding tissue, as well. After each measurement, we monitored 

the sample using a thermal camera  (FLIR A655sc, accuracy ±2°C) to ensure that the temperature of the sample had been 

reduced and was equal to room temperature. Then, by moving the sample using the translation stage, the next experiment 

was performed on the next intact point of the sample. It is also worth mentioning that all of the measurements were taken 

at the same distance (1mm) from the center ablation area  on the sample. 

Proc. of SPIE Vol. 11359  113590K-2
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 28 May 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 
 

 

 

 
 

Figure 1. Schematic design of integrated PhS-OCT system with laser ablation to monitor the photothermal-induced expansion 
of bone. The PhS-OCT system operated at 1314 nm and 104 kHz A-scan rates and the center wavelength of the Er:YAG laser 

was 2.94 µm. The PhS-OCT system continuously recorded cross-sectional images during laser ablation.  

 

2.2 Signal processing 

Employing phase-sensitive OCT to measure fluctuation has been discussed and mathematically evaluated in earlier studies  

[20]. After dispersion compensation and DC subtraction, a  Fourier transform was applied to the OCT interference spectrum 

𝐼(𝑘) to get the interferogram 𝐼(𝑧) in the time-domain. This step is given as: 

 𝐼(𝑧) = 𝐹𝐹𝑇[𝐼(𝑘)] = 𝐴(𝑧) exp[𝑖Φ(𝑧)]. (1) 

In this equation, 𝐴(𝑧) is the amplitude and Φ(𝑧) is the phase of the signal. The depth-resolved A-scan profile generated 

contains information about the sample in both amplitude and phase [21, 22], where the amplitude 𝐴(𝑧)  is used to 

reconstruct the conventional OCT images. Both 𝐴(𝑧) and Φ(𝑧) contain depth-resolved structural sample information; 

however, the main difference is that 𝐴(𝑧) cannot be used to measure any optical path length (OPD) variation  smaller than 

the axial resolution of the OCT system. To determine the phase changes due to photothermal expansion, a  pixel of interest 

was selected in the conventional OCT image and, then, phase changes in the pixel over time were evaluated by extracting 

phase information from consecutive frames. The physical path length difference (𝛥𝐿) is defined as: 

 𝛥𝐿 =
𝜆0∆Φ

4𝜋𝑛
 . (2) 

Where, 𝜆 0 is the central wavelength and 𝑛 is the refractive index of the sample. Besides, the second Fourier transform of 

the unwrapped phase extracted from the complex OCT signal can be used to retrieve the phase changes: 
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 FFT(ΔΦ(𝑧, 𝑡)) = 
4𝜋2

𝜆0
. 𝐴. 𝑓0 . Δ𝑡 → 𝐴 =  

|𝑝(𝑓0 )|. 𝜆0

4 𝜋2.𝑓0 .∆𝑡
, (3) 

where |𝑝(𝑓0
)|is the amplitude of the FFT peak and 𝑓0  is the repetition rate of the laser ablation process. When measuring 

the induced photothermal expansion, either changes to the refractive index or expansion of bone due to localized heating 

can change the OPD. Both factors contribute to the variation of the interferometric phase, but it is not possible to distinguish  

the relative contribution of each factor, hence, both factors were considered together. 

 

2.3 Calibration of PhS-OCT system 

To prepare the sample for calibration of the PhS-OCT system, we fixed the piezoelectric actuator (PA4HEW, Thorlabs) to 

a holder. We attached a precision cover glass (170 µm thickness) on top of the actuator. First, we measured the 

displacement of the cover glass by using the PhS-OCT system as a function of the applied voltage, while considering the 

refractive index of the cover glass (1.51 at 1310 nm) and the time interval between frames (0.96 milliseconds). Here, we 

calculated the axial displacement using Eq. 2 and Eq. 3. Figure 2(a) shows the calculated displacement of the cover glass, 

using two methods, together with the displacement information provided by the datasheet. The resulting displacements 

were consistent with the datasheet provided by the piezoelectric actuator, as shown in Fig. 2(a). Then, to evaluate the 

performance of the PhS-OCT system, we ran the piezoelectric actuator at a  fixed frequency of 10Hz, with different applied 

voltages. Several B-scans (100 A-scans) recorded continuously the phase changes of the cover glass over time. Figure 2(b) 

shows the displacement of one pixel of the cover glass positioned on the top of the piezoelectric actuator over 0.2 seconds. 

 
Figure 2. Calibration of the PhS-OCT system with the piezoelectric actuator. (a) Calculated displacement (based on Eq.2 and 
Eq.3) of cover glass attached to a piezoelectric actuator, together with the displacement information provided by the datasheet.  

(b) Time-resolved displacement of cover glass attached to the piezoelectric actuator at a frequency of 10 Hz and different 

voltages over 0.2 s, plots are laterally and axially positioned. 

 

2.4 Imaging photothermal-induced expansion with the integrated setup 

To measure the induced thermal expansion of bone with the integrated PhS-OCT and laser ablation system, we used a 

pig’s femur bone as a sample. The soft tissues (fat, muscle, bone marrow) were completely removed. Then, the sample 

was washed to remove possible pollutants on the surface. The surface of the bone was cut to achieve a flat surface with 

respect to the optical axis of the OCT system. The thickness of the sample was 3.2 mm , and it was attached properly to the 

microscope cover slide to prevent any movement of the sample during laser ablation pulses. The pulse energy of the 

Er:YAG laser was measured with an energy meter (StarLite from Ophir Optronics) at different energy levels prior to the 

experiments. The ablation laser operated at a  repetition rate of 10 Hz. Considering the refrac tive index of bone to be 1.51 

at 1300 nm [23], we measured the axial expansion of bone using Eq. 2.  

(b) (a) 
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3. RESULTS AND DISCUSSION 

Figures 3(a)-(d) show the phase changes and the corresponding photothermal expansion of bone acquired by PhS-OCT 

over 400 milliseconds (including four Er:YAG laser pulses) at different pulse energies. The time difference between frames 

(each frame included 200 A-scans) was 1.92 ms. In these figures, the initial phase has been set to zero to allow for better 

visualization of the amount of expansion per pulse. Figure 3(a) shows phase changes and axial expansion of bone due to 4 

pulses from the Er:YAG laser (energy per pulse: 4.2 mJ). Each pulse follows a path of sharp expansion (increasing 

temperature) and gradually decreases (reducing temperature). Figures 3(b)–3(d) depict phase changes, and displacement 

of bone for different pulse energies of 43 mJ, 70 mJ and 128 mJ, respectively. 

 

 
 

Figure 3. Monitoring the photothermal-induced expansion with PhS-OCT over 400 ms. Measurements were taken at the same 

distance from the center of the ablated area on the sample. (a) Shows the photothermal expansion of bone after four pulses 

from the Er:YAG laser, with a pulse energy of 4.2 mJ and a 10 Hz repetition frequency. (b), (c) and (d) show photothermal 

expansion during ablation with energies per pulses of 43 mJ, 70 mJ and 128 mJ, respectively. The initial phase has always 

been set to zero. 

An increasing trend over 400 ms (four pulses) can clearly be seen from Figs. 3(a)-(d), indicating either accumulated 

temperature or changes in the refractive index of the sample. Figure 4 represents the average peak expansion over four 

pulses with different pulse energies. At low energy levels, the average peak expansion and energy level follow a linear 

trend. In contrast, at higher energy levels (more than 43 mJ), the average peak displacement is smaller than the amount of 

energy per pulse transferred to the sample. 

(a) (b) 

(c) (d) 
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In this study, we investigated the induced photothermal expansion of dehydrated bone. However, to make use of the PhS-

OCT system to measure axial displacements and the resulting temperature changes of hydrated bone, proper calibration of 

the volumetric thermal expansion coefficient of bone and water is needed (the volumetric thermal expansion coefficient of 

water changes by approx. 50% between 20ºC and 30ºC). 

 
 

Figure 4. Averaged peak expansion of dehydrated bone over four pulses irradiated at different energy levels of the Er:YAG 

laser. 

4. CONCLUSION 

In smart laser osteotomy, a proper irrigation system is required to prevent thermal damage to surrounding tissue. To collect 

feedback for adjusting the amount of water applied to the tissue, we suggest using a phase-sensitive OCT system. 

Optimizing the amount of water will increase ablation efficiency and prevent thermal damage to surrounding tissues. Our 

experiments demonstrated the feasibility of using a PhS-OCT system to detect photothermal-induced expansion both in 

time and space, as feedback for laser surgery. Conventional OCT images cannot detect axial displacements less than its 

axial resolution. However, in this study, we showed that the PhS-OCT system is capable of detecting displacements at the 

scale of nanometers. In conclusion, with proper calibration of the volumetric thermal expansion coefficient of hydrated 

bone, PhS-OCT can be used as a  feedback system for irrigation set-ups in smart laser osteotomy, leading to increased 

ablation efficiency and reduced thermal damage to surrounding tissue.  
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56 Phase-sensitive OCT system: Temperature Feedback

4.2 Towards phase-sensitive optical coherence tomog-

raphy in smart laser osteotomy: temperature

feedback

The second publication in this chapter demonstrates the use of the calibrated phase-
sensitive OCT system for temperature feedback during laser osteotomy. The preliminary
results show that the calibrated correlation between photothermal expansion and its cor-
responding temperature can be used to predict temperature rise in bone tissue.

Publication: Hamidi, A., Bayhaqi, Y. A., Canbaz, F., Navarini, A. A., Cattin, P.
C., & Zam, A. (2023). Towards phase-sensitive optical coherence tomography in smart
laser osteotomy: temperature feedback. Lasers in Medical Science, 38(1), 222.
Copyright notice: ©The Author(s) 2023.
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Abstract
Thermal effects during bone surgery pose a common challenge, whether using mechanical tools or lasers. An irrigation system 
is a standard solution to cool the tissue and reduce collateral thermal damage. In bone surgery using Er:YAG laser, insufficient 
irrigation raises the risk of thermal damage, while excessive water lowers ablation efficiency. This study investigated the 
potential of optical coherence tomography to provide feedback by relating the temperature rise with the photo-thermal expan-
sion of the tissue. A phase-sensitive optical coherence tomography system (central wavelength of λ=1.288 μm, a bandwidth 
of 60.9 nm and a sweep rate of 104.17 kHz) was integrated with an Er:YAG laser using a custom-made dichromatic mirror. 
Phase calibration was performed by monitoring the temperature changes (thermal camera) and corresponding cumulative 
phase changes using the phase-sensitive optical coherence tomography system during laser ablation. In this experiment, 
we used an Er:YAG laser with 230 mJ per pulse at 10 Hz for ablation. Calibration coefficients were determined by fitting 
the temperature values to phase later and used to predict the temperature rise for subsequent laser ablations. Following the 
phase calibration step, we used the acquired values to predict the temperature rise of three different laser-induced cuts with 
the same parameters of the ablative laser. The average root-mean-square error for the three experiments was measured to 
be around 4 °C. In addition to single-point prediction, we evaluated this method’s performance to predict the tissue’s two-
dimensional temperature rise during laser osteotomy. The findings suggest that the proposed principle could be used in the 
future to provide temperature feedback for minimally invasive laser osteotomy.

Keywords Optical coherence tomography · Phase-sensitive OCT · Laser ablation · Laser osteotomy

Introduction

Osteotomy (bone surgery) is a surgical intervention involv-
ing machining processes such as drilling, sawing, and grind-
ing the bone [1]. The mechanical stress that conventional 
tools apply to the surface of the bone is associated with sev-
eral disadvantages, including poor surface evenness, limited 
cutting geometry, and extensive heat deposition [2]. Laser 
osteotomy, the proclaimed successor of mechanical saws 
and chisels, has the potential to revolutionize osteotomy. 
The unique advantages of using lasers, such as non-con-
tact intervention, faster healing time, and the possibility of 
performing unrestricted cutting geometries, have garnered 
significant interest in applying this technology in medical 
settings [3–8]. Cortical bone is composed of approximately 
13% water, 60% mineral in the form of hydroxyapatite crys-
tallites, and 27% of organic matrix [9]. The absorption peak 
of different constituents of bone tissue in the mid-infrared 
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wavelength range makes these lasers interesting for the abla-
tion of bone tissue. For instance,  CO2 laser at 10.6 μm with 
a high absorption peak in mineral composition and Er:YAG 
laser at 2.94 μm with a high absorption peak in water’s spec-
trum [10]. The ablation process with Er:YAG lasers assisted 
by water improves the ablation efficiency and surface mor-
phology [11]. Several studies have shown the advantages 
of using Er:YAG lasers generating microsecond pulses to 
achieve deep bone ablation with minimum collateral ther-
mal damage to the surrounding tissue. Laser ablation using 
an Er:YAG laser is known as photothermal ablation, where 
following the high absorption of the Er:YAG laser pulse 
in bone tissue, transferred energy to water molecule builds 
high pressure (~several hundred bars) which leads to a series 
of micro explosions by vaporization and consequently the 
removal of bone tissue [12–14]. Although this laser-tissue 
interaction can minimize collateral thermal damage and 
achieve a deeper cut, it also quickly dries out the surround-
ing tissue and can cause thermal damage [15]. Generally, 
photothermal damage can be divided into two main catego-
ries: reversible effects, such as hyperthermia, and irrevers-
ible damages, which encompass coagulation, vaporization, 
carbonization, and melting. The denaturation of proteins 
(coagulation) arises when the temperature within biologi-
cal tissue reaches ≅60 °C. Localized temperature increases 
beyond 100 °C result in tissue vaporization, and when this 
vaporization process exhausts the tissue’s water content, it 
transforms the organic compounds of the tissue into carbon 
(carbonization) [16]. Melting occurs at temperatures sur-
passing 300°C. Consequently, irrigation is required during 
laser osteotomy to rehydrate and prevent thermal damage to 
the surrounding critical tissues [17]. However, because of 
the high absorption of Er:YAG laser in water, an excessive 
amount of water will work as a protective layer by absorb-
ing the energy of the laser pulses, thereby reducing ablation 
efficiency [18]. To overcome this challenge, a non-contact 
feedback system is required to allow for pulsed irrigation 
instead of continuous irrigation during laser osteotomy.

To date, many methods have demonstrated potential for 
measuring temperature changes during laser treatments 
in cases where ablation (tissue removal) is not involved. 
These methods include magnetic resonance thermal imag-
ing (MRTI), fiber optic sensors (FOS), and ultrasound 
(US) among others [17, 19–21]. Among these methods, the 
optoacoustic (OA) technique has shown promising results 
for achieving non-contact temperature measurements [22]. 
OA uses short laser pulses to generate pressure waves in the 
tissue. The Grüneisen parameter, a dimensionless parameter, 
is proportional to an increase in the pressure of the pro-
duced acoustic wave [23]. OA leverages the linear relation 
between the temperature and the tissue’s Grüneisen param-
eter for temperature measurement. This accuracy could be 
enhanced through tissue-specific calibration. Volumetric OA 

temperature mapping has demonstrated potential for utiliza-
tion in photothermal therapy [24]. However, there are some 
drawbacks associated with temperature measurement using 
OA during laser surgery. These include poor axial and lateral 
resolution, a low acquisition rate for 3D measurements, and 
dependence on the repetition rate of the ablative laser. It 
should be noted that the accuracy of these methods has only 
been investigated below the coagulation temperature of the 
biological tissue. For temperatures exceeding 50 °C, there is 
non-linearity in the Grüneisen parameter and changes in the 
optical properties (absorption and scattering coefficients) of 
the tissue [25]. Consequently, the ability of OA techniques 
to accurately predict the temperature is limited to tempera-
tures below the coagulation threshold. Optical coherence 
tomography (OCT) is another method with proven potential 
to measure temperature changes of tissue based on its pho-
tothermal expansion. OCT is a non-invasive, high-resolu-
tion, non-contact, and high-speed interferometric imaging 
technique capable of producing three-dimensional images 
of biological tissue based on the particular optical scatter-
ing properties of the various tissues [26, 27]. Recent studies 
have extensively investigated the advantages of using OCT 
integrated with laser ablation as a visual feedback system 
[28–30]. Phase-sensitive OCT (PhS-OCT) is an extension of 
conventional OCT that can detect axial deformation beyond 
its axial resolution, with high sensitivity and temporal reso-
lution [12, 31, 32]. The high sensitivity of PhS-OCT makes 
it possible to detect the induced thermal expansion of the 
tissue caused by the absorption of the laser’s pulse energy 
during laser surgery. Therefore, the dependency of the opti-
cal path difference (OPD) on temperature can be used for 
photothermal tissue imaging during thermal therapy. Recent 
studies have proven PhS-OCT’s capacity to predict the tem-
perature of a given sample for low-temperature changes 
(below the coagulation threshold) [33–36].

Although OCT’s potential to measure tissue temperature 
rise in the laser coagulation regime has been well-inves-
tigated, further investigation is required to predict the tis-
sue’s temperature rise in the more complicated laser abla-
tion regime. In this work, the principle of temperature rise 
of bone tissue during laser ablation using an Er:YAG laser 
is investigated. Followed by the proposed thermal model, 
a calibrated phase-sensitive OCT system that could poten-
tially trigger the irrigation system by detecting the highest 
temperature in the area surrounding the laser-induced cut 
is introduced.

Methods

Figure 1 shows a schematic of the principles for a tem-
perature rise of bone during laser ablation. The Gauss-
ian distribution of the Er:YAG laser’s energy results in 
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a cone-shaped ablation of the bone (Fig. 1). The geom-
etry of the laser-induced cut denoted that the ablation 
volumes within the cut were not constant. Consequently, 
in a sequence of laser pulses, the difference between the 
ablated areas could be considered as an infinite number of 
disk heat sources, which is denoted by Hs1 in Fig. 1. This 
effect is similar to the friction between the drill bit and 
the wall of the cut, in traditional bone surgery [37]. The 
radius of the disk-shaped heat sources is equivalent to the 
laser-induced crater. In addition to the heat distribution 
from the borders of the cut, Er:YAG lasers often suffer 
from a low beam quality factor (M2), leading to the heating 
of an extended area on the bone’s surface. It measures the 
spatial distortion level of a laser beam in comparison to an 
ideal Gaussian beam of the same wavelength, with a value 
closer to 1 indicating a higher resemblance to the ideal 
Gaussian beam. In this study, the beam quality factor is 
measured as M2 = 22, which results in heating an extended 
area on the bone, beyond the borders of the laser-induced 
cut (Hs2 in Fig. 1) [38]. Hs2 indicates the heat source 
on the bone’s surface. The effective heat-diffusion length 
during a single laser pulse, ΔLa, was defined as ΔLa

√
4Dtp 

, in which tp is the laser pulse-width, and D stands for 
the diffusion constant of the tissue [39]. Thermoelastic 
waves induced by absorbed laser energy, ablation depth 
(La), effective heat source in between laser pulses (ΔLa), 
and effective heat depth induced by sidelobes of laser (Lc) 
are also shown in Fig. 1.

Induced temperature rise

The mechanism of hard tissue ablation using an Er:YAG 
laser can be considered a “photo-mechanical” procedure 
[40]. For bovine cortical bone, the effective heat-diffusion 
length (pulse duration of 300 μs) and laser penetration depth 
using an Er:YAG laser (λ=2.94 μm) are 18.6 μm and 4 μm, 
respectively [38, 41]. The beam size of the Er:YAG laser 
measured as 2.5 mm at the focal plane. Considering the cut-
ting width of 1.1 mm on the surface of the bone, the heat 
source on either side of the crater was around 0.85 mm. 
Therefore, for the Hs2, due to the larger beam size value 
compared to penetration depth, the axial distribution of the 
heat ( Taxial) is more effective and the temperature profile 
followed an exponential-like decay in the axial direction 
(Beer-Lambert law). However, for Hs1, which indicates the 
infinite number of heating disks, the spot size was assumed 
to be comparable to or less than the laser penetration depth, 
which meant that radial heat distribution (Tradial) is domi-
nant and followed a radial distribution of temperature. It 
is worth mentioning that in the proposed thermal model, 
it was assumed that the energy of the laser pulse is mainly 
consumed for tissue removal. Therefore, the temperature at 
any point in the tissue during laser osteotomy could be con-
sidered as follows:

To determine the temperature rise (axial and radial) 
induced by these heat sources over time (∆T(r, t)), an ana-
lytical solution of the heat diffusion equation was used as 
follows [42]:

In equation (2), α is the thermal diffusivity, ρ0 density and 
cpstands for the heat capacity of the bone tissue. To define 
the temperature rise of the tissue using equation (2), some 
parameters need to be considered. The residual heat that 
causes tissue temperature rise ( Qres) is difficult to measure 
inside a laser-induced cut. Furthermore, specific parameters 
should be known in advance. For instance, the water content 
in a human femur cortical bone varies between 21 and 17 % 
for humans aged 5 and 95 years old, respectively [43]. Fur-
thermore, the micro-structural attributes of bone, including 
the size of pockets or pores within its structure, play an impor-
tant role in affecting ablation efficiency. This influence arises 
from the changes in bone tissue’s thermal conductivity. The 
presence of water within bone can be found associated with 
mineral phase or free water (bulk water) [44, 45]. The pores 
within the calcified matrix are filled with bulk water, creating a 
network of interconnected channels. Consequently, these pores 

(1)T = Taxial + Tradial

(2)
� ΔT(r, t)

�t
− � ∇2ΔT(r, t) =

Qres

�0cp

Fig. 1  Schematic of the temperature rise of bone during laser abla-
tion. Hs1 indicates the infinite number of heat disk sources, Hs2 rep-
resents the heat source on the surface of the bone. La, ΔLa, and Lc are 
ablation depth, effective heat depth after ablation pulse, and effective 
heat depth on the surface of the bone, respectively
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could serve as escape routes for laser-generated vapor, reduc-
ing pressure buildup that has the potential to diminish abla-
tion efficiency [46]. Due to the aforementioned shortcomings, 
alternative solutions were sought for a tissue-specific calibra-
tion method.

Phase‑sensitive OCT

PhS-OCT is a functional OCT-based technique that can 
detect the axial deformation of a sample with a higher 
degree of accuracy than its axial resolution. PhS-OCT can 
provide additional contrast to conventional OCT images 
in terms of tissue changes over time. For this purpose, a 
highly phase-stable OCT system is required to isolate the 
changes in the phase of the tissue under investigation. In 
general, although spectral-domain OCT (SD-OCT) dem-
onstrates higher inherent phase stability, faster imaging 
speed, and lower effect of fringes washout make SS-OCT 
more interesting for PhS-OCT applications [47]. Never-
theless, the mechanical principle of sweeping the wave-
length in conventional swept lasers, such as polygonal 
scanning mirrors, and microcavity tunable lasers with 
microelectromechanical systems (MEMS), causes lower 
phase stability compared to the SD-OCT [48]. It is worth 
mentioning that several studies reported software and 
hardware-based solutions to improve the phase-stability 
of the measurements [49]. In this study, an akinetic swept 
source is utilized which provides a high-phase stability 
by eliminating the mechanical part, providing high-phase 
stability without the need for further post-processing.

During laser osteotomy, the tissue absorbs high-power 
laser energy and results in generation of heat. Conse-
quently, the tissue expands and the optical path differ-
ence (OPD) changes on the surface of the tissue. At first, 
only the changes in OPD induced by Hs2, the heat source 
on the surface of the bone, are considered. The measured 
phase changes correspond to the integral of the refractive 
index within the depth of the tissue.

where n(T0) is the sample refractive index at the initial 
temperature, T0, and L0is the physical length of the sample. 
Assuming that the refractive index and the thermal expan-
sion coefficient of bone tissue change linearly over time [50]:

In addition, internal acoustic stress induced by the ablative 
laser causes thermoelastic deformation, which can be written 
as:

(3)OPD
(

T0
)

= ∫
L0

0

n(T)dz = n
(

T0
)

L0

(4)n(T) = n
(

T0
)

+
dn

dT
ΔT(z), �(T) = �

(

T0
)

+
d�

dT
ΔT(z)

In equation (5), ρ is the density of the tissue, u is the 
displacement, E is Young’s modulus, v stands for the 
Possion ratio, β is the thermal expansion coefficient, ∆T 
is temperature changes, and ∇ defines the displacement 
in the volume [51]. At the end of the acoustic stress, 
a quasi-steady-state equilibrium settles in. Therefore, 
the first term in equation (5) can be considered as zero. 
Then, the thermoelastic displacement can be described 
as:

Therefore, the total tissue displacement can be derived 
from the summation of the thermo-optic and thermo-elastic 
terms. J. Kim et al., reported that in this thermal model, 
considering the axial temperature profile of the tissue heated 
by laser (Beer-Lambert law, ΔT(z) = ∆(T0) exp(−μaz), axial 
displacement δ(T) can be written as [35]:

In equation  (7), Ca0, Ca1, Ca2, and Ca3 are constant 
terms to correlate the optical path difference to the cor-
responding temperature rise induced by the ablative laser. 
Changes in the phase (Δφ) in PhS-OCT can be converted 
as � =

�0��

4�n
.

For Hs2, where the conic-shaped laser-induced cut 
showed an infinite number of disk-heat sources, equa-
tion (4) for a specific depth could be written in a cylin-
drical coordinate. This indicated that the axial tempera-
ture profile (equation (7)) was modified by Hs2, which 
is a depth-dependent parameter; thus, the contribution 
of Hs2 adds more complexity to describing the bone’s 
axial temperature profile during laser ablation. There-
fore, in this study, a calibrated PhS-OCT method capable 
of predicting the axial temperature profile of bone tis-
sue induced by Hs1 and Hs2 is introduced. Equation (8) 
shows a simplified contribution of Hs1 and Hs2, which 
leads to the heat-induced displacement (δ′(T)) of tissue:

(5)
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Experimental setup and signal processing

A simple configuration of the tissue-specific PhS-OCT sys-
tem is presented in Fig. 2, where Fig. 2a shows the Bessel-
like beam OCT (BLB-OCT) system and Fig. 2b illustrates 
the modified sample arm for the PhS-OCT system. The 
configuration of the BLB-OCT has been described in [29]. 
The swept-source laser utilized in this experiment was a 
programmable akinetic swept-source laser (Insight Photonic 
Solutions, Inc.) with a central wavelength of λ0 = 1288 nm, a 
bandwidth of 60.9 nm, sweep rate of 104.17 kHz, and sam-
ple clock of 400 MHz (50% duty cycle). OCT’s wavelength 
is selected based on the density and highly scattering char-
acteristics of bone and its components [44, 45]. This wave-
length range exhibits less scattering and absorption com-
pared to shorter wavelengths. The conjunction of reduced 
scattering and absorption, combined with the deeper pen-
etration depth into bone tissue facilitated by BLB’s extended 
depth of focus, guarantees improved image contrast.

(8)
��(T) =

[

C
a0
+ C

Q0

]

+
[

C
a1
+ C

Q1

]

ΔT
0

+
[

C
a2
+ C

Q2

]

ΔT2

0
+
[

C
a3
+ C

Q3

]

ΔT3

0

Imaging parameters were selected to provide sufficient 
speed, image quality, and imaging range, which are crucial 
features for a visual feedback system in laser osteotomy. The 
arrangement of the BLB-OCT system, shown in Fig. 2a, 
included two circulators (C1, C2) that directed the light to 
the sample arm and to the reference arm while also deliver-
ing the light collected from both arms to the balanced photo-
detectors (PDB480C-AC Thorlabs). In the reference arm, the 
polarization controller, collimator lens (F260APC-C, Thor-
labs), dispersion compensation, axicon lens (AX-122C, apex 
angle of two degrees, Thorlabs), and mirror are represented 
by P, CL1, DC, AL, and M1, respectively. In the sample arm, 
the collimator lens, axicon lens (same as the reference arm), 
achromatic doublet lens (f=75 mm, AC127-075-C, Thor-
labs), and achromatic pair lens (f = 100 mm, Edmund optics, 
#47-302) are sequentially indicated by CL2, A2, L1, and L2. 
In Fig. 2b, the Er:YAG laser combined with the OCT laser 
using a custom-made dichromatic mirror (DM, 97% reflec-
tion at 2.94 μm, and transmission of > 90% at 1300±75 
nm), and focused on the sample using a f =75 mm calcium 
fluoride lens (L3, L5042, Thorlabs). The standard deviation 
of the phase sensitivity measured using a microscope glass 
slide (1 mm) is measured as ≈ ± 9.16 radians over 3 ms. 

Fig. 2  Schematic of the optical setup of the PhS-OCT system. a 
Schematic of the BLB-OCT system. b Integrated phase-sensitive 
OCT system and the ablative laser for PhS-OCT. P (polarization con-
troller), CL (collimator), M1 and M2 (mirrors), A1 and A2 (axicon 

lens, apex angle of two degrees), L1 (achromatic lens, f=75 mm), L2 
(achromatic pair lens, f=100 mm), and DM (custom-made dichro-
matic mirror)
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Figure 2c illustrates the corresponding measured displace-
ment sensitivity with a standard deviation of ± 9.4 nm.

To calibrate the tissue-specific PhS-OCT, phase information 
(using PhS-OCT) and the value of the temperature rise should be 
recorded simultaneously. In this experiment, a thermal camera 
is used as a reference. Despite the difference in the pixel sizes of 
these systems, to the best of our knowledge, an infrared camera 
is a standard technology that can remotely measure the tempera-
ture rise in the ablation regime (T>50 °C). The region of interest 
in selected based on the reference point (ablation crater) and 
correlation of the pixel sizes in both systems (170-μm thermal 
camera, 18 μm OCT). Then, the raw data from the PhS-OCT 
system and the thermal images from the thermal camera were 
recorded continuously, starting just before laser ablation, and 
ending when the sample returned to room temperature. The pre-
processing steps for the PhS-OCT included background subtrac-
tion, spectral shaping, and fast Fourier transformation. Then, to 
evaluate the phase changes, phase information of the sequential 
A-scans between the frames (1000 A-scans) was extracted and 
converted to the axial displacement. To remove the bulk phase 
fluctuation, cumulative phase information on the sample was 
subtracted from the reference value acquired by the calibration 
arm in Fig. 2b. To compare the temperature, rise and phase 
changes within the lasing window, a re-sampling was performed 
so that both systems would have the same sampling rate. Finally, 
by fitting a polynomial of degree three to the cumulative phase 
and temperature, the constants mentioned in equation (8) are 
determined. Having calculated a constant parameter with which 
to correlate temperature rise and cumulative phase change, the 
temperature rise corresponding to the phase change using the 
fzero function in Matlab software (version R2021b) is estimated.

Tissue‑specific phase calibration

Equation (8) denotes the correlation between the tempera-
ture rise and changes in the optical path length. Once the 
fitted coefficient has been established, the temperature rise 
of the bone at the same depth as the laser-induced during the 

calibration step can be calculated. Consequently, the calibra-
tion coefficient could be used in place of the thermal cam-
era to predict the temperature rise of the bone. The unique 
advantage of the proposed tissue-specific calibration method 
is that allows temperature rise of a sample without any initial 
information about the tissue.

Sample preparation

For this study, bovine femur slices were purchased from a 
local supermarket. The soft tissue was removed, and the 
bone was frozen for one day. Then, the edges of each bone 
were flattened using a bone saw. Ablating bone on the flat-
tened edge made it possible to monitor the temperature 
inside the bone tissue. After cutting, each bone was washed 
carefully with tap water to remove surface debris.

Results

Figure 3 illustrates the photothermal expansion of the bone dur-
ing laser osteotomy using an Er:YAG laser with a repetition rate 
of 10 Hz and an energy per pulse of 230 mJ. Figure 3a shows 
the intensity-based images of the recorded laser-induced cuts. 
The line at the bottom of the image represents the reference 
line, which was used to remove phase fluctuation. Figure 3b 
illustrates the extracted A-scan (red dashed line in Fig. 3a) 
from a sequence of B-scans over time (M-scan), and Fig. 3c 
corresponds to a zoomed-in version of Fig. 3b, where induced 
displacement by absorption of the laser pulse energy is visible.

As mentioned above, during the calibration process, 
simultaneous recording of the bone’s phase change and 
temperature change during laser osteotomy is required. Fig-
ure 4a demonstrates the calibration process performed on 
the bone, where the x-axis is the recorded temperature dif-
ference, and the y-axis shows the axial displacement.

In Figure 4a, the red line shows the polynomial degree 
three, which correlates the cumulative axial displacement 

Fig. 3  Induced photothermal expansion of the bone during laser osteotomy. a intensity-based image, b M-scan image corresponds to the A-scan 
illustrated by dashed red-line in a over time, and c magnified photo of the induced displacement of the bone tissue from b 
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Fig. 4  a Polynomial of degree three defines the calibration coefficient 
for correlating the temperature rise and corresponding axial displace-
ment. b The errors of the predicted temperature are shown using the 

coefficients acquired during the calibration process and used for three 
different spatial points on the same bone samples

Fig. 5  Monitoring the depth and temperature rise of the bone during 
laser osteotomy using an Er:YAG laser (10 Hz, 230 mJ energy per 
pulse). a Intensity-based image of the crater, b PhS-OCT image of 
the cumulative temperature rise, c reference temperature using a ther-

mal camera, and d comparison of the predicted temperature and tem-
perature rise on the surface of the bone. The duration of the experi-
ment was 3.7 s
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and temperature differences. Following the calibration pro-
cess and having acquired the required coefficient, equation 
(8) was used to predict the tissue temperature rise. Figure 4b 
shows the predicted temperature rise for three different spots 
on the bone tissue and the differences compared to the tem-
peratures recorded by the thermal camera. The comparison 
was performed at the same distance to the crater’s center as 
for the calibration experiment.

In addition to the single-point temperature measurements, 
the potential of using the coefficients acquired during the 
calibration process to predict tissue temperature rise in the 
B-scan OCT images (Fig. 5) is investigated. To investigate 
the two-dimensional temperature map, a thermal camera 
continuously monitored the bone’s temperature. Figure 5a 
corresponds to the intensity-based OCT image, which shows 
the depth and shape of the laser-induced cut in real time. 
Figures 5b and c demonstrate the predicted temperature map 
using PhS-OCT, and the reference temperature map using 
the thermal camera, respectively. Figure 5d compares the 
predicted temperatures and reference temperatures on the 
surface of the bone.

Discussion

Although laser osteotomy offers several advantages over 
conventional methods for bone surgery, induced thermal 
damage is a major challenge that limits its application in 
clinical settings. In this study, the potential of a PhS-OCT 
system to provide feedback for controlling irrigation and 
real-time feedback for monitoring the depth of the laser-
induced crater (provided by a conventional OCT system) is 
demonstrated. Figure 3 illustrates the photothermal expan-
sion of the bone during laser osteotomy, which underlies the 
proposed PhS-OCT method for determining tissue tempera-
ture rise. Here, in addition to tissue expansion, changes in 
the attenuation coefficients of the bone due to temperature 
increase are also visible. The latter of which can also be 
used to determine the temperature rise of the tissue [52]. 
The PhS-OCT calibration step is characterized by simulta-
neously monitoring the temperature rise of the tissue (using 
a thermal camera) and its photothermal expansion (using 
an OCT system) and defining the correlation between them 
using equation (8). Figure 4a shows the process of extracting 
the coefficient by fitting the recorded temperature difference 
and axial displacement of the bone using equation (8). An 
adjusted R-square of 0.9963 using a polynomial of degree 
three demonstrates that the fitted parameter can predict the 
temperature rise of the tissue. An initial decrease in the 
cumulative phase was followed by an increase in the bone’s 
temperature, due to the decrease in the refractive index of 
the water and the expansion of the bone’s structure dem-
onstrated in Fig. 4a [53]. During the experiments, it was 

noticed that this decreasing tendency varied among differ-
ent bone samples. Fresh bone, for example, had the greatest 
decrease in the phase, while dried bone did not show any 
initial decrease but followed an increasing trend from the 
first laser pulse. Extracting the attenuation map of the tis-
sue from OCT images could potentially prevent this issue 
by monitoring and classifying the status of bone samples 
(hydrated, dehydrated, and carbonized). The preliminary 
results demonstrated the potential of utilizing attenuation 
map to classify the status of bone, however, identifying the 
reasons for variation in attenuation profile can be challeng-
ing since it could arise from the refractive index change of 
the tissue or the reduced water content due to high tempera-
tures. It is worth noting that dependency of the refractive 
index on temperature limits this comparison in the ablation 
regime. This requires further investigation to calculate the 
refractive index of bone as a function of temperature.

The acquired calibration coefficients were used to predict 
the temperature rise of three different laser-induced cuts at 
the same distance to the center of the crater as the calibration 
experiment (Fig. 4b). The average value of root-mean-square 
error for the three experiments was estimated as 3.9 °C. The 
main error has been observed at the beginning of the laser 
ablation process, which attenuation map can assist in reduc-
ing this error by classification of the state of the bone. More-
over, the generation and accumulation of debris around the 
incision are considered contributing parameters affecting the 
precision of temperature prediction. The interaction between 
debris and subsequent laser pulses introduces variations in 
phase comparison on the bone’s surface. Utilization of high-
pressure air can potentially reduce this error. Additionally, 
the proposed calibration approach currently focuses on eval-
uating the temperature of a single pixel, However, extending 
this calibration to encompass all the pixels on the surface 
could not only enhance accuracy but also enable the determi-
nation of the relationship between tissue-specific parameters 
and the temperature profile (spans from the crater’s edge to 
more distant spatial point). The primary objective is to uti-
lize it as a feedback system for the irrigation process during 
laser osteotomy. This can be achieved by defining a desired 
threshold and considering the error.

Finally, further investigation was conducted to determine the 
two-dimensional temperature rise of bone using the calibration 
coefficients acquired at a single point (Fig. 5). A cross-sectional 
intensity-based OCT image of the laser-induced crater is pre-
sented in Fig. 5a, where both the depth and shape of the cut 
are visible. The calculated temperature rise of the bone in this 
experiment is given in Fig. 5b, and the reference temperature 
recorded by the thermal camera for comparison can be seen 
in Fig. 5c. The image acquired by the reference indicates that 
the highest temperature rise occurred inside the laser-induced 
cut, where the tissue had been removed. In contrast, due to the 
working principle of the PhS-OCT, the highest temperature 
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rise is detected at the borders of the crater. This unique fea-
ture, the ability to detect temperature where tissue exists, could 
potentially enhance ablation efficiency compared to utilizing 
a thermal camera for controlling an irrigation system [54]. 
The structure of the cut is not visible in the infrared camera 
image, making it challenging to find a suitable reference point 
on the surface. However, the PhS-OCT system can visualize the 
cumulative temperature rise of the bone during laser-induced 
ablation and preserve the crater’s shape. The phase noise and 
limited image range of OCT inside the tissue cause incorrect 
temperature detection. These errors can be minimized by select-
ing the region of interest in the PhS-OCT images based on the 
level of the signal in the intensity-based images of the OCT. 
Moreover, this process can also improve the calculation time 
required to produce PhS-OCT images. Figure 5d compares the 
temperature profiles on the bone’s surface, which implies the 
difference between the detected temperature rise inside the cut 
in PhS-OCT method and thermal camera. Since the principle of 
the PhS-OCT is to follow the cumulative temperature changes 
over time, the removal of tissue inside the cut results in the PhS-
OCT showing the last temperature reading at that point when 
the tissue was present.

The proposed method has the potential for use as a feed-
back mechanism by which to trigger pulsed irrigation dur-
ing laser surgery (instead of continuous irrigation). Fur-
thermore, calibrated PhS-OCT has the unique advantage 
of predicting the temperature rise of the tissue during laser 
ablation without prior knowledge of the opto-mechanical 
and thermo-optic properties of the target tissue, which are 
usually difficult to obtain. This method could be used in 
endoscopic applications and minimally invasive surgery, 
where a thermal camera would not be suitable. Although 
the PhS-OCT shows several unique advantages, it also 
has some limitations. To ensure the same configuration of 
the temperature distribution for Hs1 and Hs2, the distance 
between the bone and the focusing lens of the Er:YAG laser 
should be kept constant. Likewise, since this method uses 
induced cumulative phase changes, a proper unwrapping 
method is required to maintain the accuracy of this method. 
When transitioning from ex vivo to in vivo experiments, it 
is crucial to consider various parameters, including the pres-
ence of blood during surgery, the existence of other instru-
ments in the surgical room, and the patient’s movements. 
These factors have the potential to introduce noise into the 
phase measurements. To address this, the implementation of 
a real-time tracking and calibration algorithm is proposed. 
For instance, repositioning and real-time calibration can be 
performed by implementation of an external point tempera-
ture measurement (such as a miniaturized infrared camera). 
This continuous monitoring and adjustment of the acquired 
calibration parameters could potentially serve to enhance 
precision and maintain accuracy. In addition, the suggested 

improvement ensures the safety of laser surgery which is 
desired for medical applications.

Conclusion

Lasers have brought many advantages to the medical field of 
osteotomy; however, they are not without drawbacks. Dur-
ing laser osteotomy using Er:YAG lasers, thermal damage is 
usually prevented by applying a continuous irrigation system, 
which, consequently, may lead to water accumulation reduc-
ing the ablation efficiency. The experimental results demon-
strate the potential for utilizing the calibrated phase-sensitive 
OCT system as a temperature feedback mechanism, with an 
average root-mean-square error of 3.9°C. The introduced 
method is based on acquiring the tissue-specific parameters 
during calibration step by correlation of the measured temper-
ature (acquired by thermal camera) and photo-thermal expan-
sion (using phase-sensitive OCT). This feedback, combined 
with real-time visualization of the depth of cut using intensity-
based OCT images (as shown in Fig. 5), offers a compre-
hensive solution to mitigate thermal damage and monitor the 
depth of laser-induced cut during laser osteotomy procedures.

Improving the accuracy of temperature prediction by inte-
gration of an online calibration algorithm is among our main 
interests for the future. Furthermore, despite the fact that OCT 
can provide three-dimensional images of the tissue, limited 
comparison means preventing further investigation of the tem-
perature map which needs to be addressed. Independence of 
the phase-calibration method offers additional benefits such as 
acquiring the linear thermal expansion coefficient/refractive 
index of the tissue as a function of temperature.
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Chapter 5

Miniaturized OCT-assisted Laser
Ablation for Minimally Invasive

Laser Osteotomy

This chapter presents the miniaturized version of the OCT system integrated with an
Er:YAG laser. Coupling high-power lasers into fiber has always been a challenge. In this
publication, we coupled an Er:YAG laser into a sapphire fiber with high efficiency. We
integrated a miniaturized OCT system with it to monitor and control ablation depth.
Using the miniaturized integrated setup, we could achieve the controlled depth of ablation
up to 5 mm in a cow femur-bone tissue.

Publication: Hamidi, A., Bayhaqi, Y. A., Navarini, A. A., Cattin, P. C., Zam, A.,
& Canbaz, F. (2023). Towards miniaturized OCT-guided laser osteotomy: integration of
fiber-coupled Er: YAG laser with OCT. Optics Continuum, 2(10), 2106-2115.
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Abstract: Optical coherence tomography (OCT) combined with an ablative Er:YAG laser has
been recognized as a promising technique for real-time monitoring and controlling the depth of
laser-induced cuts during laser osteotomy procedures. In this study, a miniaturized OCT-assisted
Er:YAG laser system was developed for controlled laser ablation of bone tissue. The developed
system involved coupling a high-power Er:YAG laser into a sapphire fiber with a core diameter of
425 µm and miniaturizing the sample arm of a long-range swept-source OCT system. Controlled
laser osteotomy experiments were performed to evaluate the performance of the miniaturized
setup. Real-time depth monitoring and control were achieved through an optical shutter controlled
by the OCT system. The experimental results showed controlled ablation with a mean accuracy
of 0.028 mm when targeting depths of 1 mm, 3 mm, and 5 mm on cow femur bones. These results
demonstrate the potential of the developed miniaturized OCT-assisted Er:YAG laser system for
use in robotic-assisted minimally-invasive laser osteotomy.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In recent years, several studies have demonstrated the advantages of using lasers in the medical
field of bone-cutting (osteotomy). Laser technology offers distinct advantages by enabling precise,
sterile, and functional cuts to be performed remotely with a clear field-of-view, while preserving
the porous structure of bone, promoting accelerated healing [1–5]. The contactless nature of laser
osteotomy has the added benefit of incurring fewer mechanical effects in comparison to traditional
bone surgery methods [6–9]. Photo-thermal ablation using mid-infrared wavelengths has shown
promising results in laser osteotomy [7,10]. Bone tissue primarily consists of approximately
13 % water, 27 % collagen, and 60 % hydroxyapatite [11,12]. The Er:YAG laser (2.9 µm), with
its high absorption peak in water molecules present in bone tissue, is an ideal choice for laser
osteotomy [1]. Upon laser heating, the water molecules in the bone tissue rapidly evaporate,
resulting in micro-explosions and subsequent removal of the bone tissue [13,14]. This ablation
mechanism, commonly referred to as cold ablation in literature, offers high ablation efficiency
while minimizing thermal damage [15].

#497483 https://doi.org/10.1364/OPTCON.497483
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Despite the added benefits of employing lasers in the medical field of osteotomy, it is crucial to
note that the accuracy of lasers is contingent upon their level of control. Employing a real-time
visualization and depth monitoring system during laser osteotomy can improve the accuracy of
laser surgery, especially in minimally invasive procedures. For this reason, feedback systems
are essential for providing surgeons with the information required during laser surgery [16].
To date, several methods for real-time monitoring and feedback have been introduced. To
ensure that the laser-induced cut follows a pre-defined depth of cut, for example, monitoring
techniques include photoacoustic tomography, linnik interferometers using a femtosecond laser,
self-mixing interferometers, and cameras with high magnification optics [17–22]. There are
some drawbacks associated with each of these techniques, such as angled views of the ablation
cut, invasive detection, limited resolution, and limited application in miniaturized configurations.
One technique that may overcome these drawbacks is optical coherence tomography (OCT), a
non-invasive, high-resolution, and high-speed interferometric imaging modality with a wide
range of applications in the medical field [23]. The first study to use an OCT system to monitor
laser ablation successfully demonstrated its potential as a monitoring system [24]. Since then,
several researchers have confirmed the potential of OCT as a real-time visual feedback tool
during laser surgery [20,25,26].

With the advancement of OCT-assisted laser osteotomy in free-space, the next step is to develop
a miniaturized integrated setup for use in minimally-invasive laser osteotomy [27]. Jivraj et al.
demonstrated that a pulsed CO2 (1064 nm) laser coaxially integrated with an OCT system using
double-clad fiber could monitor a laser-induced cut up to 0.5 mm in cortical bone of porcine
scapula specimens [25]. Bernal et al. have shown that a fiber-coupled Er:YAG laser (germanium
oxide fiber) with a forward-cutting configuration can achieve a cutting depth of 6.82± 0.99 mm
in sheep bone [28]. Despite the promising outcomes of utilizing a germanium oxide fiber to
deliver Er:YAG laser into an endoscope for laser osteotomy, certain limitations such as the high
temperature of the fiber’s tip (approximately 70 ◦C) and its limited working distance hindered its
integration with a feedback system.

The present study builds upon our previous research, which focused on the integration of OCT
and Er:YAG lasers in free space, where the challenges of this integrated system are investigated
[5,10,20]. This study introduces a novel approach by integrating a miniaturized fiber-based
Er:YAG laser, employing a sapphire fiber, with a long-range swept-source OCT (SS-OCT)
system to enable real-time depth feedback during laser osteotomy. By optimizing the coupling
mechanism, a high coupling efficiency of 75.7 % with a stable fiber’s tip temperature of ∼ 31 ◦C
at an input energy of 990 mJ is achieved. The combined systems were successfully incorporated
into a compact probe with the dimensions of 13 mm × 42.1 mm x 10.13 mm for side ablation.
In addition, a depth-controlled system is developed which could stop the ablative procedure by
reaching the desired depth of laser-induced cut.

2. Methods

2.1. Miniaturized integrated setup

Figure 1 presents the schematic of the integrated setup designed for controlled bone ablation. A
programmable akinetic swept-source laser (SLE-101, Insight Photonic Solution, Inc., Lafayette,
CO, USA) was utilized, featuring a central wavelength of 1289 nm, a bandwidth of 62 nm, and
an A-scan rate of 104.17 kHz. For the ablation process, an Er:YAG laser (R4X100C2-ER,
MegaWatt lasers, USA,) producing 350 µs-long pulses was employed. In Fig. 1(a), the OCT
laser is directed to the reference arm (10 %) and sample arm (90 %) using a fiber optic coupler
(TW1300R2A1, Thorlabs). Then, OCT laser is delivered to the reference and sample arms
using an optical circulator (CIR1310-APC, Thorlabs). The reference and sample arm outputs are
connected to pigtailed ferrules (SMPF0115-FC, Thorlabs) and collimated using a grin lens with
0.23 pitch (GRIN2313A, Thorlabs). In the reference arm, the collimated beam is focused on the
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reference mirror (M1, PF10-03-M01, Thorlabs) using an achromatic doublet (L1, f = 30 mm,
AC127-030-C, Thorlabs). The reflected/scattered light coupled back to the fiber is sent to a
balanced detector (PDB480C-AC, Thorlabs) using a 50/50 fiber coupler. With this configuration,
the OCT system has an imaging range of 2.25 cm in the air, with an axial resolution of 11 µm.
During laser ablation of the bone, depth information is recorded using M-mode data over the
time of laser ablation.

Fig. 1. (a) Schematic of the integrated setup, (b) schematic diagram of the integrated
Er:YAG laser in the sample arm of the OCT system, (c) 3D-printed housing of the integrated
setup.

In Fig. 1(a), the output of the Er:YAG laser was controlled by an optical shutter (SH1/M,
Thorlabs) that received commands from the OCT system. The optical shutter has a 15 ms
response time based on the information provided by the manufacturing company. Fiber coupling
of Er:YAG laser was performed by a CaF2 lens (L2, f=50 mm, LA5763, Thorlabs). The sapphire
fiber (Photran, USA) had a core diameter of 425 µm, with a numerical aperture (NA) of 0.12.
Sapphire fibers serve the purpose of maintaining low tip temperature and minimizing beam
divergence. However, a major drawback of using sapphire fibers is their cost because drawing
sapphire fibers is challenging due to their high melting temperatures, leading to the production
of costly pieces that typically offer limited length options. During the fiber coupling process, a
thermal camera (FLIR A655sc, accuracy = ± 2 ◦C) was used to monitor the temperature rise at
the tip of the fiber. We used a sapphire fiber in these experiments because of the low temperature
of the fiber tip and the small NA of the fiber [29]. The length of the sapphire fiber was ∼ 1 m.
During the bone ablation experiments, the repetition frequency and the output energy of fiber
were set to 5 Hz and 1 J/pulse, respectively.
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Figure 1(b), shows an enlarged version of the integrated Er:YAG laser in the sample arm of the
OCT system. It is worth noting that the required size of the optics was not readily available off
the shelf. As a result, the optical elements underwent manual grinding. The required diameter
of the optical components is attained by grinding the optics, which are mounted on a milling
head, using 1000 and 2000-grade sandpapers. This process is performed with respect to the
calculated beam size and designed housing. The 3D-printed housing is designed with a proper
grooved holder for each optics which aids the initial alignment of the system. The OCT laser
was collimated using a grin lens (L3) and focused using a polished achromatic doublet (L4, f =
30 mm, AC127-030-C, Thorlabs) with a diameter of 3 mm, and directed to the dichroic filter
using a right-angle mirror (M2, # 65-844, Edmund Optics). The spot size is calculated as 51 µm.
Fine alignment of the OCT is performed by adjusting the M2. Induced dispersion mismatched
between the reference and sample arm is compensated using a standard dispersion compensator
algorithm. The Er:YAG laser was focused on the sample using a polished lens (L5, f = 20 mm,
LA5315, Thorlabs) with a diameter of 6 mm. The distance between the laser’s fiber output and
the lens was 2.3 cm, and the corresponding beam diameter was measured to be 0.9 mm. The
waist location was 4.9 cm away from the lens. The working distance of the current design is
roughly 2.2 cm away from the sapphire window. The spot size was intentionally kept relatively
large to ensure that no damage was induced on the dichroic mirror and to provide a long depth of
focus. OCT and Er:YAG lasers were combined using a custom-made dichroic filter (DM, 97 %
reflection at 2.94 µm, and 90 % transmission at 1289 ± 75 nm, II-VI Coherent, USA). For aligning
the sapphire fiber, we utilize a fiber optic positioner (FP-1A, FPH-J, Newport) with the fiber’s
end-tip. This positioner is mounted on a linear translation stage (PT1/M, Thorlabs) that offers the
necessary degrees of freedom for fiber alignment. We carry out this alignment process using
a 532 nm laser diode coupled to the fiber through a flip mirror within the path of the Er:YAG
laser in free space. Finally, A 0.5 mm thick sapphire window was used in the miniaturized setup
to protect the optics from debris generated during laser osteotomy (Ultitech Xiamen, China).
Figure 1 (c) shows a photo of the 3D-printed housing of the integrated setup and its design.

2.2. Depth-controlled ablation

Depth-controlled ablation is performed by controlling the optical shutter with the OCT software.
In free space, the depth-control software works based on the detection of the depth in the middle
of the crater and comparing it with the reference lines (in the left and right of the ablation crater).
This depth predication is enhanced by using the Kalman filter, which is based on a constant
ablation rate model, and has the potential to stop the ablative laser before reaching the desired
depth based on the prediction that the next pulse will ablate more than the pre-planned depth
of the cut [30,31]. The reference point was set to be the surface of the bone before ablation.
In addition, irrigation causes an accumulation of water inside the laser-induced cut, and the
next pulse causes a water explosion which can dramatically affect the depth measurements. The
detection of the water’s surface as depth of cut can cause an error. We have modified the depth
detection algorithm to ignore the values which show a decrease in the depth of cut compared to
the last measured depth.

3. Results and discussion

3.1. Er:YAG laser: fiber coupling

Coupling a high-energy laser into a fiber has always been a challenge, which has been clearly
described in our previous study [29]. When employing fibers for surgical applications via
endoscopes, the coupling mechanism must be highly robust. Thus, in this study, we implemented
a thermal camera and an aperture to monitor the maximum temperature at the fiber tip and adjust
the energy on the fiber through the beam size on the fiber. Before increasing the energy level,
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the aperture diameter was reduced to deliver approximately 50 mJ of energy into the fiber. At
the next energy level, first, the tip position was optimized in the x, y, and z directions. Since the
laser output consists of multiple longitudinal modes that may vary with different output energies
and shift the focal plane, this step enhanced the repeatability of the fiber coupling process by
observing the temperature increase of the fiber tip while repositioning the fiber, especially in the
z-direction. The simultaneous temperature measurements helped to foresee the damage before it
occurred. With the suggested method, once the fiber position was optimized, the setup required
no further alignment for months. Concurrently, continuous monitoring of the tip temperature
served as feedback to assess the risk of fiber damage, reinforcing the robustness of the coupling
setup. For instance, tip temperature measurements around 31 ◦C suggested "safe positions," while
temperature readings above 35 ◦C ended up damaging the fiber. Thus, this approach enabled
the determination of the optimal position for the fiber tip, considering not only the transmitted
energy but also the tip temperature. This outcome has paved the way for the development of a
resilient fiber coupling system that holds the potential for future automation. Note that, diffraction
can hinder the coupling efficiency with this method when the aperture blocks the beam. An
alternative could be using a half-wave plate and a beam-splitter combination, however, a feedback
signal may still be needed from the fiber tip to prevent any damage.

Table 1 presents the performance of the sapphire fiber at various energy levels. The sapphire
fiber demonstrated an estimated maximum transmission of 80 % at the lowest input energy.
The average coupling efficiency, which is closely aligned with the estimates provided by the
manufacturer (Photran, USA), reached 76.5 %. The maximum input tip temperature recorded was
approximately 31◦C. It was observed that the fiber tip suffered damage beyond this temperature
threshold, potentially attributed to the high beam intensity at the center, considering a Gaussian
beam profile for the laser. Damage due to dust during the experiments usually resulted in a
momentary irreversible decrease in the transmitted energy. During the fiber coupling tests,
however, as soon as the applied peak fluence was above 2.1 kJ/cm2, the fiber tip was ablated. We
performed the experiments at a safe level peak fluence level of 1.76 kJ/cm2. Figure 2 (a) depicts
the experimental configuration of the fiber coupling setup, where a thermal camera placed above
the fiber’s tip monitored temperature changes. Figure 2(b) illustrates the maximum temperature
rise experienced by the fiber’s tip during the coupling procedure. As previously mentioned,
the spatial filter was gradually opened after the laser initiation, resulting in an increase in tip
temperature. The vertical dashed line in Figure 2(b) indicates the time when the maximum laser
energy was delivered into the fiber. The graph reveals that the fiber’s tip temperature fluctuated
within the range of the maximum and minimum temperature values (indicated by horizontal
dashed lines), confirming the stability of the temperature throughout the experiments.

Table 1. Evaluation of coupling efficiency and measured tip temperature of the
sapphire fiber.

Input energy (mJ) Coupling efficiency (%) Maximum measured input tip temperature (◦C)

110 80 27.7

210 71.4 27.7

380 79.2 29

566 75.9 29.8

770 76.6 30.2

990 75.7 31

3.2. Depth-controlled laser osteotomy

The Er:YAG arm of the miniaturized integrated setup consisted of a focusing lens, dichroic mirror,
and a sapphire window after the fiber. At the maximum input energy of 1000 mJ, the fiber was
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Fig. 2. Er:YAG laser fiber coupling configuration. (a) Experimental setup, and (b) the
temperature of the fiber tip during the fiber coupling procedure.

able to transmit 75.7 % of the input energy. After the optics, the transmitted energy was 420 mJ
corresponding to 56 % of the delivered energy and a peak fluence level of 132 J/cm2 on the
sample. Optical instruments used in the miniaturized probe for the Er:YAG laser were prepared
by polishing, grinding, and cutting, possibly decreasing the surface quality and increasing the
losses. We believe the overall transmission can be improved up to 65 %. Figure 3 depicts
the real-time monitoring of bone tissue ablation utilizing the developed OCT system. The
experimental procedure was conducted on cow femur bone tissue. The acquisition of OCT
images commenced prior to the initiation of the first pulse from the Er:YAG laser and ceased
upon completion of laser ablation. In Fig. 3, the process of creating a laser-induced cut with a
depth of 4.35 mm is illustrated. It is important to highlight that manual irrigation was employed
during laser ablation to minimize bone tissue dehydration, while pressurized air was directed
towards the cut to remove accumulated water. We employed manual irrigation by monitoring
reduced ablation efficiency through sound generation and OCT depth detection [5,32]. With
the help of manual irrigation, no visible thermal damage was induced in the bone samples, and
clean line cuts were achieved. Furthermore, given the high water absorption of the Er:YAG laser,
it is crucial to eliminate accumulated water within the laser-induced cut, as this water can act
as a protective barrier and diminish ablation efficiency [29]. The vertical and horizontal lines
observed in Fig. 3 correspond to the water explosion within the bone and the reflection from the
protective window, respectively [20].

As the next step, we created laser-induced cuts with pre-defined depths of 1 mm, 3 mm, and
5 mm. Real-time monitoring of the ablation crater using the OCT system allows us to provide this
feedback and send a close command to the optical shutter when the desired pre-planned depth
of the cut is reached. The depth of the cut is determined by comparing it to the bone’s surface
before the start of the ablation. Figure 4 shows the corresponding results of the depth-controlled
ablation using the miniaturized integrated setup. Performance was evaluated by making three
laser cuts on the bone tissue at the three pre-defined depths (controlled using M-mode OCT
image in real-time), and measurements were taken using the same OCT system with a free-space
sample arm of OCT system which is described in our previous study [20]. This sample arm
is empowered using a Bessel-like beam which extends the depth of focus up to 28.7 mm. For
the pre-determined 1 mm, 3 mm, and 5 mm deep cuts, the mean values were 1.0487 mm (std=
±0.0336 mm), 3.0873 mm (std=± 0.1303 mm), and 4.972 mm (std=± 0.2382 mm), respectively.
The average ablation efficiency is measured as 0.338 mm3/s in this experiment.
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Fig. 3. Bone tissue ablation process as a function of time (M-mode). Vertical lines indicate
splashes of the water accumulated in the laser-induced cut.

Fig. 4. Depth-controlled ablation of the bone tissue. (a), (b), and (c) present the pre-defined
ablation depths of 1 mm, 3 mm, and 5 mm, respectively.

4. Conclusions

The Er:YAG laser has demonstrated great potential in laser osteotomy, offering deep ablation
with minimal thermal damage to surrounding tissues. Additionally, OCT-assisted laser ablation
has proven to be a reliable system, providing real-time feedback on the depth of laser-induced
cuts. In this study, we miniaturized the integrated setup by coupling the Er:YAG laser into a
sapphire fiber. A maximum output energy of 750 mJ was achieved when ablating bone tissue,
with a fiber tip temperature of 30◦C. However, the incorporation of an uncoated focusing lens,
dichroic filter, and sapphire window led to a decrease in energy output to ∼420 mJ. Nevertheless,
we were able to achieve a 5 mm ablation depth on bone tissue using the fiber-coupled Er:YAG
laser at a repetition rate of 5 Hz. The miniaturized integrated setup exhibited a promising average
ablation rate of 0.338 mm3/s, compared to previous studies involving the use of the Er:YAG
laser in osteotomy [7,28,33]. As the width of the cut and the parameters related to irrigation
and pressurized air play a crucial role in investigating the efficient ablation rate, further research
is necessary to enhance its efficiency. We tested its performance with pre-determined ablation
depths of 1 mm, 3 mm, and 5 mm. The depth-controlled ablation system errors were ±0.0336 mm,
±0.1303 mm, and ±0.02383 mm, respectively. The Er:YAG laser has demonstrated the output
energy of 1.056 J±61.22 mJ measured over 169 pulses. The main error in the depth-controlled
ablation arises from the lack of real-time adjustment of the energy of the Er:YAG laser. For
instance, in the depth-controlled ablation monitoring using the OCT system, the energy of the
last laser pulse should be modified to remove the required depth indicated by the OCT system. In
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addition, relatively slow communication to the optical shutter can also contribute to the induced
error.

Despite its distinct advantages, the miniaturized integrated setup does have certain limitations.
Long sapphire fibers are costly and hard to produce mainly because of their high melting
temperatures. However, because of their resilience to high energies, low divergence, and low tip
temperature under laser illumination, they have great potential to be used in minimally invasive
surgical applications of lasers. In our study, however, we used a 1-m fiber to test the integrated
setup for bone ablation performance and to investigate challenges of integration, but in certain
medical cases, this length could be limiting. To use sapphire fibers in clinical devices, the
first step would be the extension of the length to at least 2 m. This could increase the losses
and decrease the transmitted laser energy. In addition, since our primary goal is to achieve a
robotically controlled minimally invasive surgical probe, we should consider placing the ablation
laser and the fiber coupling setup close enough to be able to use this length. In real surgery, the
miniaturized integrated system needs to be accompanied by suction and pulsed irrigation units.
These additions would be necessary to avoid the blood layer on the bone surface blocking the
laser ablation. Furthermore, the miniaturized probe would also require tissue-specific surgery, by
incorporating miniaturized tissue detection systems.

The integration of the fiber-based Er:YAG laser with the OCT system in a compact configuration
leads to increased housing temperature, which can hinder the use of scanning mechanisms (such
as MEMS mirrors, micro motors, etc.) [34]. Due to the limited reflection of the dichroic mirror
at 2.9 um, the leaking energy caused a temperature increase of up to 80◦C (at this point the laser
beam was blocked before any damage). The damage to the 3D-printed material was prevented
by doing the ablation experiment in discrete steps, allowing the material to cool down. This
could be easily avoided by using a custom-made beam block. Furthermore, as demonstrated
in a previous study, laser ablation of bone tissue generates debris that can accumulate on the
protective window during laser osteotomy [20]. Although the Er:YAG laser can clean its path on
the protective window, the surrounding area remains covered with debris. Since the accumulated
debris layer consists of bone particles and water splashes, the ablation laser induces ablation
on the surface at the center of the beam where we expect to have higher intensity. This was the
reason behind employing the M-mode scanning system to capture images through the clean path
on the sapphire window. The measured errors in the depth-controlled system indicate that the
errors tend to increase with the depth of the laser-induced cut. These errors primarily arise due
to the accumulation of water inside the laser-induced cut, which cannot be effectively removed
by pressurized air. Consequently, depending on the volume of water accumulated inside the cut,
either the surface of the cut or an incorrect depth of the cut (due to the refractive index of water)
may be detected.

The miniaturized system has exhibited promising performance in creating laser-induced cuts
on bone tissue. However, to facilitate its application in robot-assisted laser osteotomy, several
enhancements are necessary. First, the designed 3D-printed housing lacked the degree of freedom
required for aligning the mirror and dichroic filter. This can be achieved by designing a holder
that can be adjusted with a screw. The implementation of a top-hat beam shaper holds the
potential to improve the maximum energy coupled to the fiber. Furthermore, further exploration
of the scanning methodology for both the OCT system and Er:YAG laser is warranted. This
would enable the acquisition of two-dimensional OCT images and line cuts. Employing scanning
for the Er:YAG laser can also offer the advantage of cleaning the protective window, thereby
enhancing the quality of OCT images. By optimizing the system developed in this study, there is
a promising outlook for its utilization in minimally invasive robot-assisted laser osteotomy. We
foresee that with the advancement of high-energy custom-made optics and miniaturized holders,
the size of the integrated system can be further reduced.



Chapter 6

Discussion and conclusion

6.1 Discussion

The main objective of this doctoral thesis was to develop a reliable and accurate visual
feedback system for surgeons during laser osteotomy using an OCT modality. The de-
veloped system had to provide real-time images of structural and dynamic changes in
bone tissue during laser osteotomy. Furthermore, the integrated system (Er:YAG laser
and OCT) had to have the potential for miniaturization to fulfill the aim of the MIRA-
CLE project for minimally invasive laser osteotomy. The following research was therefore
carried out in the framework of this thesis project.

Chapter 3: As a first step, we developed a long-range OCT system (26.2 mm imaging
range in air) integrated with an Er:YAG laser to be able to monitor deep laser ablations
of bone. To achieve optimal image quality within the imaging range, we designed and
implemented a Bessel-like beam OCT system to achieve an extended DOF of 28.7 mm. In
addition to an extended DOF, the self-healing properties of the BLB could reduce imaging
artifacts during laser osteotomy, such as debris and water droplets. An experimental
comparison of the Gaussian beam and the BLB demonstrated the significant advantages
of the BLB in the presence of imaging artifacts. The results of this study demonstrate the
potential of the developed integrated system to monitor the ablation of bone in real-time.

Chapter 4: Temperature rise in bone during conventional and laser osteotomy can
lead to irreversible damage to critical surrounding tissue. Monitoring and controlling
temperature rise in bone tissue is therefore crucial to achieving safe laser osteotomy.
We experimentally demonstrated that a calibrated phase-sensitive OCT system could be
used to monitor temperature rise in tissue in real-time. The preliminary results show that
tissue-specific optomechanical and thermo-optical properties can be acquired to estimate
the temperature rise in bone during laser ablation.

77



78 Discussion and conclusion

Chapter 5: Safe and accurate laser osteotomy additionally requires feedback from a
tissue sensor. A tissue sensor can detect the type of tissue before laser ablation and per-
form tissue-specific laser ablation. To do this, we integrated tissue differentiation using
the LIBS method with the BLB-OCT and Er:YAG laser. The optical design aimed for
a coaxial combination of the Er:YAG laser, the OCT system, and the Nd:YAG laser to
improve the safety and accuracy of laser osteotomy. The experimental results demon-
strated that the developed system generated a map of the tissue surface and detected
the type of tissue before firing the ablation laser as the cut proceeded into the depth of
the tissue.

Chapter 6: For minimally invasive endoscopic applications, the integrated setup (OCT
and Er:YAG laser) was miniaturized. As a first step, we optimized the coupling efficiency
of the Er:YAG laser into a sapphire fiber. The ablation procedure was monitored and
controlled using an integrated OCT system with a fiber-based Er:YAG laser. The first
miniaturized prototype demonstrates the possibility of cutting femur bone tissue up to
5 mm in a controlled way.

6.2 Future work

Several approaches can be pursued in the future toward achieving real-time and accu-
rate visual feedback during laser osteotomy. Regarding the accuracy of depth-controlled
laser surgery, improving the properties of Er:YAG lasers could improve the results. The
ablation rate of the Er:YAG laser in bone tissue does not follow a constant value and
highly depends on the optics and properties of the tissue. This fact suggests that an extra
degree of freedom to control the energy per pulse during laser ablation could improve
preplanned laser ablations. Furthermore, a laser cut induced by a Gaussian-intensity
laser beam follows a conical geometry. The cone-shaped profile of the cut could reduce
the contrast between the OCT image and the collection of plasma light on the tissue sen-
sor at the bottom of the laser-induced cut. Therefore, using a top-hat intensity Er:YAG
laser could improve the accuracy of the feedback of both OCT and LIBS systems.

Accumulated debris and water droplets on the protective window are significant issues
for the feedback system during laser osteotomy. Although solutions like using continuous
air pressure to clean the window, mechanical cleaning methods, and taking advantage
of the self-healing properties of the Bessel beam could reduce this issue, in long-lasting
ablations to reach deep levels, alternative solutions are sought. For instance, we have
noticed that during laser osteotomy the Er:YAG laser could clean its spot size on the
window by ablating the accumulated debris. Developing a custom-made double-clad fiber
to deliver the OCT and Er:YAG laser into the endoscope could therefore solve this issue.
Another approach could consist in overlapping the Er:YAG laser with the OCT scanning
rather than moving the bone tissue or displacing the ablation unit by a robotic arm. This
would provide a clear field of view for the OCT system. For instance, a fixed housing
and two separate proximal scanning systems could be utilized for OCT (B-scan) and
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the integrated unit could be used to clean the protective window based on the OCT’s
feedback.

This thesis demonstrates the preliminary results of using phase-sensitive OCT for
temperature feedback during laser surgery. Integrating the miniaturized infrared detector
into the OCT system could provide a continuous calibration of the predicted temperature.
In addition, as demonstrated in Figure 2.5, a clear change in the attenuation profile of
bone tissue over the time of laser ablation is visible. Investigating the attenuation profile
of bone in different conditions (fresh, dehydrated, and carbonized) can lead to another
feedback for the irrigation system to prevent thermal damage.

We presented the first prototype of the miniaturized OCT-guided laser osteotomy.
Nevertheless, additional improvements are essential to achieve the required size for min-
imally invasive laser osteotomy [83]. For instance, exploring the development of double-
clad fiber optic for OCT and Er:YAG laser wavelengths represents a promising solution
to meet this objective. A shared challenge in the scanning mechanism used for endoscopic
applications is its low-temperature tolerance, which hindered its implementation in this
study. Further investigation on the isolating mechanism between optics and electronics
in the scanning system can potentially address this challenge.

6.3 Conclusion

In conclusion, we have developed a long-range visual feedback system capable of mon-
itoring the depth of the cut and temperature rise in bone tissue and producing three-
dimensional images of the cut. This feedback mechanism was integrated with an Er:YAG
laser to provide real-time controlled laser osteotomy. Finally, the integrated OCT system
and Er:YAG laser was miniaturized for minimally invasive surgery.
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[35] Stefan Stübinger. Advances in bone surgery: the er: Yag laser in oral surgery and
implant dentistry. Clinical, Cosmetic and Investigational Dentistry, 2:47, 2010.

[36] Zhao-Zhang Li, Lou Reinisch, and Willem P Van de Merwe. Bone ablation with
er: Yag and co2 laser: study of thermal and acoustic effects. Lasers in Surgery and
Medicine, 12(1):79–85, 1992.

[37] Zhenzhi Ying, Liming Shu, and Naohiko Sugita. Bone milling: On monitoring cut-
ting state and force using sound signals. Chinese Journal of Mechanical Engineering,
35(1):1–12, 2022.

[38] Stephan Rupprecht, Katja Tangermann-Gerk, Joerg Wiltfang, Friedrich Wilhelm
Neukam, and Andreas Schlegel. Sensor-based laser ablation for tissue specific cut-
ting: an experimental study. Lasers in medical science, 19(2):81–88, 2004.

[39] Jose A Robles-Linares, Dragos Axinte, Zhirong Liao, and Andres Gameros.
Machining-induced thermal damage in cortical bone: Necrosis and micro-mechanical
integrity. Materials & Design, 197:109215, 2021.

[40] Yici Guo, PP Ho, H Savage, D Harris, P Sacks, S Schantz, Feng Liu, N Zhadin, and
RR Alfano. Second-harmonic tomography of tissues. Optics Letters, 22(17):1323–
1325, 1997.

[41] Paul JL Webster, Logan G Wright, Kevin D Mortimer, Ben Y Leung, Joe XZ Yu,
and James M Fraser. Automatic real-time guidance of laser machining with inline
coherent imaging. Journal of Laser Applications, 23(2):022001, 2011.

[42] Francesco P Mezzapesa, Lorenzo Columbo, Massimo Brambilla, Maurizio Dabbicco,
Antonio Ancona, Teresa Sibillano, Francesco De Lucia, Pietro M Lugarà, and Gae-
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