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ABSTRACT
The Holmium laser has become established in orthopedic surgery and urology due to its unique

combination of mechanical and thermal properties induced by explosive vapor bubbles. In a
specialized setup, real-time high-speed and thermal images of dynamic vapor bubbles and thermal
relaxation at a water tissue interface were obtained simultaneously. The thermal effects in the tissue
model were correlated to the characteristics of the bubbles dependent on pulse energy (0.2-4 J), pulse
repetition frequency (5-40 Hz), distance and angle of fiber delivery system (diameter 365 jim) to the
tissue surface. Up to a fiber-to-tissue distance of 50% of the radius of the bubble, only a superficial
tissue layer was heated. During bubble implosion, the tissue surface was attracted to the fiber, ripping
of irregularities, and was effectively cooled by turbulence. In case of hard tissues, the bubble detached
from the fiber imploding towards the hard surface. At closer distances (<50% of bubble radius), the
tissue itself was vaporized resulting in mechanical damage and thermal relaxation into the tissue,
especially above repetition rates of 5 Hz.

There is a strong correlation between the path length ofthe free beam within the bubble and the degree
of mechanical and thermal damage in the tissue directly irradiated by this beam.

During clinical applications the surgeon should be aware of the size of the vapor bubble in relation to

the distance and angle with the tissue for safe and optimal use of the mechanical and thermal
properties of the Holmium laser
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1. INTRODUCTION
Since the introduction of the holmium laser in the medical field, the number of applications has grown
rapidly. This is mostly attributed to its unique combination of cutting and hemostatic capabilities .
The use of the Holmium laser for lithotripsy in urology 2 and for cartilage defects in orthopedic

surgery is commonly accepted. Applications like prostatectomy, and discectomy in neurosurgery"
are evolving. Other fields of surgery e.g. dacryorhinocystotomy (DCR) in ophthalmology are
currently under investigation. Above mentioned procedures comprise as well hard as soft tissue
applications. Depending on the tissue properties the surgeon needs a controlled extent of either
thermal or mechanical tissue effects. However, the surgeon has a large range of laser settings and
methods of energy delivery at his disposal.

Therefore, the aim of the study was to investigate the correlation between mechanical and thermal
effects of the Holmium laser in relation to pulse energy, the pulse repetition rate and the angle of
irradiation frequency to provide a 'rule of thumb' for the surgeon for a safe and optimized treatment
strategy
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2. HOLMIUM LASER TISSUE INTERACTION
The Holmium laser light is usually delivered to the tissue through fiber delivery systems under
endoscopic guidance. Therefore, the fiber tip will be submerged is a liquid medium like water or
saline. The 2.1 im mid-infrared wavelength ofthe holmium laser light is absorbed in the first 500 tm
layer of (tissue)water in front of the laser beam.

At the start of the typically 300 is laser pulse, the water is instantly vaporized forming a rapidly
expanding vapor bubble. The initial bubble creates an 'opening' through the liquid in front ofthe fiber.
While the laser pulse continues, The beam vaporizes the front-end or 'top' of the bubble increasing the
size and changing its shape to a 'pear' . This process is usually referred to as the 'Moses effect' 6• This
process is depicted in the sequence of still-frames in Figure 1.

At the end of the laser pulse the mechanical expansion still continues due to mass inertia until the
underpressure will finally cause implosion of the vapor bubble. During implosion, the momentum of
the liquid mass is focussed towards the center in implosion. The accelerated liquid forms jets and
potentially shock waves capable oftearing soft and breaking hard tissues .
Although the penetration of the laser beam at the start of the laser pulse is only 500 m, the beam can

penetrate up to 15 mm into the (tissue)water at 4 J. Up to this distance tissue within the range of the
bubble can be effected 8 A distinction can be made between direct interaction with the tissue due to
direct exposure to the laser beam and indirect interaction due to the bubble.
During bubble implosion the heat of condensation is dissipated in the surrounding liquid resulting in

thermal effects in the liquid or tissue. In the liquid and at tissue surfaces, the thermal energy is
effectively dissipated due to turbulence induced by the bubble implosion. In tissue, however, the
temperature increase can be substantially. Depending on the temperature level, the tissue can be
coagulated or thermally remodeled .

Figure 1. Holmium laser light induced expanding and collapsing vapor bubble.
Time frame of the sequence is about ims

3. MATERIAL & METHODS
To unravel the relation between the thermal and mechanical effects after holmium irradiation, the
bubble dynamics, resulting in accumulation of thermal energy and destructive mechanical effects,
were visualized simultaneously. Fast photography and Color-Schlieren techniques 10were combined to
obtain real-time mechanical and thermal action of the laser pulse near and within the tissue.
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3.1 Fast photography
Time delayed high-speed photography with a temporal resolution of 1 ts was used to capture the
development of the bubble during the vaporization process and the implosion. A 'start of pulse signal

from the laser was time-delayed with a preset time to trigger an arc flash lamp illuminating the
vaporization process at the fiber tip Figure 2. It is assumed that the vapor bubble formation is
reproducible, so the sequential images of the ablation process were obtained from different individual
bubbles at time-delays from 0 - 1000
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Figure 2. Experimental setup combining Schlieren optics andfast photography

3.2 Color Schlieren imaging
The thermal effects were visualized by means of Color Schlieren techniques based on an optical
processor. Using this method, very small changes in optical density, induced by flow, pressure or
temperature gradients inside an optically transparent medium, can be color-coded resulting in color
images. These images are obtained with resolutions in the millisecond region and are comparable with
thermal-images produced by a thermo-camera. The feasibility of this technique was shown in previous
studies ofthermal effects of cw and pulsed lasers 10
3.3

Artificial tissue, PAA gel
For the setups used in this study, the ablation effects of the irradiated tissue can only be visualized in
transparent media. Therefore, a polyacrylamide gel (PAA) was used which resembles tissue such that
it consists of merely water in a matrix of organic molecules and consequently thermal characteristics
are comparable to biological tissue. For the highly absorbed wavelength of the Holmium laser, it was
assumed that beam scattering could be neglected so the optical properties are also similar. The use of
polyacrylamide gel ensures reproducibility of the samples and enables molding of the material in the
required geometry for a Schlieren setup.

3.4 Laser and experimental settings
An 80W Holmium laser (Coherent Versa Pulse, Palo Alto, Ca) was used; the maximum pulse energy
was 4J at a repetition frequency of 20 Hz and maximally 40 Hz with 2 J pulses. The experiments were

performed under conditions and settings, simulating the clinical situation as observed during
orthopedic surgery and urologic treatments. In a water environment, the distance and angle of a 365
tm bare fiber tip was varied in relation to the surface of the tissue model, which was exposed to series
of laser pulses. Table 1 gives an overview of the parameters varied during the experiments. During
laser exposure real-time images were recorded on video. From the videotape, hard copies of stillframes were obtained for measurements.
Table 1. Overview experimental settings

range

Energy

Angle

Distance

0.2 - 4 J

0 — 900

1

- 5 mm

Rep. Rate
5 - 40 Hz
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4. RESULTS
4.1 Basic laser-tissue interaction: bubble size and thermal zone
Because of the thermal as well as mechanical action mechanism, the experiments were aimed at
determination of the relation of both effects. The size of bubble was directly related to the energy
content of the laser pulse as shown in Figure 3.
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Figure 3. Measured values of the bubble and its tissue effects.

The left image shows a composition of a fast photography and a thermal image from the same 'bubble

formation'. The dark area represents the artificial tissue with water on top. Arrows refer to the
dimensions obtained for bubble size, extent of the thermal and ablated zone. The right graph shows
bubble diameter, the extent of the thermal as well as the ablated zone as function of the energy per
pulse. The thermal zone was determined after 5 pulses and shows a good correlation with the bubble
diameter.
The ablated zone was defined as the area where cracks could be observed in the model. These cracks
can be attributed to vapor formed in the polyacrylamide gel structure itself by absorption of the laser

beam as illustrated in the top row images of Figure 6. The curve of the ablated zone in Figure 3
correlates to about half the bubble diameter. The originally pear shaped vapor bubble is deformed by

the tissue surface since the vapor can expand less freely like in an all liquid environment due to
mechanical properties of the artificial tissue.

4.2 Accumulation of thermal energy
Figure 4 shows the accumulation of thermal energy after consecutive pulses of 0.5 J at 5 Hz, irradiated

under a 45° angle. At this distance, the bubble partly overlaps the tissue. The thermal area grows
especially during the first 5 pulses. Between 5 to 10 pulses, this area expands slowly to thermal
equilibrium. The images after 5 and 10 pulses also show the ablated area clearly. This tissue area is
located in the path of the beam and is vaporized by direct irradiation.

At the surface of the tissue, the presence of 'thermal flares' suggests turbulence induced by the
imploding bubbles contributing to effective heat dissipation in the water. The combined effect of heat
conduction into the tissue and effective surface cooling due to turbulence, might explain the onset of a
thermal equilibrium already after 5-10 pulses.
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Figure 4. Accumulation of thermal energy.

4.3 Thermal effects in relation to irradiation angle
The tissue surface was irradiated at particular angles and distances. Figure 5 shows the extent of the
thermal area for various angles of irradiation while the distance from the fiber tip to the tissue along
the axis of the fiber (path of the laser beam) is constant at 2 mm. The images were captured after 5
pulses of 2 J at 5 Hz. The thermal effect is most pronounced at perpendicular irradiation and when the
fiber is in contact with the tissue (0 degrees).

Figure 5. Thermal effect in tissue in relation to the irradiation angle at constant
(2 mm) distance of beam to tissue.

73

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

When the distance to the tissue was minimized to a few tenths of a millimeter the thermal effect was
substantial for all angles and also shOws a good correlation with the dimensions of the bubble as
illustrated before in Figure 3. The composition in Figure 6 shows the bubble shape and the resulting
thermal effect in the tissue at 90, 45 and 10-degree angles after 5 pulses of 0.5 J at 5 Hz. The bubble is
clearly deformed by the presence of the tissue while the tissue surface itself is pushed down. Also the
formation of the cracks in the tissue within the path of the laser beam emitted through the vapor
bubble is evidently visible.

Figure 6. Bubble shape (top row) and thermal effect (bottom row) at close distance to tissue at
90 (left), 45 (middle) and 15 (right) irradiation angles after 5 pulses of 0.5 Jat 5 Hz.

From the captured still-frames for the various angles at close distance to the tissue, the dimensions of
the thermal zone were determined as illustrated in Figure 7 (left). The thermal area was characterized
by the extent of thermal effect into the depth and in the direction of the fiber (or path of the beam).
The results in relation to the angle of irradiation are presented in Figure 7 (right). The asymmetry of
the thermal area in the tissue is closely related to the path of the beam irradiating the tissue and is
especially pronounced at shallow irradiation r
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Figure 7. Dimensions of thermal zone in the tissue in relation to angle of irradiation at close
distance to the tissue.
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4.4 Bubble implosion
Depending on the pulse energy, the bubble implodes between 500 to 1000 ps after the start of the laser
pulse. During bubble implosion, a distinctive difference was observed between the mechanical effects
near hard and soft tissue surfaces. In case of soft tissue, the tissue surface was attracted towards the
fiber tip (Figure 8, left) while in case of hard tissue the bubble detached from the fiber tip and the
implosion was concentrated at the hard tissue surface (Figure 8 right). During bubble implosion fluid
is sucked into the cavity of condensing vapor. Soft tissue easily deforms under these pressures and will
give in towards the implosion center. If the elastic properties are high enough the tissue will bounce
back into its original shape after the implosion. However, soft tissues with a weaker structure will
fractured into small pieces and detach from the underlying structure.

Figure 8. Mechanical tissue effects during a bubble implosion near a soft (left) and hard (right)
tissue surface.

5. DISCUSSION
The Holmium laser is becoming more accepted for various clinical application since surgeons begin to
appreciate this unique combination of mechanical and thermal properties. However, this versatility of

the laser makes a controlled medical application difficult especially for novices. There are many
parameters that contribute to the resulting thermal and mechanical effects in the biological tissue and
that can be both beneficial and adverse at the same time. In this study a correlation was determined
between mechanical effects induced by bubbles and the thermal effects in tissue depending on angle of
irradiation, distance to the tissue and pulse energy.

5.1 Rule of thumb for Mechanical and Thermal effects
To provide the surgeon with a rule ofthumb what tissue effects to expect for the parameter mentioned,
the results of this study are summarized in the simple graphical representation of the bubble in Figure
9. The tissue effects are divided in mechanical and thermal.

75

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Mechanical Effect

Thermal Effect
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Figure 9. Thermal and mechanical effective areas in relation to the original bubble shape.

Thermal tissue effects (fig.9, right)

Direct irradation area
The central area within the bubble represents the laser beam emitted from the fiber. Liquid or tissue
that comes within this area will be directly exposed to the laser beam. Although, the first 500 .tm layer
will be vaporized at first instance, the vapor will create an opening to more distal layers as long as the
laser pulse continues.

Condensation area
During and after implosion of the bubble, condensation heat will be dissipated into the liquid or tissue
layer that was in direct contact will the bubble surface. This layer will at first be near 100 °C with a
steep temperature gradient and consequently, due to thermal conduction to surrounding layers, cool
rapidly to ambient temperatures effecting tissue up to a few millimeters.

Heat transfer area
If multiple pulses are given at a particular repetition rate, the temperature gradient in the condensation

zone is sustained and heat is conducted to deeper layer surrounding this area. An equilibrium is
reached after a series of pulses depending on the repetition rate and pulse energy. For 5 Hz,
dimensions ofthis area are comparable with the original bubble size.

This description of the thermal areas can be interpreted independent from the angle of irradiation by
projecting the boundaries of the areas over the tissue surface at a particular distance and angle and
discern the overlap with the specific areas.

Mechanical effects (fig.9, left)
Vaporized tissue area
The central area within the bubble represents the laser beam emitted from the fiber. Most of the tissue
within the beam starting from the laser tip is ablated leaving hole in the tissue. Due to the explosive
mechanism of ablation the walls of these cavities are fractures. Due to mechanical resistance of the
tissue the beam does not reach as far as the expanding bubble in a liquid. Therefore the mechanical
effect extends to about half the bubble diameter as shown in Figure 3.

Vapor rupture area
Alongside and in front of the vaporized tissue area, tissue is ruptured due to the explosive expansion of
the vapor. Depending on the mechanical properties of the tissue, the vapor will find its way of lowest
resistance like weak spots in the tissue or along anatomical structures. Typically, this area might reach
about two times the dimensions of the vaporized tissue area.
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Implosion ruptured area

As illustrated in Figure 8, the vapor bubble will effect the tissue depending on the mechanical
structure.

Soft tissue at the boundary ofthe bubble will be sucked toward the fiber tip during implosion and parts
will detach from the underlying structure.

During implosion near a hard surface, there is no inflow of liquid from the hard surface. Due to the
influx of fluid from the other side of the bubble, the implosion is directed towards the hard surface.
This fluid dynamical process can result in forceful water jets projected towards the surface. The
impact of the momentum of these water jets at collision might break the hard surface to pieces. This
could be one of the mechanisms of lithotripsy .
Elastic tissue will deform during implosion but will resist the forces associated with the implosion and

rebound to this original shape without noticeable mechanical damage at macroscopic level. However,

there might be damage at cellular level and indirect thermal damage as described in the thermal
section.

This description of the mechanical areas can be interpreted independent from the angle of irradiation
by projecting the boundaries of the areas over the tissue surface at a particular distance and angle and
discern the overlap with the specific areas. However, it can be expected that the magnitude of the
mechanical effect will depend on the distance to the tissue.

5.2 Clinical implications
Orthopedic surgery
The treatment goal in arthroscopic procedures concerns cartilage defects by shaving off affected
filaments and 'sealing the surface to prevent the creation of new anomalies 12 The firmaments consist
of soft tissue fragments attached to the underlying stiff cartilage structure. To remove or shave off
these irregularities, the cartilage should be irradiated at shallow angles (51OO) and relatively low
power settings (0.5-0.8 J, 5-10 Hz). Taking Figure 9 in consideration, the firmaments will be within
the vapor implosion area and thermal condensation area. During implosion, the fragments will detach
from the underlying cartilage that will be heated superficially and remodeled to a smooth surface. In
order to control the thermal energy deposited in the cartilage, the fiber should be moved over the
surface during irradiation at repetition rates not exceeding 10 Hz.
Urology
Lithotripsy in urology is a typical hard tissue application, where the objective is the breaking of the
stone 13 These stones are typically located in the bladder and the ureter. The stone should be located
within the range of the vaporized tissue area while the walls of either the bladder or ureter are outside

this range. The surface of the stone itself will be ablated together with the surrounding liquid. The
implosion of the vapor bubble toward the stone surface will contribute to the breaking of the stone.
The recommended pulse energies would be 0.5 - 1 J. At higher energies the expanding bubble
(diameter over 4 mm) would for instance dilate the ureter resulting in adverse mechanical effects. The
pulse should be applied in short bursts of a few pulses to prevent accumulation of heat in the ureter
wall 14 The situation in the bladder is less critical.

6. CONCLUSION
There is a strong correlation between the path length ofthe free beam within the bubble and the degree
of mechanical and thermal damage in the tissue directly irradiated by this beam

Knowing the dimensions of the vapor bubble, the surgeon is able to control the mechanical and
thermal effects in tissue in relation to the distance and angle of the fiber with the tissue for safe and
optimal application of the Holmium laser
77

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 06 Feb 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

The versatility of the Holmium laser
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