
Abstract. Background/Aim: Picosecond infrared laser (PIRL)
was investigated regarding its possible therapeutic application
in cutting dental roots. Materials and Methods: Extracted
human teeth were processed in the root area by laser ablations
followed by histological evaluation. Dentin adjacent to the
cutting surface was evaluated morphometrically. Results: PIRL
produced clearly defined cutting boundaries in dental roots. At
the bottom of the cavity, the ablation surface became slightly
concave. Heat development in this scantly hydrated tissue was
considerable. We attributed the excess heating effects to heat
accumulation due to multiple pulse overlap across a limited
scan range imposed by tooth geometries. Conclusion: Defined
areas of the tooth root may be treated using the PIRL. For
clinical translation, it would be necessary to improve beam

delivery to facilitate beam steering for the intended oral
application (e.g. by using a fiber) and identify optimal
repetition rates/scan speeds combined with cooling techniques
to minimize accumulated heat within ablation cavities.

Precise processing of hard tissues is a daily task of dentists
and oral and maxillofacial surgeons. The application of lasers
has led to technical improvements in certain fields of
dentistry and surgery (1-5). Further developments in laser
technology paved the way to devices allowing selective
energy-transmission to pass down to subcellular structures
(6-13). A prototype pico-second infrared laser (PIRL) already
has provided evidence for successful targeted, athermal and
organ-preserving tissue removal in the head and neck area
(14-18). Recommended laser applications for the treatment
of diseases of the oropharyngeal regions are predominantly
soft tissue lesions (19-22) and restorative treatment of certain
dental hard tissues (23). Laser application for the separation
of hard tissues and structures such as bones or teeth has
remained largely experimental (7, 15, 24-28). However,
lasers are in clear competition with conventional drills in
these applications, with the use of the latter being faster and
more cost-effective (4, 7, 29-33). In oral surgery, amputation
of an inflamed tooth root is a well-established intervention
to preserve the function and aesthetics of a non-vital tooth.
However, the long-term success of this procedure is tenuous
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(34). A tissue-sparing and largely atraumatic removal of the
root tip may increase the rate of tooth preservation. PIRL
ablation is dependent on superheating of water in a target
volume (8, 35). Though dental tissue has relatively low water
content, the impulsive forces generated by PIRL acting on
the heterogeneous location of water in teeth may be
sufficient for athermal ablation (7). The performance of
PIRL in ablation of various dental structures and optimal
beam delivery parameters to minimize excess thermal energy
deposition remains unknown. The ablative properties of
PIRL were therefore tested under experimental conditions
with special consideration on the thermal effects during
procedures. Earlier experience with the use of PIRL in the
surface treatment of teeth was used for designing the
experimental approach (7).

Materials and Methods
Picosecond infrared laser (PIRL). The experiments were carried out
in the laser laboratory at the University Hospital Hamburg-
Eppendorf. The PIRL (Attodyne Inc, Toronto, Canada) used for the
experiments is a prototype assembled by Miller and co-workers (7).
PIRL was used for serial incision of dental roots. Certain
requirements of the laser-beam scanning system were made in this
application. The experimental system must provide conditions
allowing a stable linear incision of hard and curved tissue. The
device should enable precise and small cuts into the specimen
considering the root anatomy, in particular the very limited amount
of root available for ablation to preserve tooth retention in the
alveolus. Other considerations are the clinical requirements for the
treatment outcome, specifically the requirement of selective dentin
ablation while sparing tissue outside of the focal volume. The PIRL
system used in these studies did not have an autofocus beam
delivery system. In the current setting, the PIRL output beam was
manually focused to a tight spot to achieve optimal photon density
for ablation. Therefore, manual adjustment of the output beam
during the ablation procedure was mandatory. Owing to the fixed
focal length of the experimental laser setup, initial cuts herein were
made stepwise by adjusting the distance between the sample and
objective lens until a consistent depth of ablation was achieved
across the focal plane. The running pattern of the PIRL over a
certain area is z-shaped. The main beam and pulse characteristics
of the laser output are summarized in Table I.

Human teeth. All teeth were removed during extractions or
osteotomies, immediately stored in formalin filled transport boxes
and numbered in chronological order. All teeth were completely
preserved in their root area. In all cases, after informing patients
about the study objective, the teeth were voluntarily given to the
practitioner (REF) for further investigations. The examinations were
approved by the institutional review board of the university hospital
as a prerequisite for a medical dissertation in dentistry (MQ). These
investigations were conducted in accordance with the
Hamburgisches Gesundheitsdienstgesetz (Hamburg Health Service
Act) and do not require approval by an ethics committee.

Experimental set-up. First, a suitable tooth was selected for the
respective experiment. Care was taken to ensure that the surfaces to

be ablated were as flat as possible and without strong curvatures in
order to achieve the most uniform result possible (36). The
requirement would be unnecessary with an autofocus. The
respective tooth was removed from the transport box with protective
gloves, cleaned with distilled water, and fixed with orthodontic wax
on a metallic plate below the laser window. A further wax strip was
placed over the tooth outside the laser area to protect the item from
involuntary movement during procedures. The metallic holder was
firmly screwed onto the worktable. The tested root surface was
aligned as horizontally as possible with respect to the laser source.
With three alignment laser beams derived by beam-splitting of a
low-energy helium-neon laser and a height adjustable table, the
focus point of the laser on the object was individually adjusted. The
object was in focus when all three alignment laser beams met in one
point on the target’s surface.

The course of the laser was aligned perpendicular to the long axis
of the root and approximately parallel to the root surface. In order
to test the ablation performance of the laser, several parallel running
paths were traversed on a single tooth, starting in the region close
to the apex. In these teeth either the total number of scans or the
energy output was varied from ablation distance to ablation
distance. The orientation beam enabled the safe focusing of the
working beam for the running track (approx. 2 mm×3 mm). In every
experiment, a bowl of distilled water and a cotton swab were
provided so that the tooth could be moistened manually prior to
each ablation procedure. It should be noted here that this thin layer
of water is rapidly depleted in both transporting excess heat and
ablation by intervening interactions between PIRL and the tooth.

In these experiments, incisions were made only in the tooth root
without complete amputation of the apex. This procedure was
chosen in order to unequivocally assess the entire ablation down to
the preparation base in one tissue section. Each tooth was scanned
at the root area by PIRL 5 to 20 times. In these teeth the focus was
readjusted during laser application because of the increasing depth
of the tooth cut and the narrow application gap. Two teeth of the
series were analyzed during the test by a thermal imaging camera
to record heat generation on the surface of the scanning field. All
procedures on the object were registered via cameras and stored
electronically.

Thermal imaging camera. Temperature changes during laser
ablation of dental roots was recorded with a thermal imaging
camera (InfraTec PIR uc 180, InfraTec, Dresden, Germany) using
IRBIS 3plus software (InfraTec). The thermal imaging camera
recorded a temperature reading every millisecond. The camera was
used to measure the temperature at the ablation point during the
laser procedure. First, a point on the tooth surface was chosen that
was not ablated by the laser to determine the basic temperature of
the tooth. Then the measuring point in the ablation zone was
selected for temperature measurement during the ablation process.
Each ablation scan was separately digitally recorded and the
temperature values were displayed in a diagram.

Documentation and evaluation. All cuts were visually evaluated in
every phase of the preparation process with regard to the appearance
of the cut (smooth, step-like, irregular), the cutting bottom condition
(flat, blasting), and color changes in the root surface or superficial
root layers. After completion of experiments, photo documentation
of every single laser-treated tooth was made (Scando dyn A+ color,
Kaiser Fototechnik, Buchen, Germany). Furthermore, images of the
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laser cuts were taken using a 3D laser scanning microscope (LEXT,
Olympus Deutschland GmbH, Hamburg, Germany) and a stereo
microscope (SZH10, Olympus).

Histology. Teeth were cut with a diamond saw (Exakt Advanced
Technologies GmbH, Norderstedt, Germany) in the longitudinal axis
direction of the tooth. This cutting direction allowed the
measurement of the entire depth of the laser cut. The transected tooth
was processed for histological staining (37). One half of a tooth was
placed in snap cap glass with the cut surface facing down. Then the
cavity was carefully filled with the casting solution (1000 ml
methylmetacrylate (MMA), 6.6 g benzoyl peroxide (BPO), 100 ml
nonylphenol). Shortly before filling, the starter fluid (N,N dimethyl-
p-toluidine, 250 ml, Merck 8.00590, Merck, Darmstadt, Germany)
was added to the casting solution. Afterwards, identification labels
marked with pencil were put into the glasses, sealed air tightly with
lids and placed in a water bath (Temperature 4˚C) for further
processing. These steps were carried out under the laboratory air
vent. The liquid cured overnight at 4˚C in a water bath. The next day,
the cured blocks were beaten out of the glass under the air vent and
cleaned from glass remains. Excess acrylate of the blocks was
removed. Blocks were fixed on the microtome and sections with a
thickness of 3-5 μm were taken. Sections were placed on previously
processed slides (coated with gelatin) using a brush and moistened
with stretching liquid (80% isopropanol). Blisters and wrinkles were
removed from the section with another brush. Then, the object was
covered with a polyethylene (PE) foil, fixed by pressing and stored
overnight in a drying cabinet at 60˚C. Subsequently, the PE foils of
the slides were removed, and the slides were processed for the
Masson-Goldner trichrome dyeing. This staining method specifically
stains connective tissue and is particularly suitable for staining bone
and dental tissue. The mineralized matrix is colored green, non-
mineralized tissue such as cytoplasm is colored red. Artificial
mineralization defects, e.g. caused by thermal effects, turned out to
be grayish pale in this dyeing method (38).

Each stained specimen was examined under a microscope
(Axiophot 2, Carl Zeiss Microscopy, Jena, Germany), micro-
photographed, and regions of interest were measured using ZEN
software (Zeiss Efficient Navigation, Carl Zeiss). Light gray areas in
the colored histological sections were interpreted as thermal impact
on dentin. Suspected thermal damage to the cutting bottom was
quantitatively measured with a line grid provided by ZEN. Prior to
actual measurements, a test measurement was carried out with a test
specimen to ensure the accuracy of the evaluation. Up to fifteen
measurements were taken per laser cut. A further image of the
measured distances defined on each histological section was recorded
in order to store the measurement data of the image. For some
sections, the measurement area was not extended enough to perform
15 individual measurements. In these cases, the calculation was based
on the dentin area usable for measurement. Samples 2.2 and 7.1 were
also analyzed using a scanning electron microscope (SEM).

Statistics. Kruskal-Wallis test was used to determine differences of
thermal impact on dentin with respect to number of scan
applications and ablation depths. The limit of statistically significant
values was set at p<0.05.

Results
The osteotomies could be performed without problems and
exactly in the preselected focal length. Re-focusing of the control
laser became a challenging process during the procedures.

Visual and microscopic findings. Without optical
magnification, various properties of the laser cuts attracted
attention, for example rectangular, sharp edged cuts (Figure
1). Two out of a total of 55 laser cuts in the dentin showed
traces of burns visible without magnification (Figure 1C).
One of these cuts was made by 10 scans without refocusing
the laser beam and the other was performed with manual
refocusing without visible light beam bundling as a focusing
aid. Both preliminary tests were performed to optimize
scanning/focus parameters and excluded from statistical
analysis. With a slight magnification, grooved structures
became visible on the laser cutting bottom (Figure 1A and
B). At higher magnification, the ripple of the cutting bottom
was more pronounced (Figure 1B). Two slides were
examined in the LEXT microscope (tooth No. 2.2, section 4
and tooth No. 7.2, section 1). At the cutting edge of tooth
No. 2.2 (Figure 1D) the edge was visible as a relatively
smooth line and the cutting base was even. With a 1x zoom,
jagged margins were visible on tooth No. 7.2 (Figure 1E).
The rippled incisal base was also still visible, as well as
some small dark holes showing the opened dentin tubules.
With 4x zoom, the cutting ground was rugged in a hilly
fashion. No corrugated structures were visible (Figure 1F).
Different depths of incisions were observed. These were
partly wavy, smooth or oval to rounded at the bottom of the
cut surface. The deeper the incision, the more rounded or
converging were the cutting edges at the base of the ablation
surface (Figure 1G and H). Focally, sections of the bottom
of the laser cut appeared non-uniform. At higher
magnifications, a corrugated bottom was visible under the
light microscope with an irregular surface and partly altered
dyeability of the matrix of the cementum became apparent
(Figure 1G). Some of the chipped dentin layers covered the
cut base. The conical cutting edge was conspicuous in all
sections. Gray areas in the marginal dentin were detected
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Table I. Technical characteristics of PIRL for the treatment of human tooth roots.

Wavelength (λ) Pulse Beam Average Ablation time Pulse Power on focal 
energy (EP) diameter (dL) irradiance (ρ) per trial (Ts) spacing (Tp) point (PB)

PIRL 2.94 μm 0.276 mJ 200 μm 13.7 W/cm2 0.204-1.600 s 60-100 μm 335-470 mW
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Figure 1. Continued
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Figure 1. Overview of ablation of the tooth root by the picosecond infrared laser (PIRL). (A) Photograph of PIRL induced dentin ablation. No. 1-4
indicate four sites of laser application with increased ablation depths according to ascending number. Grooved cutting bottoms are visible (Tooth
No. 2.3). (B) Detail of the root of tooth 2.3 is shown in Figure 1A. Stage 1 ablation shows parallel grooves of focused tissue ablation, original
magnification 30× (Tooth 2.3). (C) Thermal effect on dentin following laser ablation (arrow). (D) Tooth 2.2 cutting edge of incision No. 4. Smooth
cutting edge and even ablation base. 1.1× zoom. Bar indicates 100 μm. (E) Serrated surface of ablation edge. The dark holes correspond to opened
dentin tubules. 1× zoom (Tooth 7.2, section 1). Bar indicates 50 μm. (F) Hilly rugged preparation base at higher magnification. 4× zoom (Tooth
7.2, section 1). Bar indicates 5 μm. (G) Converging cavity to the base of the preparation, tooth No. 2.1, section 4, 20 scans (Original magnification
25×). (H) Wavy cutting base of tooth, 5 scans (Tooth No. 3.1, section 1, original magnification 100×). Note the plaster-like and line-shaped, red
marked dentin layer below the preparation base. (I) Example for measurement of gray areas covering the cutting base (Tooth No. 6.1). Bar indicates
10 μm. (J) Dentin morphometrics defining the laser ablation zone. A thin gray area is covering the cavity. Red areas are located deeper within the
dentin and are distinct from the surface of the cavity. Red areas on the cutting base were defined as thermal damage (Tooth No. 1.2 section 4). (K)
Laser ablation of dentin in a zone without any morphological equivalent to thermal damage. There are no gray areas on the cutting bottom (Tooth
No. 2.3, section 2). Bar indicates 20 μm. (L) Thermal imaging camera monitoring of heat developing during laser application (Tooth 4.3; sec
3=section 3, ms=millisecond). (M) Measurement of heat development on the processed object. Note the considerable drop in temperature outside
of focus. (N) Scanning electron microscopic photograph of ablation zones of tooth No. 7.1 (left=section 1, right=section 2). The white arrow (section
2) points on the white border visible by light microscopy at the cutting edge, 150× magnification (Bar indicates 100 μm).



using Masson-Goldner staining. These findings were
assessed as thermal mineralization defects (Figure 1I). The
gray areas were distributed along the entire length of the
sections. In some places, Masson-Goldner trichrome staining
showed sharply defined, homogeneous red colored spots in
dentin below the cutting surface. At certain points, the
condensed particles lay directly on the surface of the
ablation. However, in some cases, the cuts were without any
red staining. These findings were not evaluated as direct
thermal damage to dentin, but as areas with altered
mineralization or mineral loss through denaturation (Figure
1J). Some sections did not show any structural alterations on
the bottom surface cut out by PIRL. This staining result was
registered as an area without detectable thermal effects of
PIRL on the hard tissue (Figure 1K).

Infrared camera. The heat measurement showed different,
but very significant increases in the temperature of the
processed object (Figure 1L and 1M). A maximum
temperature of up to 189.9˚C was measured on tooth No. 4.3
(section 3) during the ablation procedure. The temperature
drop outside the beam focus was significant. The
temperature fell below 40˚C within the processed root.

SEM. Sections 1, 2, 3 and 5 of tooth No. 7.1 were included
in the statistic evaluation. The figures (1D-1E) show the
cross sectioned tooth with individual laser cuts. The
respective cutting numbers are marked in the picture. Laser
cuts of different depths are presented. Here, the conical
cutting edges can also be easily recognized, which become
more conical by increasing the scans per cut (cut 5 shows
the most scans). According to histological evaluation,
sections 2 and 3 showed higher thermal penetration depths
compared to sections 1 and 5. If the incisions are viewed at
a higher magnification (Figure 1N), it can be seen that on
average the deeper-acting thermal damage correlated
positively with increased conicity of the depth of the cut. The
white fringe on the bottom of the cut is evaluated as thermal
damage (arrow in Figure 1N). The whitish lines are running
lengthwise into the depth below the section floor. These lines
morphologically correlate to incised dentin. Furthermore, the
corrugated and jagged, conical tapered cavity bottoms were
covered by sprinkled tissue sections.

Statistical evaluation of thermal effects. The mean value of
thermal effect with respect to the damaged zone in the dentin
at 5 scans per laser cut was 15.18 μm, with 10 scans the mean
value was 10.87 μm and 20 scans per laser cut was 10.92 μm.
Standard deviation and median are shown in Table II. A
slightly higher mean value of the thermal effects with 5 scans
is noticeable. Thermal effects to the tooth structures occurred
to the same extent at all laser cutting depths. There was no
significant deviation from the average values (p<0.529).

Discussion

In this study, PIRL was successfully tested for cutting
precision at the roots of 10 teeth. In addition, it became
evident that significant temperature development is
measurable during the ablation of the hard tissue. The partial
ablation of the tooth root was performed as an initial
apicoectomy with incisions of different depths, which were
aligned horizontally and parallel to each other. The results
show that PIRL is in principle suitable for this procedure.
Cutting precision was comparable to that of other systems, e.g.
removal with a drill (39-48). However, there were deviations
from rectangular ablation of dentin at the processed ground,
insofar as here the tissue removal became a conical transition.
However, the cutting precision was excellent, as evidenced by
the fact that the z-shaped pattern of the ablation path was
reflected in the relief of the bottom of the cavity. Considerable
heat development occurred during the application of the PIRL
regardless of the depth of penetration of the laser beam.
Hyperthermic effects are evident when using PIRL in tissues
with relatively low water. Faster scanning speeds to prevent
thermal accumulation may mitigate this problem. It became
clear in the investigations that thermal effects occur during
dentin treatment with PIRL, which require careful cooling of
the processed hard tissue for clinical use. In contrast to this
finding, Franjic et al. (2009) in pilot-studies on PIRL used no
cooling for surface treatment of tooth enamel (7). The
examinations were limited to preparations within the acellular
component of the tooth. The distribution of energy resulted in
a highly efficient ablation of enamel. However, the defects
after focal application of PIRL showed irregularities of the
crater shape. In scanned ablation of enamel, grooved ablation
margins were visible in the wall and bottom of the cavity in
SEM (7). Similar ablation rates were achieved with superficial
treatment of enamel with a CO2 laser. The temperature
increases with and without cooling were no greater than about
3˚C (49). However, such superficial incisions are far away
from the clinical situation of root resection, where deep tissue
treatment is required (50). Heat generation during laser
ablation depends on the type of dental hard tissue (enamel or
dentin) and the thickness of the respective tissue (51).

in vivo 34: 2325-2336 (2020)

2330

Table II. Mean value of thermal damage in μm.

Number Mean Median Standard Minimum Maximum
of cutting deviation
sections

5 15.18 17.03 12.96 0.00 34.23
10 10.87 9.70 3.88 6.39 20.08
20 10.92 8.79 7.59 6.50 30.71



However, lasers generated greater heat increase of the dental
pulp in an in vitro study on thermal effects of ablating
instruments (50, 52). Nevertheless, heat generation during
process was below the 5.5˚C threshold margin of safety in all
experiments (50, 52).

Visual and light-microscopical aspects of cavity.
Examination of the boundaries of the laser cut in tooth roots
with the naked eye and under low magnification reveals a
clearly defined ablation of the hard tissue which accurately
traces the movement of the laser beam. The transition from
the root surface to the cavity is formed at right angles. The
transition of the vertical ablation zone to the bottom of the
cavity is slightly conical in shape.

In the microscopic assessment, the comparison of the
cutting precision and surface deformation by a diamond
drill with that of the PIRL shows no notable differences
(53). In the study of Ruckenstuhl (53), among other
details, the surface of the dentin machined with a diamond
bur was examined. The dentin surface machined with a
drill resembles the ribbed cutting bottom of the laser cut
in this study. For comparison, the wavy feature of the laser
cut bottom surface was particularly well visible in Figure
1H. The pattern was generated by the given path of the
laser scan over the processed surface. The z-shaped
running pattern of the laser beam leads to the visible
unevenness of the cavity floor. In a comparable laser study,
dentin was cut and examined in a similar way using a
nanosecond pulsed Cr:CdSe laser. Thermal penetration
depth was 14.2±0.7 μm at a wavelength of λ=2.9 μm (46).
The results of Lin et al. (46) are similar to the results of
the present study. However, thermal effects to the hard
tissues were subjectively measured on the histological
specimens (46). The reproducibility of the measurements
of thermal effects by subjective estimates is likely inferior
to the morphometric analysis of specifically stained
sections as chosen here.

SEM. SEM shows that PIRL does not leave the cutting
surface evenly but rather wavy in structure. The laser
parameters such as the pulse spacing and the path of the laser
also play a role. Comparing the cross sections of dentin
ablations using SEM and light micrsocopy published in
studies with similar experimental settings (46), it is
noticeable that the cavity ground of the referred study shows
similar patterns to PIRL preparations, except that the ablation
bottom was not wavy. However, this fact is due to the
experimental conditions, because in Lin et al.’s study, the
laser ablated a line or a point and not an adjusted surface, so
that the trajectory of the laser could not leave a pattern on
the cutting bottom (46). The cutting precision is similar to
that of other laser systems (46) or diamond drills, so that it
appears to be suitable for dental use in terms of its cutting
precision.

Comparison of dental root preparation with osteotomies by
PIRL. The teeth have a natural curvature and so it is possible
that areas of the ablation surface were not at the height of
the adjusted focus when starting the ablation. Energy transfer
is not optimal at the surface of the root, so insufficiently fast
laser scanning can cause focal overheating of the object
leading to visible burn stripes or even areal (Figure 1M).
However, temperature increases were also found in deeper
layers of the preparation, where a straight root surface had
been produced by the ablations of the laser. Comparing the
images of a recent study on PIRL osteotomy (9), obtained
with an environmental scanning microscopy (ENSEM), with
the images of LEXT, which were obtained in the present
study, it is noticeable that dental ablations in this study have
more resemblance to the intersection of the Erbium-YAG
laser of the study published by Jowett et al. (2014) than to
osteotomy surfaces provided by PIRL. The difference may
be due to the higher ablation rates and faster scanning speeds
for bone. Furthermore, fresh, unfixed bone was also
processed in this study (9). Presumably, formalin cross-
linking can render PIRL ablation less efficient.

Dentin consists of an organic and an inorganic portion.
More than 90% of the organic fraction consists of collagen
and about 8-9% of non-collagenous ground substance. The
collagen is almost exclusively Type I, with less than 3% type
V collagen. The mineral content of dentin (hydroxyapatite)
contains calcium and phosphate in the equilibrium ratio of
about 1: 2.1. The crystals are about 3-4 nm wide and 60-70
nm long (54). The physical properties of dental hard tissue
differ from one layer to another and are anisotropic as well
as inhomogeneous in each layer, even for a single tooth (55).
Both the composition of inorganic ingredients as well as
those of collagen vary in different dentin layers, e.g. mantle
dentin, peritubular dentin and dentin close to the pulp
chamber (54, 56). Thus, micro-morphological differences are
present during the preparation of this hard tissue, that only
at first glance appears to be a homogeneous material. The
differences in dentin composition may have an impact on the
laser’s ablation quality. That’s why it can be assumed that
PIRL achieves different incision results on dental hard tissue
than on bone due to the differences in material
characteristics. Compared to the SEM images (similar
magnification as LEXT) of the study by Lin et al. (46), it is
noticeable that the cavity edge of the sections with the PIRL
appears much smoother and more even than the cutting
edges with the Cr:CdSe laser. Compared to other lasers or
ablation instruments, the cutting precision is therefore at
least equivalent to the diamond drill (53, 57) and better than
that of the Cr: CdSe laser.

Temperature generation during laser ablation. PIRL causes
selective excitation of water’s vibrational modes that couple
directly to translation modes of the water molecules to provide
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the driving for ablation of the tissue. This energy transmission
results in superheating on picoseconds timescales. The
nucleation sites for the ablative phase transition have
nanometer dimensions, avoiding cavitation and associated
shock wave induced damage of surrounding structures (6).
The technical characteristics of PIRL ensure that all the
absorbed photon energy ablates tissue on time scales much
faster than heat transfer can damage adjacent tissue of the
targeted area (6). However, the ablation performance of PIRL
is highly dependent on the water content of the tissue. Dentin
has a water content less than bone (10% vs. 20%) (58, 59).
Indeed, laser-induced cutting of the tooth root takes much
longer than a focal surface engraving in enamel (7) or dentin
(36, 48) or superficial cavity preparation (60), so that
considerable thermal effects can accumulate during application
of the laser to achieve certain cutting depths, provided that the
local cooling does not reach the work surface. On the other
hand, the high energy density is desirable in the removal of
dental hard tissue because thermal effects become more
pronounced with decreasing energy and longer pulse duration
of laser (61). Teeth can compensate for acute temperature
differences within certain limits without permanent damage to
the enamel or dentin (62). Body temperature may be sufficient
for some laser applications for sufficient cooling (63), but is
apparently not enough to process hard tissue without damage
(15). The maximum temperatures reached in the application
lead to the melting of dentin (64).

Water spray cooling is an essential part in both laser and
standard dental bur drilling of hard tissue and enamel in order
to reduce temperature effects (35, 65, 66). A rise of 7˚C has
been considered a limit of the biologically acceptable increase
in temperature at the root surface. High temperature increase
leads to the irreversible destruction of oral soft tissue (43, 65).
Heat generation during laser procedures on teeth may result in
carbonization, melting, and cracking of tooth structures (2, 67).
For example, thermal denaturation of dentin collagen is possible
during endodontic treatments (68), where the tooth root canal
dentin may be exposed to a temperature higher than 100˚C (64).
Thermal conductivity of human dentin increases with increasing
volume fraction of dentin tubules (69). However, increase in
pulse number does not cause secondary effects such as thermal
and mechanical damage in the cavities of hard tissues (70). In
contrast, other studies show that high repetition rates lead to
high thermal and mechanical damage after femtosecond laser
application. The hydration state of the teeth had a significant
impact on the ablation properties of the laser (71). Constant
addition of fine water mist directly at the ablation side very
likely will neither substantially decrease the ablation nor cause
carbonization and melting in the surrounding dental hard and
soft tissue (72). This effect is largely due to the water ablation
of the externally supplied cooling water that contributes to
cutting by cavitation which offsets the decrease in the amount
of laser energy deposited in the tooth.

The comparison of heat generation during PIRL
osteotomy of bone and dental root ablation reveals important
differences. In the osteotomy study, the temperature on the
surface of the ablation zone increased by an average of
1.56˚C during laser ablation, whereas in our experiment the
temperature increased by more than 10 times. This difference
in heat generation on Celsius scale can in part be attributed
to differences in material characteristics. In fact, dentin
contains only about 50% of the water content of bones.
However, methodological differences between both studies
may be explain better this result than differences in water
content. During PIRL osteotomy, continuous spray water
cooling was used, allowing continuous lowering of
temperature during the scan (15). Irrigation of the cut surface
was reported to be necessary when using femtosecond laser
for osteotomy. This step takes time and affects the visibility
of the field of use (27). A femtosecond laser created skull
defects that resulted in slightly delayed bone healing during
the observation period (3 to 12 weeks) when compared with
mechanical drilling. However, the difference was not
statistically significant. The authors concluded that this type
of laser was suitable for bone removal and that bone healing
following laser osteotomy had little difference from a
standard procedure (27). However, the skull of the mouse is
much thinner than a human tooth root. Registration of the
laser-induced change in object temperature during use is
recommended in order to compare technical effects with
biological consequences (36). In the present study,
intermittent water cooling was provided only during scans.
This application of cooling agent was a compromise between
the published apparently athermal ablation of enamel with
PIRL and our experience of carbonization margins during
ablation of dentin in our own investigations. Thus, water
cooling apparently was insufficient to ensure the same
relatively small increase in temperature as in osteotomy.
However, when planning the treatment of dental hard tissues,
Franjic et al. (7) concluded that the processing of enamel by
PIRL has been possible without measurable temperature
increase. The water spray effectively cooled the teeth; while
using the maximum average power investigated (10 Hz, 360
mJ/pulse), a water flow rate of 4.5 ml/min limited the
temperature rise in the pulp chamber to less than 3˚C (73).
The water spray minimally reduced the ablation rates of
dentin and did not affect the ablation rates of enamel (73),
but this minor effect on material processing has to be proven
for PIRL in treatment of dentin. There is also significant
difference in the repetition rate of PIRL (1KHz) relative to
10 Hz in the aforementioned study. This difference makes it
difficult to scan fast enough to avoid accumulating heat
effects. The much lower pulse energy of PIRL requires faster
scanning to offset the difference in cutting rates. This
problem will be resolved once higher pulse energy PIRL
systems or scanning systems are available.
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Expected developments. Presently, heat development on the
surface of the dental root ablation area without permanent
cooling is clearly too high for clinical application. A suitable
water irrigation, water spray or air-cooling system must be
found and tested in further studies. Furthermore, the cutting
parameters, such as the pulse spacing or the trajectory of the
laser beam on a surface should be adapted and tested again
to improve the quality of the cutting surface. It is to be
expected that a modified run-off sheet, which is specially
tested for hard tissue, will be able to make the surface
texture of the cavity’s floor much smoother. If these
parameters are further tested and improved in terms of shape
cutting, PIRL should be a much more promising laser than
previous models on the market.

In this study, the ablation depth was evaluated as a result
of the preselected laser scans. It has recently been pointed
out that the theoretically expected ablation of dentin does not
correspond to the actual ablation (74). With elaborate
experimental approaches, especially adjusting the timing of
increments along the focal plane during the ablation of the
dentin, the ablation error could be controlled (74).

By using different laser repetition rates with intermittent
application of thin layers of water, cooling performance
could be improved to mitigate accumulation of excess heat
and associated deleterious thermal effects. Automated
correction techniques may reduce heat build-up during
incision and further improve the laser’s cutting precision of
the hard tissue (46). In fact, experimental, automated bone
laser osteotomies have been successfully performed in which
a constant osteotomy depth has been achieved (Er:YAG
laser) (47). Measurement results on temperature development
during osteotomy have not been reported (47). All these
device improvements target a robotic-assisted or navigated
application of the ablation instruments (47). In the in vitro
setting, the tooth surface and laser beam could be optimally
aligned with each other. However, the targeted application of
the laser beam can be difficult in the apicoectomy of molars
in the clinical setting. There is currently no routine clinical
application of robotic assisted surgery in this application. In
clinical use with hand-held applicator, a flexible applicator
is the prerequisite for apicoectomy. Current developments of
a flexible applicator should take this clinical requirement into
account (75). Initial results have shown that multimode fiber
can provide lossless energy transfer of PIRL to difficult-to-
reach objects (76).

Conclusion

The mode of action of PIRL allows a nearly athermic
dissociation at the subcellular level in soft tissues. When
used in teeth, thermal effects occur, which are probably
caused by the low water content of the organ and smaller
ablation volumes that lead to less heat removed from the

ablated zone. Faster scanning with higher power PIRLs may
solve this problem. The demand for a constant cooling
during the PIRL application in clinical settings with the
present PIRL technology is indispensable for the treatment
of dentin. Nevertheless, the precision of the cuts in dentin is
excellent and offers an alternative to other instruments for
the treatment of dental hard tissues.
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