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Abstract

de Groot SD, Verhaagen B, Versluis M, Wu M.-K,

Wesselink PR, van der Sluis LWM. Laser-activated irriga-

tion within root canals: cleaning efficacy and flow visualization.
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Aim To test ex vivo the efficiency of laser-activated

irrigation in removing dentine debris from the apical

part of the root canal and to visualize in vitro the fluid

dynamics during the activation of the irrigant by laser,

using high-speed imaging at a relevant timescale.

Methodology Root canals with a standardized

groove in one canal wall filled with dentine debris

were irrigated with syringe irrigation, ultrasonically or

laser-activated irrigation (LAI) using 2% sodium hypo-

chlorite as irrigant. The quantity of dentine debris after

irrigation was determined. Visualization of the fluid

dynamics during activation was achieved using a high-

speed camera and a glass model.

Results Laser-activated irrigation was significantly

more effective in removing dentine debris from the

apical part of the root canal than passive ultrasonic

irrigation or hand irrigation when the irrigant was

activated for 20 s.

Conclusions The in vitro recordings suggest that

streaming, caused by the collapse of the laser-induced

bubble, is the main cleaning mechanism of LAI.

Keywords: irrigation, laser, root canal, ultrasound,

visualization.
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Introduction

An important procedure during root canal treatment

is the irrigation of the root canal. Syringe irrigation

is the standard procedure but unfortunately, syringe

irrigation is not effective in the apical part of the root

canal (Ram 1977, Salzgeber & Brilliant 1977, Abou-

Rass & Patonai 1982, Druttman & Stock 1989) and

in isthmuses or oval extensions (Lee et al. 2004,

Burleson et al. 2007). Therefore, acoustic and hydro-

dynamic activation of the irrigant have been devel-

oped (Weller et al. 1980, Lumley et al. 1991, Lussi

et al. 1993), which have been shown to contribute

to the cleaning efficiency (Lumley et al. 1991, Lussi

et al. 1993, Roy et al. 1994). The physical mecha-

nisms underlying these cleaning procedures, how-

ever, are not well-understood (van der Sluis et al.

2007a).

Laser-activated irrigation (LAI) has been introduced

as a powerful method for root canal irrigation

(Blanken & Verdaasdonk 2007, George & Walsh

2008, George et al. 2008). The laser radiation pro-

duces transient cavitation in the liquid through

optical breakdown by strong absorption of the laser

energy (Blanken & Verdaasdonk 2007). LAI can

result in smear layer removal from the root canal

wall, but also cause extrusion of irrigant through the

apex (George & Walsh 2008, George et al. 2008).

However, the removal of dentine debris from the root

canal by LAI has not yet been studied. Furthermore,

Blanken & Verdaasdonk (2007) suggested repeating
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their visualization experiment with a single high-

speed camera recording, visualizing a single pulse, to

improve the understanding of the cavitation process.

The purpose of this study was to evaluate ex vivo the

removal of artificially placed dentine debris in stan-

dardized root canals by syringe irrigation, passive

ultrasonic irrigation (PUI) and LAI. LAI was also

visualized in vitro using high-speed imaging at a

timescale relevant to the cleaning process (ls). The

resulting flow is theoretically described using a fluid-

dynamical model.

Materials and methods

Dentine debris removal

Maxillary canines with straight root canals were

decoronated; the length of the remaining root was

15 mm for all teeth. The roots were then embedded in

self-curing acrylic resin (Ostron 100, GC Tokyo, Japan)

and then split longitudinally through the canal in

mesio-distal direction. To remove the imprint of the

root canal, both halves were ground with sandpaper

and fixed with four screws (see Fig. 1a). Then, the root

canals were prepared by K-files hand instruments

(Dentsply Maillefer, Ballaigues, Switzerland) and

mechanically driven Race NiTi instruments (FKG

Dentaire, La Chaux-de-Fonds, Switzerland), to a length

of 15 mm, size 35 and 0.06 taper resulting in a

standardized root canal. To verify the standardization

of the models, the canal diameter of six randomly

chosen models was measured at 2, 6 and 10 mm from

the apical end of the canal, using a KS100 Imaging

system 3.0 (Carl Zeiss Vision GmbH, Halbermoos,

Germany). At 2 mm, the average canal diameter was

found to be 0.47 ± 0.02 mm (diameter of the Race

NiTi instrument: 0.47 mm); at 6 mm the average

canal diameter was 0.71 ± 0.02 (0.71) and at 10 mm

the diameter was 0.94 ± 0.02 (0.95). These measured

values demonstrate that the root canals were indeed

uniform and standardized.

The coronal 3 mm of the canal was enlarged by a no.

23 round bur (Dentsply Maillefer) with a diameter of

2.3 mm, simulating a pulp chamber. A standard

(a)

(b)

(c)

Figure 1 Schematic representations of the

standardized root canal model (a), its groove

(b), and its cross section (c).
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groove of 4 mm in length, 0.5 mm deep and 0.2 mm

wide, situated at 2–6 mm from working length, was

cut in the wall of one-half of each root canal with an

ultrasonically driven tip (Fig. 1b,c) (P5 Booster, Sat-

elec, Acteongroup, Mérignac-cedex, France). The

dimension of the groove was comparable with that of

an oval extension of a root canal. Each groove was

filled with dentine debris mixed with 2% NaOCl to

simulate a situation in which dentine debris accumu-

lates in uninstrumented canal extensions (Lee et al.

2004). This model was introduced to standardize the

root canal anatomy and the amount of dentine debris

present in the root canal before the irrigation proce-

dure, in order to increase the reliability of dentine

debris removal evaluation. The methodology is sensi-

tive and the data are reproducible (van der Sluis et al.

2007b).

Three irrigation protocols were tested. In all

groups, the needle, wire and fibre were inserted

1 mm short of the working length and were moved

slowly up and down 4 mm in the apical half of the

root canal; the activation time was 20 s, the total

irrigation time was 50 s and the total irrigant

volume was 4 mL. In group 1 (n = 20) syringe

irrigation with 4 mL of 2% NaOCl solution was

performed with a 10 mL syringe and a 30 gauge

needle (Navitip, Ultradent, South Jordan, UT, USA).

In group 2 (n = 20), the 2% NaOCl solution was

activated by ultrasound using PUI. A stainless steel

noncutting wire (size 20) (Irrisafe, Satelec, Acteon-

group) was used, driven by an ultrasonic device

(Suprasson Pmax Newtron, Satelec, Acteongroup) at

power setting ‘blue 4’ (frequency 30 KHz, displace-

ment amplitude ca. 30 lm according to the manu-

facturer). Subsequently the canal was flushed with

2 mL of 2% NaOCl solution using a 10 mL syringe

and a 30 gauge needle. In group 3 (n = 20), the 2%

NaOCl solution was activated by laser radiation

(KEY2 laser, KaVo Dental GmbH, Biberach, Germany)

from an optical fibre laser tip with outer diameter

280 lm and length 30 mm (type Gr. 30 · 28, Kavo

Dental GmbH). Calibration by the manufacturer

showed that the optical fibre has a reduction factor

of 0.36, which results in a fluence of 146 mJ mm)2

for a laser pulse energy setting of 100 mJ. The

Er:YAG laser emits at a wavelength of 2.94 lm

which coincides with the major absorption band of

water (Robertson & Williams 1971). A pilot study

demonstrated that the optimal settings for dentine

debris removal from the root canal are a low power

setting of 80 mJ per pulse and a pulse repetition

frequency of 15 Hz. Finally, the canal was flushed

with 2 mL of 2% NaOCl solution using a 10 mL

syringe and a 30 gauge needle.

After irrigation the root canals were dried with paper

points. Subsequently, the two halves were separated

and the amount of debris in the groove was evaluated.

Before and after the irrigation, a digital image was

taken of the groove, using a Photomakroskop M400

microscope with a digital camera (Wild, Heerbrugg,

Switzerland) at 40· magnification. The quantity of

dentine debris in the groove before and after irrigation

was scored double blind and independently by three

dentists using the following scores: score 0: the groove

is empty, score 1: less than half of the groove is filled

with dentine debris; score 2: more than half of the

groove is filled with dentine debris; score 3: the groove

is completely filled with dentine debris. The differences

in dentine debris scores between the different groups

were analysed by means of the Kruskal–Wallis and

Mann–Whitney tests (level of significance a = 0.05).

High-speed imaging experiments

An optical setup was constructed in order to visualize

the effect of the Er:YAG laser radiation in an artificial

root canal containing water or NaOCl. Optical record-

ings were made at a pulse repetition rate of the Er:YAG

laser of 1 Hz and a pulse energy between 80 and

250 mJ per pulse. The laser fibre tip was inserted up to

1 mm from the apical end of a glass root canal model.

The canal was 12 mm in length with an apical

diameter of 0.35 mm and taper 0.06. Imaging was

performed using a high-speed camera (FastCam APX-

RS, Photron, Tokyo, Japan), recording at a frame rate

of 14 000 frames per second, attached to a microscope

with 12· magnification (SZX12, Olympus, Tokyo,

Japan). The root canal model was illuminated in

bright-field by a continuous wave light source (ILP-1,

Olympus).

Results

Dentine debris removal

The debris scores before and after irrigation are

presented in Table 1. The difference between the

groups was statistically significant (Kruskal–Wallis test,

P < 0.0001). The debris score in group 3 was signif-

icantly lower than group 2 (P = 0.002) and group 1

(P < 0.0001), and the score in group 2 was signifi-

cantly lower than group 1 (P < 0.0001).
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High-speed imaging experiments

The high-speed recordings of the laser activity inside

the artificial (glass) canal showed that irrigant was

vapourized by the laser pulse energy and that a large

vapour bubble was created at the fibre tip, similar to

that observed previously (Lauterborn 1972). The

bubble grew with a velocity of the order of 1 m s)1

during the pulse duration (see Fig. 2 and video clips S1

and S2); a higher energy laser pulse corresponded to a

longer growth time of the bubble. When the laser pulse

ended, the bubble collapsed with a velocity of the order

of 1 m s)1. Upon collapse, a shockwave was generated

(Holzfuss et al. 1998), whose negative-pressure tail

caused secondary cavitation in the root canal with a

relatively large bubble near the collapse site (which was

usually at the apex). The cavitation bubble then

collapsed again and this cycle repeated for a number of

times, until it was damped out within a few milliseconds

(6 ms at 250 mJ per pulse). Smaller bubbles with a

typical diameter of 10 lm remain buoyant for a longer

time (even up to the next pulse), also at the apical end of

the root canal.

The laser-induced bubble grew predominantly in the

coronal direction, as there was a confinement at the

apex. The depth reached by this bubble depended on

the position of the fibre and the laser energy, but never

fully extended to the apex. It was observed that when a

small bubble was present at the apex, it grew during

the collapse phase of the laser-induced bubble and

Table 1 Dentine debris score in the groove after the irrigation

procedures per group (no. cases and percentage of total; 20

cases in total for each irrigation procedure)

Score:

0

n (%)

1

n (%)

2

n (%)

3

n (%)

Syringe irrigation 0 0 4 (20%) 16 (80%)

Ultrasonic irrigation 6 (30%) 8 (40%) 6 (30%) 0

Laser-activated

irrigation

16 (80%) 4 (20%) 0 0

Scoring system: 0: the groove is empty; 1: less than half of the

groove is filled with debris; 2: more than half of the groove is

filled with debris; 3: the complete groove is filled with debris.

a b c d e f g h i j k l m n o p

a b c d e f g h i j k l m n o p

(a)

(b)

Figure 2 (Video clips S1 and S2) Visualization of the laser-generated vapor bubble. The laser energy was 60 mJ per pulse in (a)

and 250 mJ per pulse in (b). Image sequence is from left to right. The interframe time is 140 ls. Panel p in (a) shows a sketch of the

setup, with 1) the root canal model, 2) the laser fiber tip (outer diameter 280 lm), 3) the laser-induced cavitation bubble, and 4) a

stable cavitation bubble at the apex.
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collapsed and renucleated in anti-phase with the laser-

induced bubble (Fig. 2a (indicated with the no. 4 in

panel p), whereas in Fig. 2b this bubble was not

present).

It was observed that the laser-induced bubble grew

larger when NaOCl was used as an irrigant solution.

Consequently, it had a longer collapse time as com-

pared with having water as an irrigant. It was also

found that a higher amount of smaller bubbles were

present after laser activation when using NaOCl as the

irrigant solution.

Because of the impulsive growth of the laser-

induced bubble the fluid was pushed outward at the

free surface at the coronal part (see Fig. 3 and Video

Clip S3). For a laser energy exceeding 120 mJ per

pulse it was observed that some fluid was ejected

from the root canal, leaving less irrigant in the root

canal.

Discussion

The results of the ex vivo experiments demonstrate that

within the time frame of 20 s, LAI is more effective in

removing dentine debris from an artificial groove in the

apical part of the root canal than ultrasonically

activated (PUI) or syringe-activated irrigation.

The high-speed recordings have shown that vapou-

rization of the irrigant causes a large bubble to grow,

which then collapses and renucleates a few times.

During this process, secondary cavitation bubbles are

formed. The fluid flow associated with such an inertial

collapse, combined with acoustic streaming resulting

from the oscillations of smaller bubbles, could explain

the cleaning efficacy of LAI; however, a more detailed

study is required to elucidate the principal cleaning

mechanism. The secondary cavitation bubbles can also

assist in the cleaning of the root canal wall, as they are

excited by the bubble collapse of the consecutive laser

pulse. As the flow does not penetrate all the way into

the apex, a trapped bubble in the apex (most likely a

remainder of previous laser pulses) could assist in the

cleaning of the apical part of the root canal.

The irrigant flow in the root canal due to the

collapsing laser-induced bubble can be modelled by a

flow in concentric annuli for heights above the

insertion depth of the fibre. For the typical flow velocity

of 1 m s)1 (value obtained from the high-speed record-

ings by measuring the bubble wall displacement

between consecutive frames), the Reynolds number

Re = Udq/l (with U the flow velocity, d the distance

between the cylinders, q the density of the liquid and l
the dynamic viscosity) for a flow in annuli is of the

order of 300. According to Rothfus et al. (1950), the

transition to turbulence occurs over the range 2100–

3700, therefore the flow in this problem is treated as

laminar flow.

Rothfus et al. (1950) also give the laminar flow

velocity distribution for flow in concentric annuli:

(a) (b) (c) (d) (e) (f)

Figure 3 (Video clip S3) Pinch-off at the free surface at the coronal part of the glass root canal model. Secondary cavitation

bubbles are formed (in e) upon passage of a shockwave generated by the vapor bubble inertial collapse at the laser fiber tip. The

frame rate is 14,000 frames/second.
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Using standard values for density q = 1000 kg m)3

and dynamic viscosity l = 1 · 10)3 m2 s)1, and a

measured average velocity uav = 5 m s)1 and cylinder

radii r1 = 140 lm (inner) and r2 = 300 lm (outer),

the shear stress on the inner wall is 496 N m)2 and on

the outer wall 436 N m)2. These values are one order

of magnitude lower than the shear stress generated by

a laser-induced cavitation bubble of radius 0.75 mm

next to a single wall, which is reported to generate a

shear stress of up to 3.5 · 103 N m)2 (Dijkink & Ohl

2008). No quantitative data on the adhesion strength

of dental intracanal biofilms to dentine or its failure

shear stress is available in the literature.

Figure 4 shows the velocity profile calculated with

the theory described above in a tapered canal with a

cylinder inserted, assuming an average velocity of

5 m s)1 at the fibre tip (taken from experiment). The

profile on the left of the inner cylinder is the velocity

profile; the profile on the right is the shear stress

distribution. The plot clearly shows that on the inner

cylinder (the laser fibre) the shear stress is higher than

on the outer cylinder (the root canal wall).

The root canal diameter increases with height,

therefore the average velocity decreases with height.

This results in the shear stress being highest next to the

tip of the laser fibre. LAI is therefore expected to be most

effective in the region close to the fibre tip, with

decreasing efficiency away from the tip.

Using a 27G needle and a volume flow rate of

0.30 mL s)1 (Boutsioukis et al. 2007) it follows that

the typical fluid velocity in syringe irrigation is of the

order of 1 m s)1 at the needle orifice, which is the same

order of magnitude as the flow velocities developed

with LAI. Likewise for PUI with u = xe0
2/a (Ahmad

et al. 1988; x = oscillation frequency, e0 = oscillation

amplitude and a = file radius) a typical fluid velocity of

the order of 1 m s)1 was found. One possible explana-

tion for the improvement in cleaning efficacy with LAI

is the impulsive nature of the laser-generated bubble

dynamics. Because of the pulsations the fluid becomes

accelerated at every pulse and the acceleration gives

rise to inertial forces, whereas a steady streaming as in

syringe irrigation and PUI only exerts viscous stress.

This would also explain why the irrigation duration is

an important factor and why a high pulse repetition

rate of the laser is more efficient than a lower one, as

found in the pilot-study.

Previous studies have shown side-effects caused by

the use of these types of lasers in the root canal.

Carbonization of the root canal and cracks were

observed when laser tips were used in the root canal

(Matsuoka et al. 2005). Kimura et al. (2002) have

shown a temperature increase of the root canal wall of

3–6 �C. The current study did not monitor these side-

effects, because the aim of this study was clarification of

the fluid mechanical working mechanisms.

Conclusion

Laser-activated irrigation was more effective in remov-

ing the artificially placed dentine debris from the root

canal than syringe irrigation or PUI when the irrigant

was activated for 20 s.
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Figure 4 Average velocity profile (left) and sheer stress

distribution (right) between two concentric cylinders of which

the outer cylinder represents the tapered root canal wall. The

average velocity at the laser fiber tip is set at 5 m s)1. The

region below the laser fiber tip is intentionally left blank, as

details of the streaming pattern in the apical part are missing

and are part of a future study.
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Additional supporting information may be found in the

online version of this article.

Video Clip S1. Visualization at the apex of the root

canal, laser intensity 60 mJ/pulse (apex_energy60mj.

wmv).

Video Clip S2. Visualization at the apex of the root

canal, laser intensity 250 mJ/pulse (apex_energy250mj.

wmv).

Video Clip S3. Visualization at the corona of the

root canal, laser intensity 250 mJ/pulse (corona_

energy250mj.wmv)
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