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Abstract Background/purpose: Establishing effective irrigation methods is warranted to
ensure the predictability of minimally invasive root canal instrumentation. This study aimed
to compare the smear layer removal efficacy of different irrigation techniques in root canals
instrumented with TruNatomy nickel-titanium rotary instruments.
Materials and methods: Experiment 1: Extracted human mandibular incisors were instrumen-
ted using TruNatomy Shaping Files up to Small (#20/0.04), Prime (#26/0.04), or Medium (#36/
0.03) (n Z 17, each) and irrigated with EDTA, NaOCl, and again with EDTA using syringe irriga-
tion (SI). Experiment 2: Extracted mandibular incisors were instrumented using TruNatomy
Small and irrigated with EDTA and NaOCl as in Experiment 1, using (1) conventional laser-
activated irrigation (LAI) with an erbium-doped yttrium aluminum garnet laser unit at 30
mJ/10 Hz (LAI 30/10) or 70 mJ/20 Hz (LAI 70/20), (2) photon-induced photoacoustic streaming
(PIPS) (20 mJ/15 Hz), (3) ultrasonic-activated irrigation, or (4) SI (nZ 13 each). Five additional
canals served as negative controls (no irrigation). The smear layer on the canal wall was scored
under scanning electron microscopy.
Results: In Experiment 1, the TruNatomy Small group exhibited significantly higher smear layer
scores compared to the other groups in the apical and middle thirds. In Experiment 2, the LAI
70/20 and PIPS groups demonstrated significantly lower smear layer scores compared to the LAI
30/10 and SI groups in the apical third.
Conclusion: Conservative instrumentation using the TruNatomy Small reduced the cleaning ef-
ficacy of irrigation. However, PIPS performed satisfactory for smear layer removal without
injury to the root canal wall.
ª 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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Introduction

Mechanical instrumentation is crucial for efficient removal
of pathogens from the root canal system.1,2 There is a great
deal of interest in minimally invasive root canal
instrumentation,3e5 which involves preservation of the cer-
vical dentin to reduce the risk of tooth fracture.6,7 TruNat-
omy (Dentsply Sirona, Ballaigues, Switzerland) is a recently
introduced heat-treated nickel-titanium rotary system
designed based on the concept of minimally invasive
instrumentation; it is characterized by a regressive taper and
a smaller maximum flute diameter of 0.8 mm. Furthermore,
TruNatomy incorporates an off-centered parallelogram
cross-section, a unique design element purported to signifi-
cantly enhance flexibility. This feature is instrumental in
promoting minimal invasiveness and in ensuring more
effective preservation of dentin.8,9 However, concern exists
regarding the disinfection efficacy of minimally invasive
instrumentation because the use of such devices may
compromise the effective removal of intracanal patho-
gens,10e12 due particularly to insufficient irrigant penetra-
tion with conventional syringe irrigation (SI).13 Thus,
facilitating irrigant flow using irrigant activation techniques
seems mandatory to ensure the predictability of minimally
invasive root canal instrumentation.

Several irrigant activation techniques have been
employed, including sonic-activated irrigation, ultrasonic-
activated irrigation (UAI), and laser-activated irrigation
(LAI). UAI involves acoustic streaming and cavitation, which
may improve the flushing of irrigants in inaccessible canal
areas.14,15 LAI using an erbium-doped yttrium aluminum
garnet (Er:YAG) laser generates high fluid flow through rapid
bubble growth and collapse, thus creating a fluid movement
with secondary cavitation effects in the canal space and
enhancing canal debridement.16e18

The efficacy of LAI has been demonstrated in cleaning
complex canal anatomy, including the isthmus,19,20 lateral
canals,21 apical areas beyond canal ledges22 and fractured
instruments.23 Photon-induced photoacoustic streaming
(PIPS), which uses an Er:YAG laser at 2940 nm (Light-
Walker; Fotona, Ljubljana, Slovenia), is an effective LAI
technique that involves laser emission at low energy levels
and a short pulse duration using a conical laser tip. The
cleaning effect of PIPS reportedly extends to the apical
area despite irradiation from the pulp chamber or canal
orifice.24,25

Establishing effective irrigation methods is still war-
ranted to solve the difficulty of thorough cleaning in the
apical area of minimally instrumented root canals.13 Also,
there have been no reports on the efficacy of different
irrigation techniques in cleaning root canals conservatively
instrumented with the TruNatomy system. Therefore, this
study was performed to compare different irrigation tech-
niques in terms of the smear layer removal efficacy from
canals instrumented with TruNatomy instruments. The null
hypothesis was that there is no difference in the smear
layer removal efficacy among (1) final instrumentation sizes
and (2) irrigation techniques.
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Materials and methods

Tooth samples

Extracted human mandibular incisors were used with
approval by the Institutional Review Board of our institution
(No. D2014-033). The patients were informed, at the time
of extraction, that the extracted teeth would be used for
research purposes, and written approval was obtained from
all the subjects.

The sample sizes needed to identify significant differ-
ences were calculated using G*Power software version
3.1.9 (Heinrich-Heine Universität, Düsseldorf, Germany).
According to a previous study,21 a sample size of 17 per
group for Experiment 1 and 13 per group for Experiment 2
was obtained by setting an effect size of 0.5, a significance
level of 0.05, and a power of 95 %. The selected teeth had
mature roots without caries, cracks, endodontic treatment,
or restorations; a root length (cementoenamel junction to
apex) of �13 mm; and radiographic features of a narrow
canal with a curvature of <10� according to Schneider’s
method.26

Root canal instrumentation

Following access opening, the teeth that allowed the
introduction of a #25 K-file (Zipperer, Munich, Germany) to
half the root length were excluded. Apical patency was
confirmed using a #10 K-file barely visible at the apical
foramen. The working length (WL) was set to 18 mm from
the point at which the file was withdrawn 1 mm from the
apical foramen. An orifice-shaping instrument (TruNatomy
Orifice Modifier; Dentsply Sirona, Ballaigues, Switzerland)
was used to 9 mm from the WL. To establish a closed sys-
tem, the root was placed in a hollow plastic tube filled with
silicone rubber impression material (Exafine; GC, Tokyo,
Japan).

The teeth were instrumented to the WL with TruNatomy
Glider (#17/0.02) followed by TruNatomy Shaping File(s) up
to either Small (#20/0.04 regressive taper), Prime (#26/
0.04 regressive taper), or Medium (#36/0.03 regressive
taper) using an endodontic motor (Tri Auto ZX2; J. Morita,
Kyoto, Japan) in accordance with the manufacturer’s rec-
ommendations (500 rpm/1.5 N cm). During instrumenta-
tion, the canals were filled with a lubricant (RC-Prep;
Premier Dental, Philadelphia, PA, USA). After each instru-
ment change, the canals were irrigated with 1 mL distilled
water to avoid neutralizing the effect of RC-Prep, and canal
patency was manually confirmed using a #10 K-file.

Irrigation procedures

Post-instrumentation irrigation was conducted according to
the protocol described in Mancini et al.27 with slight mod-
ifications (Table 1). The protocol involved an alternate use
of 14.3 % ethylenediaminetetraacetic acid (EDTA) (Morho-
nine; GC Showa Yakuhin, Tokyo, Japan) and 6 % sodium



Table 1 Irrigation protocol.

Irrigant Activationa

1 14.3 % EDTA (3 mL) 30 s
2 distilled water (3 mL) 30 s
3 6 % NaOCl (3 mL) 30 s
4 resting time (30 s)b

5 6 % NaOCl (3 mL) 30 s
6 resting time (30 s)b

7 distilled water (3 mL) 30 s
8 14.3 % EDTA (3 mL) 30 s
9 distilled water (3 mL) 30 s

a No activation in canals in which only syringe irrigation was
performed.

b Canals were filled with NaOCl without activation. EDTA,
ethylenediaminetetraacetic acid; NaOCl, sodium hypochlorite.
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hypochlorite (NaOCl) (Dental Antiformin; Nippon Shika
Yakuhin, Shimonoseki, Japan), both of which were deliv-
ered with a 3.0 mL-syringe (Nipro, Osaka, Japan) with a 30-
G Luer-Lok polypropylene irrigation needle (TruNatomy
Irrigation Needle, 0.025 taper; Dentsply Sirona), and acti-
vated with various activation techniques as described
below. Irrigant activation was not conducted in teeth in
which only SI was performed.

In Experiment 1, the effect of final instrumentation size
on irrigation efficacy was examined. Fifty-one teeth were
randomly assigned to three groups in which instrumentation
was performed up to TruNatomy Small, Prime, or Medium
(n Z 17 each). The specimens underwent SI with the 30-G
needle inserted 1 mm short of its binding position at a flow
rate of 6 mL/min. The irrigation was conducted as in
Table 1 without irrigant activation.

Experiment 2 aimed to compare the efficacy of active
irrigation protocols in minimally instrumented canals. Sixty-
five teeth were instrumented up to TruNatomy Small and
randomly assigned to 5 groups (n Z 13 each) as follows:

1. LAI 30/10 group: A 2940-nm Er:YAG laser (ErwinAdvErL;
Morita Manufacturing, Kyoto, Japan) equipped with a
conical 200-mm-diameter fiber tip (R200T; Morita
Manufacturing) was used. The laser fiber tip was inserted
5 mm short of the WL without touching the canal wall.
The pulse energy, frequency, and pulse duration were
30 mJ, 10 Hz, and 300 ms, respectively.

2. LAI 70/20 group: The settings were the same as those in
the LAI 30/10 group, except the pulse energy was set at
70 mJ and frequency was set at 20 Hz.

3. PIPS group: A 2940-nm Er:YAG laser (LightWalker;
Fotona, Ljubljana, Slovenia) equipped with a conical
400-mm-diameter quartz tip (PIPS 400/14 tip; Fotona)
was used. The tip was placed at the root canal orifice
(15 mm short of the WL). The pulse energy, frequency,
and pulse duration were 20 mJ, 15 Hz, and 50 ms,
respectively.

4. UAI group: A #10/0.02 stainless steel tip (U file; Pierce,
Tokyo, Japan) was connected to an ultrasonic unit (ENAC
11W; Osada, Tokyo, Japan), placed 1 mm short of the WL
without touching the canal wall and activated at a power
setting of 3 (highest setting recommended by the
manufacturer) at 30 kHz and 3.6 W.
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5. SI group: The same irrigation procedure was used as in
Experiment 1.

Five additional teeth served as negative controls in
which the canal was instrumented but no irrigation was
conducted.

Irrigation was conducted according to the protocol
shown in Table 1 (no activation in the SI group). Irrigants
were continuously delivered to the pulp chamber with the
30-G needle and syringe used for SI while the irrigant
activation was conducted for every activation technique.

Scanning electron microscopy

The roots were carefully split with a chisel after preparing
longitudinal grooves on the mesial and distal surfaces using a
diamond disc without penetration into the canals. A properly
fitting gutta-percha cone (TruNatomy Conform Fit Gutta-
Percha Points; Dentsply Sirona) was placed in the canal to
limit contamination by dentin fragments. Half of each sam-
ple was randomly chosen and marked with a razor blade
every 1.0 mm from WL -1.0 to �12.0 mm under a stereo-
microscope. The samples were then dehydrated, desiccated,
platinum-coated, and examined under scanning electron
microscopy (SEM) (JSM-7900F; JEOL, Tokyo, Japan) at 15 kV.

Following overview inspection (30 � ), the samples were
observed at 200 � magnification to ensure the position of
the markings. An image at 1000 � magnification was taken
from the center of the field of view within each area be-
tween neighboring markings, yielding 12 images per tooth.
The images were grouped as apical third (1.0e4.0 mm short
of the WL), middle third (5.0e8.0 mm short of the WL), and
coronal third (9.0e12.0 mm short of the WL) (4 images in
each third). Two calibrated and blinded observers evalu-
ated the 840 photographs for the smear layer on the canal
wall using a 5-score index system28 (Fig. 1).

Statistical analysis

Normality was tested with the Kolmogorov-Smirnov test.
Data were analyzed using the KruskaleWallis test and
ManneWhitney U test with Bonferroni correction. Interob-
server and intraobserver agreement was analyzed using
Cohen’s kappa test. All analyses were performed using
SPSS, version 28.0.1.0 (IBM, Armonk, NY, USA), and differ-
ences were considered significant at P < 0.05.

Results

In Experiment 1, the kappa values were 0.78 for interob-
server agreement and 0.77 and 0.79 for intraobserver
agreement (substantial agreement). In Experiment 2, an
interobserver kappa value of 0.83 and intraobserver kappa
values of 0.81 and 0.82 were obtained (almost perfect
agreement).

Experiment 1

As shown in Figs. 2 and 3, the TruNatomy Small group
showed significantly higher scores than the other groups in



Figure 1 Smear layer scoring system according to Hülsmann M et al.28 and representative images of each score. Score 1, no smear
layer, dentinal tubuli open; Score 2, small amount of smear layer, some dentinal tubuli open; Score 3, homogenous smear layer
covering the root canal wall, only few dentinal tubuli open; Score 4, complete root canal wall covered by a homogenous smear
layer, no open dentinal tubuli; Score 5, heavy, nonhomogenous smear layer covering the complete root canal wall.

Figure 2 Representative scanning electron microscopy images showing the smear layer in Experiment 1. The scoring criteria are
given in the legend of Fig. 1, and the score is shown in the lower right corner of each panel. Scale bar Z 10 mm. Small, TruNatomy
Shaping File Small; Prime, TruNatomy Shaping File Prime; Medium, TruNatomy Shaping File Medium.
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the apical and middle thirds of the canal (P < 0.05). In the
coronal third, the scores for the TruNatomy Small group
were significantly higher than those for the TruNatomy
Medium group (P < 0.05).

Experiment 2

As shown in Figs. 4 and 5, the LAI 70/20 and PIPS groups
showed significantly lower smear layer scores than the LAI
30/10 and SI groups in the apical third (P < 0.05) and than
the other groups in the middle third (P < 0.05). The PIPS
group showed significantly lower scores than the LAI 30/10,
UAI, and SI groups in the coronal third (P < 0.05).
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Seven out of 52 samples in the LAI 70/20 group exhibited
shallow crescent-shaped cavities in the middle third
(Fig. 6).

Discussion

Although minimally invasive root canal instrumentation
has increased in popularity, insufficient pathogen eradi-
cation is a concern, especially in infected root canals.10e12

It is crucial to consider that a more conservative approach
to root canal instrumentation could potentially increase
the risk of compromised cleaning efficacy. Moreover, only
a few studies have examined the cleaning efficacy in



Figure 3 Percentage distribution of the smear layer score in Experiment 1. Root canals were instrumented up to TruNatomy
Small, Prime, or Medium and irrigated using syringe irrigation. Different lowercase letters on each bar in an area indicate a sig-
nificant difference between groups at P < 0.05. The scoring criteria are given in the legend of Fig. 1. Small, TruNatomy Shaping File
Small; Prime, TruNatomy Shaping File Prime; Medium, TruNatomy Shaping File Medium.

Figure 4 Representative scanning electron microscopy images showing the smear layer in Experiment 2. Root canals instru-
mented with TruNatomy Small and irrigated using different irrigation protocols. The scoring criteria are given in the legend of
Fig. 1, and the score is shown in the lower right corner of each panel. Scale bar Z 10 mm. LAI 30/10, laser-activated irrigation at
30 mJ, 10 Hz; LAI 70/20, laser-activated irrigation at 70 mJ, 20 Hz; PIPS, photon-induced photoacoustic streaming; UAI, ultrasonic-
activated irrigation; SI, syringe irrigation; Control, no irrigation.
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conservatively instrumented root canals.12,13,27,29 The
TruNatomy system is specifically designed to minimize
unnecessary removal of root dentin,8,9 and has been re-
ported to cause less apical transportation while preserving
more dentin compared with several other nickel-titanium
rotary and reciprocating systems.30,31 Therefore, in the
present study, we used the TruNatomy system as a repre-
sentative system for minimally invasive root canal instru-
mentation and compared the cleaning efficacy of different
irrigation techniques. The smear layer removal efficacy
was investigated considering that microorganisms are
present in the smear layer and dentin tubules32,33 and that
1550
the smear layer prevents effective penetration of irrigants
and may compromise the sealing ability of root filling
materials.34,35 Our results demonstrated several significant
differences in the smear layer scores between different
instrumentation sizes and irrigation protocols. Thus, the
null hypothesis was rejected.

Experiment 1 revealed that the cleaning efficacy of SI
was significantly reduced when the final instrumentation
was most conservatively performed with TruNatomy Small.
This is consistent with the finding that more significant
smear layer removal is achieved as the root canal instru-
mentation size increases.12 Based on these results,



Figure 5 Percentage distribution of the smear layer score in Experiment 2. Root canals were instrumented with TruNatomy Small
and irrigated using different irrigation protocols. Different lowercase letters on each bar in an area indicate a significant difference
between groups at P < 0.05. The scoring criteria are given in Fig. 1. LAI 30/10, laser-activated irrigation at 30 mJ, 10 Hz; LAI 70/20,
laser-activated irrigation at 70 mJ, 20 Hz; PIPS, photon-induced photoacoustic streaming; UAI, ultrasonic-activated irrigation; SI,
syringe irrigation; Control, no irrigation.

Figure 6 A representative scanning electron microscopy
image from the middle area of the LAI 70/20 group, showing
shallow crescent-shaped cavities (white arrows). Scale
bar Z 10 mm. LAI 70/20, laser-activated irrigation at 70 mJ,
20 Hz.

Journal of Dental Sciences 19 (2024) 1546e1553
Experiment 2 aimed to determine the irrigation techniques
that can improve the cleanliness of root canals instru-
mented with TruNatomy Small. Although the present
experimental conditions were more conservative in terms
of instrumentation size (#20/0.04 regressive taper), the
findings support the recently reported efficiency of PIPS in
canals instrumented to sizes #25/0.04 to 0.08
taper.12,13,27,29 Other studies have also demonstrated that
PIPS is significantly more effective than ultrasonic tech-
niques for root canals instrumented to a size #25/0.06
taper.12,13,27,29

In the present study, the PIPS group performed better
than the LAI 30/10 group despite an identical power setting
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(0.3 W). This can be explained by the short pulse duration
of PIPS (50 ms), which derives a high peak power inducing a
“shockwave-like” effect that increases the pressure waves
of irrigants.24,25 Thus, PIPS set at lower irradiation energy
settings can have a higher cleaning efficacy than that of
conventional LAI with a longer pulse duration.

In the PIPS group, the laser tip placed at the canal orifice
may have allowed sufficient irrigant flow throughout the
root canal. In the conventional LAI groups, however, the
flow might have been compromised because of the volume
of the laser tip placed in the narrow canals. Although
conventional LAI may exert a certain cleaning effect even
when applied at a distance,21e23,36 a higher irradiation
power may be necessary for sufficient cleaning in the apical
area of narrow root canals. In the LAI 70/20 group, SEM
images demonstrated crescent-shaped cavities (Fig. 6).
This finding suggested heat-induced injury to the canal
wall, possibly due to the proximity of the laser tip to the
root canal wall within the restricted canal space.37,38

SI and UAI exhibited comparable cleaning performances
in all the root canal areas. UAI may be less effective in
narrow root canals, where ultrasonic vibration is restricted.
In the SI group, the ability of the fine, flexible needle used
in this study to aid cleaning seemed limited; this is
consistent with the finding that debridement is compro-
mised with #20/0.04 or #25/0.04 instruments despite the
use of narrow needles (30-G or 31-G).13 Thus, cleaning with
SI and UAI may be inefficient in narrow canals, which might
pose a negative impact on the clinical outcomes of root
canal treatment due to insufficient pathogen eradication,
especially in infected root canals.10e12

This study has several limitations. Firstly, SEM has the
inherent limitation of not allowing longitudinal observa-
tions, although it is widely used for the evaluation of smear
layers.39 Digital image analysis might be more objective and
quantitative than the qualitative scoring system employed
in the present study. Additionally, the use of teeth of un-
known age might have influenced the results since the
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amount of sclerotic dentin may increase with age. Finally,
the effect of canal curvature warrants further studies
because cleaning the apical curvature may be more chal-
lenging. To assure the safety of irrigation procedures,
future studies should be directed toward the apical extru-
sion of irrigants during each irrigation procedure.

In conclusion, conservative instrumentation using the
TruNatomy Small reduced cleaning efficacy of syringe irri-
gationcomparedwith instrumentationwithTruNatomyPrime
and Medium. In the conservatively instrumented canals,
however, the PIPS technique, in which the laser tip is placed
above the root canal orifice, demonstrated satisfactory
smear layer removal without injury to the root canal wall.
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