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INTRODUCTION

The effectiveness of root canal cleaning and disinfec-
tion, through irrigation, depends on the mechanical and

Abstract

This study aims to assess the influence of root canal preparation, irrigation needle
design and its placement depth in the irrigation flow of confluent canals during sy-
ringe irrigation. A mandibular molar presenting two confluent canals in its mesial
root was sequentially prepared and scanned by micro-computed tomography after
mechanical preparation up to ProTaper Next system sizes X2 (25/.06v), X3 (30/.07v)
and X4 (40/.06v). In each of the root canal preparation models, a side-vented and an
open-ended needle at 5, 3 and 2mm from the working length were included, and ir-
rigation flow was assessed by a validated computational fluid dynamics model. The
results revealed that the irrigant flowed out of the confluent canals mainly through
the canal that did not have the needle. Apical penetration and renewal of the irri-
gant were most efficiently achieved with the use of a 30G open-ended needle and a
30/.07v preparation.

KEYWORDS

computational fluid dynamics, confluent root canals, endodontics, root canal irrigation, syringe
irrigation

chemical action of the irrigants where anatomy stands
as one of the main obstacles [1, 2]. The anatomical com-
plexity, with main relevance to the apical portions of
the root canal, presents a challenge for the delivery and
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SYRINGE IRRIGATION IN CONFLUENT CANALS

replenishment of irrigants in an efficient and safe way [3,
4]. This concern has been the subject of several investiga-
tions leading to the establishment of some recommenda-
tions regarding syringe irrigation [2, 5].

Computational fluid dynamics (CFD) has been used as
a predictive tool to analyse the penetration and flow of the
irrigants, in a given anatomy, and the influence of several
clinical variables, such as the mechanical preparation size
and taper [6], design and placement depth of the irrig-
ant needle [7-9], and flow rate [10], in a relatively simple
and versatile way when compared to other experimental
models [11]. Most of these in silico research works on ir-
rigation flow have been carried out in independent canals
[6, 9, 12, 13]. However, in roots presenting multiple main
canals, one of the possible and common configurations is
their confluence, often identified in the mandibular molar
mesial root [14]. The flow and penetration of irrigants in
this configuration may lead to results different from those
observed in single or independent root canals. To the best
of the authors’ knowledge, no data on irrigation fluid dy-
namics within this anatomical configuration is available.

In light of this, the aim of this study is to evaluate, in
confluent root canals, the effect of different mechanical
preparation size and taper combinations and two needle
designs at different placement depths on the irrigant flow
using a CFD model previously validated in this problem
class [15].

MATERIALS AND METHODS

Root canals specimen selection and
procedures

After local ethics committee approval, one two-rooted
mandibular molar with two confluent mesial root canals
was selected (Figure 1) from a pool of extracted teeth.
The pooled specimens were examined under a clinical
microscope (M320F12; Leica MicroSystems) for root
integrity, and the soft tissue remnants and calculus on
the external root surface were removed by ultrasonic
scaling (P5 Newtron XS; Satelec Acteon). Posteriorly,
the teeth were initially scanned in a micro-computed
tomography (micro-CT) device (SkyScan 1275; Bruker-
micro-CT) operated at 80kV and 125mA, with a resolu-
tion of 19.61 pm with 360° rotation around the vertical
axis, rotation step of 0.5°, camera exposure time of 58
milliseconds and frame averaging 3, using a 1-mm thick
aluminium filter. The acquired projection images were
reconstructed into cross-sectional slices using NRecon
v.1.7.3.1 software (Bruker-micro-CT) and used to se-
lect the tooth with the initially defined anatomical pa-
rameters. Root canals had an S configuration regarding
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curvature in both the clinical and proximal views. Angle
measurements [16] are reported in Table 1.

Before root canal instrumentation, the molar crown
was cut near the cementoenamel junction. Working
length was established at the canal terminus by insert-
ing a 10K-file (Dentsply Maillefer) into the canals until it
was visible at the apical foramen. The glide path was done
manually with 10, 15 and 20K-file (Dentsply Maillefer).
Instrumentation was conducted using ProTaper Next ro-
tary files (Dentsply Maillefer Endodontics) following the
sequence X1, X2, X3 and X4. During mechanical prepara-
tion, the irrigation was performed using 2mL of 5.25% so-
dium hypochlorite (NaOCl). At the end of the preparation
with each of the instruments X2 (25/.06v), X3 (30/.07v)
and X4 (40/.06v), ultrasonic irrigant activation was per-
formed for 1 min (20s, three times), with an ultrasonic tip
ISO #20 (IrriSafe; Satelec, Acteon Group) positioned 1 mm
short of the working length. Two endodontic irrigation
needles, a 30-G flat open-ended (NaviTip; Ultradent) and
a 30-G side-vented (Max-i-Probe; Dentsply/Tulsa Dental)
were placed inside the root canal to test if they could
reach, without binding, the working length minus 2mm,
after each enlargement with 25/.06v, 30/.07v and 40/.06v.

The selected tooth was scanned three more times by
micro-CT, after each one of the enlargements to 25/.06v,
30/.07v and 40/.06v, with the aforementioned scan set-
ting parameters, and the acquired projection images were
reconstructed into cross-sectional slices using NRecon
v.1.7.3.1 software (Bruker-micro-CT).

Numerical simulation

Three 3-dimensional models of the root canals were gen-
erated, matching preparation sizes 25/.06v, 30/.07v and
40/.06v, in a Standard Template Library (STL) format file,
using CTAn v.1.17.7.2 software (Bruker, micro-CT). These
models were standardised to 10.4mm in a 3D CAD soft-
ware (SolidWorks 2017 x64 Edition; Dassault Systémes),
where a flat open-ended needle and a side-vented needle
were designed with an outer diameter of 320pm and an
inner diameter of 170 pm based on the measurements ob-
tained from a scanning electron microscope (Vega3-LMU;
TESCAN) micrograph analysis of a 30G flat open-ended
(NaviTip; Ultradent) and a 30G, side-vented, endodontic
irrigation needle (Max-i-Probe; Dentsply/Tulsa Dental),
respectively. The length of the needles was set to 25mm.
Based on testing conducted during the experimental work
and in order to simulate only clinically realistic condi-
tions, both needle designs were placed on the buccal root
canal lumen with their apical ends positioned at 5, 3 and
2mm short of the working length in each of the three-di-
mensional models.
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FIGURE 1 (a)Proximal and clinical view of the three-dimensional reconstruction of the mesial root and initial anatomy of the
confluent root canals used in the present study, and root canals after mechanical preparation with 25/.06v, 30/.07v and 40/.06v, with their
respective total and apical 3, 2 and 1 mm volume (mm?*) below (from left to right). (b) Passive scalar change over time (10s) of the side-
vented needle placed at 3mm from the working length for all root canal preparations examined (25/.06v, 30/.07v and 40/.06v).

TABLE 1 Root canal curvatures measurement.

Proximal view Clinical view
Angle Lingual canal Buccal canal Lingual canal Buccal canal
Coronal 25.4° 23.3° 21.5° 18.2°
Apical 14.7° 14.8° 15.3° 4.6°

These assemblies were exported to ANSYS 2019 R2
(ANSYS), where eighteen flow domains were generated,
one for each combination of mechanical preparation
sizes, needle types and placement depths mentioned.
Tetrahedral unstructured meshes, with prism layers in
the near-wall region and appropriate near-wall refine-
ment, were created using the ANSYS Workbench meshing
pre-processing module. Mesh independency tests were
made until reaching the final mesh generation. Depending
on the mechanical preparation size model, needle type
and placement depth, final meshes contained approxi-
mately 2.2-3.2 million elements. The numerical model-
ling of the flow employed the ANSYS Workbench Fluent
solver module, where a three-dimensional, incompress-
ible, pressure-based transient solver was used. Continuity

equation, momentum equations and the advective-trans-
port equation for a passive tracer were solved. The flow
was considered laminar and no turbulence model was
employed according to the numerical model previously
validated [15].

A velocity inlet boundary condition was applied at the
inlet of the needle, with a plug velocity profile matching
the inlet flow rate of 0.1 mL/s. The fluid used in the CFD
numerical simulations was NaOCI 2.5%, and it was mod-
elled as an incompressible Newtonian fluid with density
p=1060kg/m® and viscosity p=1.073x 107> Pa.s [17]. The
flow domain was filled with NaOCI at the starting point
of the simulation. During the simulation, NaOClI solution
was introduced through the needle inlet representing a
‘fresh’ NaOCl irrigant solution entering the flow domain.
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In order to trace the exchange of the ‘old’ NaOCI solution
with the ‘fresh’ one inside the flow domain during the ir-
rigation process, a passive tracer scalar was defined where
0 represented the ‘old’ solution and 1 the ‘fresh’ irrigant.
The molecular diffusion coefficient for both solutions was
set to 0 in order to eliminate mass diffusion effects, focus-
ing on the effects of the advective transport for the irrigant
renewal only. Atmospheric pressure was imposed at both
canal outlets, while canal walls were set as rigid and im-
permeable surfaces where the no-slip velocity boundary
condition applies.

The SIMPLE algorithm was used for the pressure-ve-
locity coupling. Second-order discretisation schemes were
used for the spatial discretisation of the velocity and sca-
lar transport equations. The convection term in the mo-
mentum equation used a second-order upwind scheme.
The simulations started considering an initial resting state
(u=0) and a uniform gauge pressure field (p=0) for the
fluid inside the simulation domain. For the time discre-
tisation, a bounded second-order implicit discretisation
scheme was used with a 10ps time step for a real flow
time simulation of 1s. Previously, three simulations with
areal flow time of 10s were carried out for the side-vented
needle placed at 3mm from the working length in all root
canal preparations (25/.06v, 30/.07v and 40/.06v) for flow
time assessment purposes. The solver stopped for a con-
vergence criterion of 0.001 in the residues of all simulated
flow variables.

At the end of the simulations, the CFD-Post module
was used as a post-processing tool to obtain the results
and data on the irrigant replacement percentage rates,
through the ratio provided by the scalar, within the total
volume and at the apical 3, 2 and 1 mm volumes. For each
flow domain, apical pressure, flow patterns and wall shear
stress were also stored and analysed. A workstation with a
24-core Intel Xeon 2.4 GHz processor (Intel) and internal
memory of 128 GB was used for the numerical simulation.

RESULTS

Changes in the total volume and apical 3, 2 and 1 mm vol-
umes following instrumentation to size 25/.06v, 30/.07v
and 40/.06v are reported in Figure 1a.

The results of the three simulations carried out for the
purpose of flow assessment time presented in Figure 1b
show the passive scalar change over 10s of simulation
time of the side-vented needle placed at 3mm from the
working length for all the root canal preparations exam-
ined. Starting from a rest situation, it undergoes a short
transient period where the most significant changes in
irrigation renewal were recorded in the first 0.5s in all
cases. Thereafter, it attained a relatively stable exchange
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condition, with variations of <2% between the first and
tenth seconds, reaching a ‘quasi-steady state’.

Flow pattern

The flow pattern resulting from the irrigant injection is
displayed in the form of vectors along the streamlines in
Figure 2. As it can be observed, both needles generate
slightly different jets after their outlets. After this jet, the
flow is directed to the root canal orifices, mainly through
the confluent canal opposite to the one containing the nee-
dle. This behaviour is observed regardless of the needle
outlet being located coronal or apical to the confluence of
the root canals. Additionally, increasing root canal prepa-
ration, following the sequence of the instrumentation sys-
tem employed, does not promote a relevant change in this
pattern (Figure 2).

Irrigant replenishment and penetration

Figure 3 displays the irrigant penetration and renewal of
the apical 3, 2, 1 mm and total root canal volumes. It can
be seen that, overall, high rates of irrigant renewal were
obtained in the total volume of the root canals.

The apical 3mm registered differences for all prepa-
ration sizes and placement depths with the side-vented
needle. Irrigant is unable to fully reach the working
length at any size or placement depth for that needle
type. The best scenarios for the side-vented needle, re-
garding apical penetration and irrigant renewal, are
seen when its apical limit is positioned 2mm short of
the working length with 25/.06v root canal preparation
and at any placement depth with 40/.06v preparation.
For the studied file sequence, root canal enlargement
enhanced irrigant renewal and penetration at the apical
3mm for the same side-vented needle placement length,
excluding the enlargement from a 25/.06v to a 30/.07v
preparation when the needle is placed 2mm from the
WL. There are no major differences between the dif-
ferent side-vented needle placement depths within the
same mechanical preparation file, except for the 25/.06v
when the needle is placed 2mm short of the working
length (Figure 3).

With the open-ended needle, as opposed to the side-
vented needle, irrigant penetration is almost able to reach
the working length in all situations except with root canal
preparation 25/.06v with the needle positioned at 3 and
5mm short of the working length. Needle placement
depth has a direct relationship in the improvement of
apical penetration and irrigant renewal, with a 25/.06v
preparation. Apart from these two cases, the renewal of
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FIGURE 2 Velocity vectors along the streamlines showing the direction of massless particles inside the root canal coloured according to
the velocity magnitude (at t=1s) for the side-vented needle and open-ended needle placed at the working length (WL) minus 5, 3, 2mm in
all root canal preparations assessed (25/.06v, 30/.07v and 40/.06v).

the irrigant is almost complete in all 3mm apical volume.
No differences are observed between 30/.07v and 40/.06v
root canal preparations, where the placement depth
of the open-ended needle has no influence on irrigant

penetration and renewal. Also, the irrigant replenish-
ment in the coronal and middle thirds of the root canals
seems to have improved with the root canal enlargement
to 30/.07v. (Figure 3).
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Side-vented needle Open-ended needle
WL-5mm WL-3mm WL-2mm WL-5mm WL-3mm WL-2mm
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FIGURE 3 Irrigant penetration and renewal of the 3, 2, 1 mm and total volume (at t=1s) for the side-vented needle and open-ended
needle placed at the working length (WL) minus 5, 3, 2mm in all root canal preparations assessed (25/.06v, 30/.07v and 40/.06v).
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The irrigant penetration beyond the needles tip in-
creases proportionally to the distance of the needle to the
working length, with the preparation size and with the use
of open-ended needle related to the side-vented needle.

Apical pressure

Figure 4 shows the generated apical pressure, which is
always higher for the open-ended needle case. For both
needles, the apical pressure increases when the needle is
placed closer to the working length. When considering an
identical depth of the needle apical tip positioning, an in-
crease in root canal preparation tends to result in a slight
decrease of apical pressure.

Wall shear stress

The shear stress on the root canal walls is confined to an
area near the needle outlet, where it registers the maxi-
mum values (Figure 5). With the side-vented needle this
area is limited to the wall facing the outlet whereas with
the open-ended needle it spreads towards the root canal
walls circumferential and apically to the needle tip. The
maximum time-averaged values for the wall shear stress
range from 1700 to 184 N/m” for the side-vented needle
and from 1283 to 130 N/m? for the open-ended needle.
Considering the same needle and placement depth, the

increase in the root canal preparation leads to lower wall
shear stress values. Regarding the maximum time-aver-
aged values for wall shear stress, no trend is observable for
both the design and the placement depth of needles.

DISCUSSION

Using a previously validated CFD model [15], the present
research assessed the effect of several parameters on the
irrigant penetration and flow within confluent root ca-
nals of a mandibular mesial root. The mechanical and
chemical effect of the irrigants on pulp tissue remnants,
microorganisms, biofilm, hard tissue debris and smear
layer can only take place if the irrigants are able to contact
those components. Additionally, the renewal of NaOCl
solutions in all areas of the root canal system is crucial
to maintain its chemical properties due to its rapid deple-
tion [18]. The use of the advective transport of a passive
scalar in this investigation was the method employed to
both directly visualise the three-dimensional renewal ex-
tension and associated boundaries, and to quantify these
parameters for a more comprehensive assessment of the
irrigant replacement.

Due to the dimensions of the root canals, physical char-
acteristics and flow rate of the irrigants, the steady state
establishment of the physical variables, such as velocity
and pressure, is a very fast phase that can take less than
0.2s starting from a resting state as reported in previous

5
4.5 .
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= 35 — A
=~ o2t -
> o2t B 3007
e
7 o
8 e 40/.06v
S 25 P ‘
E e
53 2‘ o L —— Side-vented
1.5',/’/ - - - Open-ended
1
osf= 4_/,&:—:":—:/:'
0
5 3 2 WL

Needle distance from working length (mm)

FIGURE 4 Time-averaged pressure at the apical end of the root canal as a function of the needle distance from the working length, for

the side-vented needle, open-ended needle and root canal preparations 25/.06v, 30/.07v and 40/.06v.
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FIGURE 5 Contours and maximum time-averaged wall shear stress (N/m?) for all cases studied for the side-vented needle and open-

ended needle placed at the working length (WL) minus 5, 3, 2mm in all root canal preparations assessed (25/.06v, 30/.07v and 40/.06v).
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experimental validation [15]. However, the use of the
additional passive scalar, used in the present research to
represent irrigant replacement, could have a different per-
formance, and therefore, a prior assessment of its behaviour
over time was required. The results on the evolution of the
advective transport of the passive scalar displayed a tran-
sient behaviour in all cases. The small variation of irrigant
replacement after the first second, that takes place in areas
where the velocity is very low, has already been reported
[19]. For this reason, associated with the high computa-
tional cost of CFD simulations, this assessment was car-
ried out using a transient simulation with a time period of
1s, after which the irrigant renewal percentage is expected
to increase very slowly and residually, not only due to the
reported convective transport but also for the molecular
diffusive transport. From a clinical perspective, the irriga-
tion time can often reach 5-10s, sometimes even longer
[20], which also increases the mechanical effect of the irri-
gant flow through advection and wall shear stress effects.
The high rates of irrigant renewal seen in the pres-
ent investigation during the 1s simulation timeframe
are consistent with earlier findings [19]. No conclusions
were drawn about the effect of the increase in root canal
preparation on the anatomical features and irregularities
in the main root canal walls since mechanical preparation
led to small changes between each of the preparation 3D
models (Figure 1) due to the accumulation or removal of
hard tissue debris from these areas, despite the use of ul-
trasonics prior to the micro-CT scans [21, 22] and/or by
decreasing the lumen of these areas due to the enlarge-
ment of the canal. The use of ultrasonics in the present
investigation and the potential creation of defects on the
walls of the main root canals were considered and as-
sessed in a previous pilot study, where the detrimental
effect of debris accumulation on the differences between
mechanical preparation models was much greater than
the controlled use of ultrasonics. Although this can be
considered a limitation of this study, at the same time, it
reflects and should be taken into account within a clinical
setting. Nevertheless, depending on the needle design and
placement depth, the irrigant was able to penetrate these
anatomical features and irregularities in each mechani-
cal preparation to different extents. This supports the as-
sumption that the inward and outward movement of the
needle may enhance the penetration of the irrigant into
these areas by adding up these different penetration ex-
tents. However, in areas of smaller diameter and thickness
such as fins, renewal appeared to be compromised for all
situations assessed in the present study. This observation
has been documented in previous studies [23, 24] and a
correlation between irrigant velocity and the removal of
biofilms in these anatomical features has already been
established [25] showing that in these unprepared areas,

where the velocity is extremely low or nil, no chemical or
mechanical effect takes place and cleaning and disinfec-
tion is compromised as seen in correlative studies [26, 27].

In regard to apical irrigant penetration and renewal,
each needle type produced different results. The inabil-
ity of the irrigant to reach the working length with the
side-vented needle in the confluent canals investigated
in this study is in line with that reported for independent
canals [6]. The characteristic flow pattern generated with
this needle design limits its apical penetration when com-
pared with open-ended needles [28]. However, in this
type of anatomy, the presence of an additional canal to
the one containing the needle, as well as the coronal po-
sition of the side-vented needle outlet related to the ca-
nals' confluence, seems to have an important influence in
constraining the apical penetration of the irrigant to the
working length. The fact that most of the irrigant exited
the root canal system through the canal opposite to the
one with the needle, as seen in the generated flow patterns
(Figure 2), seems to have influenced the overall lack of dif-
ferences in irrigant renewal and apical penetration for the
different side-vented needle placement depths within the
same root canal preparation. The increase in the mechan-
ical preparation sequence has tended to enhance renewal
rates and irrigant apical penetration, like that seen in in-
dependent canals in previous studies [12, 29].

The open-ended needle favours irrigant penetration to
the working length, as such penetration is almost attained
in the majority of scenarios studied. The exception is for
the 25/.06v preparation case when the needle is placed at
5 and 3mm from the working length, although in the lat-
ter case the renewal rate is high in the apical millimetre.
This inability of apical irrigant penetration to the working
length in preparations with an apical preparation of 25/.06
is consistent with other studies using numerical models in
independent canals [6, 12]. In practice this can result in a
reduced chemical and mechanical action of the irrigants
compared to larger apical sizes, as results of a previous
clinical investigation regarding bacterial reduction sug-
gests [30]. However, with the enlargement to the 30/.07v
preparation, the penetration and apical renewal of the
irrigant reached optimal rates regardless of needle place-
ment depth. Increasing the preparation to 40/.06v did not
provide any additional benefits for the open-ended needle.

In addition to irrigant penetration and renewal within
the root canal system space, which are critical to irrigation
chemical effect, wall shear stress, a physical fluid dynam-
ics quantity provided with this numerical model analysis,
is employed as a surrogate for the irrigation mechanical
effect [6, 31]. It is observed that the maximum values of
wall shear stress tend to decrease as mechanical prepara-
tion increases. This pattern was already identified in pre-
vious studies [12, 29] and is explained by the increased
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distance between the needle outlet and the root canal
walls. As variables dependent on the needle outlet and its
proximity to the root canal walls, the anatomical irregular-
ities and confluence zone present in the anatomical mod-
els studied can explain the relatively uncorrelated results.
As seen previously for irrigant penetration, this is another
effect that might be enhanced with the inward and out-
ward movement of the needle, as recommended by some
authors [5, 32].

Beside irrigant renewal and apical penetration, safety
concerns must always be considered during positive pres-
sure irrigation. The generated apical pressure data is used
to determine the relative risk of irrigant extrusion since,
aside from not being the primary determinant, there is
no reference value from which a hypochlorite accident is
known to occur. In the present study, the changes in api-
cal pressure follow the trends previously documented for
independent canals [7, 12, 29]. Several studies using the
same flow rate, needle placement depth and design report
some divergences in the generated apical pressure [8, 9,
19]. Differences in anatomy and the use of a CFD model
assuming a turbulent flow might be the reasons for such
divergence, adding to the fact that none of these studies
validated the employed numerical model.

Combining the data of apical pressure and irrigant
penetration for the side-vented needle, we can state that,
while it registers relatively low values and little likelihood
of promoting irrigant extrusion, it is ineffective in the
renewal and delivery of irrigants to the working length
within the root canal anatomy studied herein. The rec-
ommended placement of the side-vented needle within
1mm of the working length [33] could improve the sce-
nario, but the anatomy might not always permit it, as in
the case evaluated in this study. The use of 31 G needles
could be an alternative to overcome this issue [6]. The
open-ended needle generates the highest apical pressure
and a larger risk of irrigant extrusion when compared
with the side-vented needle and when placed closest to
the working length and for all preparation sizes, but on
the other hand, it shows high efficiency in the delivery of
the irrigant to the working length at any of the placement
depths studied, suggesting its placement at 3mm or even
5mm, except for 25/.06v preparation where the relation
between irrigant penetration and apical pressure seemed
to be more balanced when placed 3 mm short of the work-
ing length.

Regarding the effect of enlarging the root canal with
the sequence of files used, the results are different de-
pending on the type of needle used. While with the open-
ended needle no major benefits are observed with root
canal enlargement to 40/0.06v, as renewal and penetra-
tion extend almost entirely to the WL at 30/.07v, with the
side-vented needle, although never reaching the WL, the
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root canal enlargement led to an improvement in irrigant
renewal and apical penetration for all mechanical prepa-
rations evaluated, with the exception of the increase from
25/.06v to 30/.07v when the needle is located 2 mm from
the WL, a finding that contradicts the general trend re-
ported in the manuscript and in earlier studies [12, 29].
From the generated flow pattern results, it can be seen
that in preparation 30/.07v, when the side-vented needle
is placed 2mm from the WL, the flow is more concen-
trated and directed towards the canal opposite to the one
with the needle, compared to preparations 25/.06v and
40/.06v, which seem to limit the apical penetration of the
irrigant, leading to this contradictory finding. The reasons
for this seem to lie in the fact that the root canal enlarge-
ment led to an increase in the canal lumen not only api-
cally but also in the canal opposite the needle, providing
more space for the flow towards the exit, combined with
the fact that the confluence zone in preparation 30/.07v
had a configuration that allowed the jet generated from
the side-vented needle to be more directed towards the
canal opposite the needle and, therefore, to the exit. This
change in the confluence zone between the evaluated
root canal preparations was due not only to the shaping
provided by the root canal instrumentation but also to
the accumulation and removal of debris, which, as previ-
ously discussed, resulted in these small changes between
the root canal preparation sizes and their respective 3D
models, something that, although minimised, cannot be
completely eliminated either in the use and preparation
of real root canal anatomy for this type of research or in
a real clinical scenario [21, 22]. Taken together, the gains
in apical irrigant penetration by opting for an open-ended
needle appear to be greater than the root canal enlarge-
ment for a 40/.06v preparation in the anatomy assessed
in this study. These remarks and results should be inter-
preted with caution, as this study aimed to evaluate the
flow generated with syringe irrigation within this specific
anatomy. A more coronal or apical confluence zone than
the one evaluated in this research could modify the re-
sults obtained regarding apical penetration and needle
type, and it is important to assess their influence in future
studies. Additionally, in a clinical setting, other factors
must also be considered, and each root canal anatomy
with a different preoperative morphology would require
a different final shape and apical preparation in order to
avoid structural weakening or preparation errors [34].
Also, these results were obtained for the combined effect
of tip size and taper specific to the variable-taper rotary
instruments used. The effect of different combinations
of size and taper, as well as their isolated effect on this
type of anatomy, should be addressed in future studies to
evaluate their influence on the flow, as already shown for
independent canals [6, 12, 29].
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In the present study, the sequential assessment of the
root canal preparation combined with the needle design
and its proximity to the working length provided a correla-
tion and evaluation of their influence in the irrigant flow of
confluent canals. The flow rate is another known parameter
influencing the irrigation flow [6, 10], which was kept con-
stant and with a value of 0.1 mL/s in the current research.
This flow rate is a clinically realistic value [20] and a poten-
tially usable higher flow rate must first be experimentally
validated for this anatomic configuration. Future research
using other anatomical configurations is crucial to better
understand and assess the differences in irrigant flow, such
as those recorded in the confluent canals studied in this re-
search and independent canals from previous studies.

CONCLUSIONS

As a conclusion, in the confluent canal anatomy studied in
this investigation, the apical penetration of NaOCI is not
able to fully extend to the working length with the use of
a 30G side-vented needle in any of the studied prepara-
tion sizes. With the use of a 30G open-ended needle, this
penetration is almost possible even with a 25/.06v prepara-
tion and when placed 2mm short of the working length,
although with an increased risk of extrusion. Increasing to
30.07 v allows irrigant penetration almost up to the working
length for all open-ended needle placement depths investi-
gated, as well as lower apical pressure. No substantial ben-
efits are seen from enlarging the root canal to size 40/.06v.
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