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Abstract

Aim: This study aimed to assess how three different treatment protocols affect the
survival of teeth and the survival of teeth without further interventions after root
canal treatment (RCT), while also considering additional factors that could poten-
tially influence the treatment outcome.

Methodology: Data were collected from an outpatient clinic database from July
1999 to January 2024 and 14233 treated teeth could be included in a retrospective
cohort study. Treatment protocols incorporated hand files (Protocol 1), multiple-file
rotary NiTi systems added with passive ultrasonic irrigation (PUI), citric acid and
occasionally chlorhexidine (Protocol 2) and reciprocating instruments added with
PUIL EDTA, warm vertical compaction and calcium silicate-based sealer (Protocol
3). Survival analysis coupled with Cox proportional hazard regression and Kaplan-
Meier curves took into account several variables including treatment, patient demo-
graphics and experience of the treatment provider. Confounding was addressed by
entropy balancing and gradient boosted logistic regression. Multistate analysis was
conducted to evaluate the influence of treatment protocols on the transition between
various intervention states.

Results: Survival analysis revealed that Protocol 3 significantly enhanced survival
rates and survival rates without further interventions by 30%-40% compared to both
other protocols. Additionally, higher patient age was identified as a negative predic-
tor of treatment outcomes. Supportive periodontal treatments were a positive pre-
dictor. Factors such as tooth type, vitality, number of visits, experienced treatment
provider, calcium silicate-based sealer and patient gender did not significantly affect
outcomes in the adjusted models. Multistate analysis confirmed that Protocol 3 was
associated with significantly reduced incidences of retreatment and extraction.
Conclusion: Protocol 3 significantly enhanced survival and survival without further
interventions compared to both other protocols. Patient age and supportive perio-
dontal treatments were significant predictors of outcomes throughout all calculated
models.
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INTRODUCTION

In recent years, significant advancements have been made
in root canal treatment (RCT) protocols. While these im-
provements should have the potential to enhance the suc-
cess and outcome of RCT, scientific proof on this matter
is currently sparse (Gulabivala & Ng, 2023; Ng, Mann, &
Gulabivala, 2008). Despite the relatively large number
of studies on the outcome of endodontic treatment, few
of these studies have investigated the effect of treatment
protocols or different preparation instruments on the out-
come (Ng, Mann, & Gulabivala, 2008, 2010). Moreover,
most of these studies found no systematic evidence that
the use of more recent treatment protocols improves
endodontic treatment outcome (Fernidndez et al., 2017;
Fleming et al., 2010; Mareschi et al., 2020). Since the de-
velopment of rotary Nickel-Titanium (NiTi) files, there
have been only a few studies demonstrating an improve-
ment in periapical healing as an indication of the success
of root canal treatment (Biirklein & Arias, 2023; Cheung
& Liu, 2009; Hoskinson et al., 2002; Mareschi et al., 2020).
However, treatment protocols including reciprocating sys-
tems have demonstrated higher success rates in compar-
ison with hand files in terms of survival without further
interventions, while at the same time rotary instruments
showed no significant differences to a treatment protocol
with hand instruments but also not to a treatment proto-
col involving Reciproc instruments (Bartols et al., 2020).
On the other hand, two recent randomized controlled tri-
als concluded that the healing rates and discomfort asso-
ciated with two different protocols incorporating manual
and reciprocating instruments were not different after
one year of follow-up (de Figueiredo et al., 2020; Diniz-
de-Figueiredo et al., 2020). Another study concluded that
protocols utilizing rotary BioRaCe instruments compared
to Reciproc instruments showed no difference in the suc-
cess rates after one year (Neves et al., 2020).
Advancements and improvements in RCT protocols
cover not just the preparation of the root canal but also
essential steps like irrigation, obturation and disinfection
techniques. While the shift from hand files to rotary NiTi
systems and reciprocating systems has garnered signif-
icant attention, the progress made in these other steps
might be just as vital for influencing treatment outcomes.
For instance, irrigation protocols have evolved signifi-
cantly with the introduction of passive ultrasonic irriga-
tion (PUI), which was found to have a favourable effect
on the outcome of RCT (Gobbo et al., 2024). In addition,

it was suggested that the use of EDTA as an adjunct to so-
dium hypochlorite improves periapical healing by 1.3-2.3
odds (Nget al., 2011a, 2011b). On the other hand, it seems
that vertical condensation techniques have not improved
the outcome of RCT when compared to the lateral com-
paction technique (Pirani & Camilleri, 2023). Moreover, a
recent study demonstrated that there is no significant dif-
ference in treatment outcomes between the use of epoxy
resin sealers and calcium silicate-based sealers (Kangseng
et al., 2025). However, the combined use of these materi-
als and techniques, especially when combined with elec-
tronic apex locators and operating microscope, has not
been extensively assessed in the literature.

Evaluating the effect of various treatment protocols on
tooth survival and success of root canal treatment presents
substantial challenges, due to the inherent limitations of
retrospective studies, but even randomized controlled tri-
als. Retrospective studies often lack detailed and accurate
information about the specific treatment protocols used.
This makes it difficult to draw reliable conclusions about
their treatment effect, which are oftentimes complicated
by the variability in clinical practices and documentation
standards that may obscure critical factors influencing
treatment outcomes (Talari & Goyal, 2020). On the other
hand, while the randomized controlled trials provide
more controlled and precise data, they are frequently lim-
ited by smaller sample sizes. These smaller patient cohorts
can reduce the generalizability of the findings and limit
the statistical power necessary to detect significant differ-
ences between treatment protocols (Bosdriesz et al., 2020;
Saldanha et al., 2022), especially if the treatment methods
used are expected to differ only slightly in terms of their
success rate. The restrictions in both research designs cre-
ate a major barrier to obtaining decisive information re-
garding how various treatment protocols affect the success
of root canal treatment.

Non-Surgical Root Canal Treatment (NSRCT) gen-
erally aims to preserve the natural dentition by elimi-
nating diseases affecting the pulp and periapical tissues
(Rotstein et al., 2006). The absence of apical periodonti-
tis, in conjunction with sustained or restored clinical and
radiographic normalcy, is commonly regarded as an indi-
cator of a successful RCT procedure (Strindberg, 1956).
Systematic reviews by Ng et al. (2007) and Ng, Mann,
Rahbaran, et al. (2008) reported that the mean success
rate, when strict criteria of periapical tissues evaluation
were considered (complete absence of periapical radio-
lucency) was between 31% and 96% among the studies
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included. On the other hand, when more lenient criteria
for success were considered, where the periapical radiolu-
cency shrinks or remains the same size while all accom-
panying symptoms of inflammation disappear, the mean
success rate increased to 60% to 100% in some studies. The
authors of these studies continued to update their meta-
analyses using their published methods with new data
until the end of 2020 (Gulabivala & Ng, 2023). The up-
dated analyses demonstrated that 84% of vital teeth did
not show signs of apical periodontitis after the treatment,
while in other cases with preoperative periodontitis, the
periapical lesion completely resolved in 74% of cases.
However, other criteria for the success of the root canal
treatment have been proposed, such as the functional sur-
vival of the treated tooth without signs or symptoms of
inflammation (Farzaneh et al., 2004). Survival analyses as
a type of success assessment have become more popular
with the introduction of dental implants as a treatment
alternative to RCT (Chatzopoulos et al., 2018). In addition,
multistate analysis is a novel tool introduced in the fields
of epidemiology and medical research (Matsena Zingoni
et al., 2021). It allows studying the transitions between dif-
ferent health states or treatment interventions over time,
which helps for a better understanding of disease progres-
sion, the efficiency of treatments and predicting patient
outcomes in various medical fields (Jackson et al., 2022;
Sundin et al., 2023).

The aim of this retrospective study was to evaluate
tooth survival and tooth survival without further inter-
ventions of three different root canal treatment protocols,
while also assessing various patient-related and other clin-
ical predictors that could potentially impact the success
of RCT.

MATERIALS AND METHODS

The present study was designed as an observational cohort
study, wherein data collection was carried out retrospec-
tively. The retrospective nature of data collection allowed
for the study to be conducted without impinging upon the
psychological or physical integrity of the patients. The
study was carried out in compliance with the principles
outlined in the declaration of Helsinki (World Medical
Association, 2013) as well as following the Professional
Code for Physicians of the Medical Council of the State
of Schleswig-Holstein, Germany. The study protocol re-
ceived ethical approval from the Institutional Review
Board (IRB No. D 495/24).

This publication was written following the
‘STrengthening the Reporting of Observational Studies
(STROBE) guidelines (von Elm et al.,, 2007) and the
‘Preferred Reporting items for OBservational studies
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in Endodontics (PROBE) guidelines (Nagendrababu
et al., 2023).

Inclusion and exclusion criteria

All treatment cases where RCT was initiated between
July 1999 and January 2024 were included. Teeth were
excluded from the study if the treatment was incomplete,
the patient was younger than 18years old at the time of
the treatment, or if teeth were treated surgically as the
initial treatment. Deciduous and wisdom teeth were also
excluded. Cases with incomplete records or missing vari-
ables were excluded as well.

Data collection and acquisition of study
samples

In this study, data analysis was carried out using a claims
database that was specifically created for quality assurance
reasons for the outpatient clinic of the Dental Academy
of Continuing Professional Development in Karlsruhe,
Germany. To ensure the privacy and confidentiality of
the patients, all data were anonymized and extracted for
analysis without any reference to individual patients.
For this study, all data related to the teeth of the patients
who started NSRCT at the Academy from July 1999 until
January 2024 was included in the analysis. To facilitate
data analysis, a programmed interface was developed that
allowed for the extraction of tooth history information
through a database query. The database utilized in this
study employs a system of codes, that correspond to the
‘BEMA tariff’ (‘(KZBV—Schedule of Fees’) of the statutory
health insurance system in Germany. These codes encom-
pass defined dental treatments administered to a given
tooth. Additionally, the database includes invoice codes
conforming to the tariff of private fees for dentists as out-
lined in the ‘Fee schedule for dentists “GOZ” (German
Dental Association, 2023) established by the Federal
Chamber of Dentists in Germany in 2019. The utilization
of these codes enables a standardized means of organizing
and tracking dental treatments.

In this database, cases that received RCT were iden-
tified by the code “WK’ which is the code for root canal
preparation. After that, a history record was generated
by conducting a database query for each identified case,
which included all succeeding invoice codes along with
their respective dates of service delivery, until the most
recent interaction between a dentist and the tooth in ques-
tion became available.

For the analysis, the date of root canal filling ("WF’)
was used as the starting point of the observation,
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excluding observations with incomplete treatments (see
Figure 1) and pre-planned surgical retreatment (codes
‘WRYT, ‘WR2’, “‘WR3’). The FDI Two-Digit system was
used to denote the treated teeth and to identify their type
(anterior tooth, premolar or molar). It was also used to
identify deciduous and wisdom teeth and exclude them
from the analysis. Age at treatment was calculated from
the patient's birth date to the “‘WF’ date. Treatments were
classified as single-visit if ‘WK’ date matched “WF’ date.
Pulp status was determined by the codes ‘VitE’ for vital
and ‘Trepl’ for non-vital pulps. Patient gender, number
of supportive periodontal treatments, total number of vis-
its required to complete the RCT and previous root canal
treatment in the same patient were directly extracted from
the database. The treatment providers were identified by
their ID number in the database, where all treatment pro-
viders were considered non-experienced practitioners and
only one was assigned as an experienced treatment pro-
vider. Regarding the type of RC sealer, in all treatments
completed before 2020, epoxy resin-based sealer was used,
and after that Protocol 3 shifted to calcium silicate-based
sealer.

To ensure data completeness, incomplete records or
cases with missing variables were excluded in the stage
of data pre-processing. In addition to that, any observa-
tion with missing data in the included covariates were

excluded in the Cox proportional hazards regression anal-
ysis modelling process.

Outcome measure

In this study, tooth survival without further interventions
was considered as one outcome parameter. Further inter-
ventions included tooth extraction, surgical retreatment
and non-surgical retreatment of the tooth under obser-
vation, which were carried out only in cases where the
treated tooth showed signs or symptoms of inflammation.
The second outcome parameter was pure survival of the
tooth, regardless of further interventions.

The demarcation of the endpoint of observation was
set as one of four possibilities with their corresponding
dates. First, when a tooth was extracted (invoice codes
X1, X2, ‘X3, ‘Ostl’ or ‘Ost2’), second, when surgical
retreatment was performed (referred to as invoice codes
‘WR1’, ‘WR2’ or “WR3’), third, when another root canal
preparation was performed on a date later than the date
of root canal filling (indicated by invoice code ‘WK after
the date of the first root canal filling “‘WF’), or the date of
the last dentist-patient contact which represents the last
entry in the database when a dentist observed the tooth in
place. In the case of the survival analysis until extraction,

Incomplete treatment (n =4,431)
Patients < 18 years (n = 587)

Initial Surgical treatments (n = 405)
Deciduous teeth (n = 4)

Wisdom teeth (n = 198)

Missing data (n = 21)

Records identified through
Enrollment database (n = 19,879)
Excluded (n =5,646):
>
>
> >
>
>
v >
) Teeth undergone RCT and included into the
Inclusion survival analysis (n = 14,233)
___________________________________________________________________ '
{ ! }
Protocol 1 (n=5450) Protocol 2 (n=1667) Protocol 3 (n=7116)
used in KM curves used in KM curves used in KM curves
I T I

v

v

v

Protocol 1 (n=5165)
used in Cox PH
Models

Protocol 2 (n=1584)
used in Cox PH
Models

Protocol 3 (n=6382)
used in Cox PH
Models

|
1
1
1
'
1
1
'
:
'
Allocation 1 ’
1
'
1
1
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1
1
'
1
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'
'
'
'
'
'
1
'
!
'

Observations with missing variables removed to build Cox PH models ‘ !
'
'
'
1
'
'
1
'
'
1

Completed five-years
Follow-up
(n=3168)

Five-years follow-up

(n=951)

Completed five-years
Follow-up

Completed five-years
Follow-up
(n=2251)

l

l

i

Completed ten-years
Follow-up
(n=2184)

Ten-years follow-up

Follow-up
(n=678)

Completed ten-years

Completed ten-years
Follow-up
(n=460)

FIGURE 1 Flowchart for observations inclusion and exclusion criteria, allocation and numbers, with number of teeth at five-year and

ten-year follow-up. KM, Kaplan-Meier; PH, Proportional hazards.
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the endpoint of observation was the date of extraction or
the date of the last dentist-patient contact.

In the analysis, if no further interventions were recorded
for a specific tooth until the end of our study, we marked the
tooth as ‘censored’ at the date of last recorded visit, ensur-
ing that the tooth was accounted for until its presence could
no longer be confirmed. This approach aligns with standard
practices in survival analysis (Cox, 1972). This approach en-
sured that we utilized all the available data and maintained
accuracy by correctly handling censored cases.

Endodontic treatment protocols

All endodontic treatments were performed by approved
dentists with a corresponding degree. Only one of the op-
erators had extensive experience in endodontics, while all
other operators had no special endodontic training and they
acted like general practitioners. All endodontic treatments
were carried out following the guidelines and standards
of good clinical endodontic practice (European Society of
Endodontology, 2006), which includes the use of rubber
dam in all included cases, regardless of the treatment pro-
vider and treatment protocol. The experienced treatment
provider carried out all treatments under the operating mi-
croscope, while using the different treatment protocols as
described below over time. Treatment protocols in the study
groups have adapted to the technological advancements in
root canal instrumentation that have taken place over the
past decades. Three different protocols are documented:

Protocol 1 (n=5450)

The RCT method adopted in this protocol was the stand-
ardized technique (Kerekes & Tronstad, 1979) using stain-
less steel hand K-files (VDW, Munich, Germany). This
protocol was used from July 1999 until 2007. The working
length was established with the aid of radiographs. A mini-
mum of a master apical file (MAF) of ISO 35 was achieved
in all root canal preparations with a Taper of 0.02. Sodium
Hypochlorite (NaOCl) 3.5% was used as a root canal irrigant
to disinfect the canal using syringes and needles (Braun,
Melsungen, Germany). After disinfection, the root canals
were dried with paper points (Roeko Paper Points, Colténe/
Whaledent GmbH + Co. KG, Langenau, Germany). In cases
of multiple visits, freshly mixed calcium hydroxide from
the pharmacy was used as an interappointment root canal
dressing inserted into the root canal with a lentulo spiral
ISO 25 (VDW, Munich, Germany). The obturation of the
root canals was done by the cold lateral compaction tech-
nique using gutta-percha (Roeko Guttapercha Points 0.02
Taper, Colténe/Whaledent GmbH + Co. KG, Langenau,
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Germany) and epoxy resin-based root canal sealer (AH Plus,
Dentsply, Konstanz, Germany). The sealer was inserted
into the root canal with the master point. The cold lateral
compaction was done with finger spreaders ISO 25 (VDW,
Munich, Germany) and the placement of accessory gutta-
percha points.

Protocol 2 (n=1667)

In the year 2008, new techniques and instruments were
added to the outpatient clinic armamentarium for en-
dodontic treatments. These included rotary NiTi instru-
ments and Passive Ultrasonic Irrigation (PUI). RaCe and
BioRaCe rotary instruments (FKG, La Chaux de Fonds,
Switzerland) were used for the canal preparation. The api-
cal size of preparation was at least ISO 35 and a taper of
0.04. Before the rotary preparations, a manual glide path
preparation was done using stainless steel hand instru-
ments up to a #15K-file. The working length of the root
canal was determined using apex locators and radiographs.
The irrigation solutions used were 3.5% NaOClI and 15%
citric acid, with occasional addition of 2% chlorhexidine.
After the mechanical preparation, PUI was applied using
either an ultrasonic-activated spreader or an IRRI-K file
(Acteon, Mettmann, Germany) with an ultrasonic device.
After disinfection, the root canals were dried with paper
points (Roeko Paper Points, Colténe/Whaledent GmbH +
Co. KG, Langenau, Germany). In cases of multiple visits,
fresh mixed calcium hydroxide was used as interappoint-
ment root canal dressing. The root canals were obturated
with cold lateral compaction of Gutta-percha and AH
Plus as described in the first protocol. This method was
adopted until November 2011.

Protocol 3 (n=7116)

Commencing from November 2011, the endodontic pro-
cedures were exclusively conducted using Reciproc instru-
ments (R25, R40 and R50, VDW, Munich, Germany) in
compliance with the manufacturer's instructions for glide
path-free preparation (VDW Dental, 2015). In a few situa-
tions when Reciproc instruments were not able to reach full
working length, the glide path was then prepared manually.
The apical master file was at least the R25, resulting in an
apical preparation size of ISO 25 with a taper of 0.08. The de-
termination of working length was achieved with the apex
locator. Additionally, radiographs were used in cases where
the treatment provider deemed them necessary (e.g. implau-
sible behaviour of the apex locator). The disinfection of the
root canal was consistently conducted by utilizing PUI, and
the smear layer was removed through the application of 18%
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Ethylenediaminetetraacetic acid (EDTA). Final root canal
disinfection was achieved using NaOCl 3.5%. After disinfec-
tion, the root canals were dried with paper points (Reciproc
paper points, VDW, Munich, Germany). In cases of multiple
visits, fresh mixed calcium hydroxide was used as interap-
pointment root canal dressing. Finally, the root canal obtu-
ration was performed either by lateral compaction or warm
vertical compaction, using gutta-percha and epoxy resin-
based sealer (AH Plus, Dentsply, Konstanz, Germany).
From June 2020 on, calcium silicate-based root canal
sealer (BioRootRCS, Septodont, Niederkassel, Germany)
was used. In cases of cold lateral compaction, the method
was the same as in Protocol 1. Only the master cones were
changed to system gutta-percha (Reciproc gutta-percha,
VDW, Munich, Germany). In cases of warm vertical com-
paction, the continuous wave technique (Buchanan, 1996)
was used. A heat plugger (B&L Superendo alpha II, B&L
Biotech inc., Fairfax, USA) was used for the downpack of
system gutta-percha (Reciproc gutta-percha, VDW), while
the backfill was accomplished with a gutta-percha obtura-
tion gun (B&L Superendo beta II, loaded with B&L Gutta
Percha Pellets soft, both B&L Biotech inc.).

To separate the previously mentioned treatment proto-
cols from each other, the ‘Phys’ invoice code was utilized,
as all treatments that did not include this code were per-
formed by Protocol 1. For all other observations where
‘Phys’ code was detected, the treatment belonged to the
multiple file systems Race/BioRace (FKG, La Chaux de
Fonds, Switzerland) if it was performed up to October
2011. After this date, all treatments were strictly per-
formed by Protocol 3 supplemented with PUI.

In this study, we aimed to evaluate the influence of
these three treatment protocols and other factors on pure
tooth survival until extraction and tooth survival until the
first further intervention (which includes surgical and
non-surgical retreatment and tooth extraction). In the lat-
ter assessment, the exact sequence of interventions cannot
be addressed. For this reason, we assessed the progression
of treatment interventions among different treatment
states using a multistate model. Additionally, to account
for confounders and groups imbalance, we achieved bal-
ance in baseline characteristics between treatment proto-
cols utilizing two statistical methods: Entropy balancing
and Generalized Boosted Logistic Regression (GBLR).

Statistical analysis

For the statistical application and data manipulation in
this study, R (R version 4.2.2, R Foundation for Statistical
Computing, Vienna, Austria) was used with RStudio (R
Core Team, 2024) using R-scripts written solely for this
purpose.

For the survival analyses, tooth survival was either
calculated until the first further intervention or until
extraction. In case of no events, survival was calculated
until the last dentist-patient contact for censoring. Then,
the Kaplan-Meier curve was plotted using the survival R
package (Therneau et al., 2023) for each of the treatment
protocols separately. In addition to that, Cox proportional
hazard regression was built to investigate the effect of the
type of treatment protocol together with other potential
factors on tooth survival or tooth survival without further
intervention including the age (which was analysed as a
continuous variable in the statistical models) and gen-
der of the patient, experience of the treatment provider,
tooth type, number of supportive periodontal treatments,
number of visits of RCT, number of previous RCT, type
of RC sealer and preoperative tooth vitality. In the first
step, a separate Cox proportional hazards model for each
of the variables was calculated, and in the second phase,
all the variables were added to the model simultaneously.
The level of significance was set at p=.05. Teeth in place
without recorded further interventions by the last dentist-
patient contact were treated as right-censored observa-
tions in the Cox proportional hazards regression analysis.
This method ensures that censored cases contribute to the
risk set until their last follow-up date, without assuming
indefinite survival beyond this point. To address potential
confounding factors and improve the balance of the treat-
ment protocols, entropy balancing (EB) was performed
using the Weightlt R Package (Greifer, 2024), where
weights are assigned to each of the observations to attain
this aim without excluding any of them. This balancing
approach ensured that the protocols were more similar
in terms of their baseline characteristics. The weights ob-
tained from EB were then used in a second Kaplan-Meier
curve and Cox proportional hazard regression analysis.
We used another balancing approach for the covariate bal-
ancing, which was Gradient Boosted Logistic Regression
(GBLR) using the Twang R package (Griffin et al., 2023),
in which weights were assigned to observations and used
to build a new Kaplan-Meier curve and Cox proportional
hazard regression analysis.

With these types of survival analyses, it is not possible
to estimate the effect of variables on the incidence of each
intervention separately. Moreover, the analysis does not
follow up the treated teeth after the first intervention was
recorded. Hence, in order to evaluate the influence of the
protocols on the incidence of retreatment and extraction
separately and to follow up teeth until their last interven-
tion (extraction) we also built a multistate analysis model
using the mstate R package (de Wreede et al., 2011) to try to
estimate the effect of different treatment protocols on the
probability of a transition between different tooth inter-
vention states (no intervention, non-surgical retreatment,
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FIGURE 2 The six possible transitions between the four
intervention states in the multistate analysis: Initial RCT (root
canal treatment) or no intervention, NS (non-surgical) retreatment,
S (surgical) retreatment and extraction.

surgical retreatment and extraction, see Figure 2). Cox
proportional hazards regression, using stratification by
treatment protocol, was implemented to assess whether
the transitions are affected by the treatment protocol or
not.

RESULTS
Study population characteristics

A total of 19879 teeth were identified in the period from
January 1999 to January 2024, where root canal treat-
ment was initiated. From these cases, 4431 were excluded
(Figure 1) because the root canal treatment was not com-
pleted. 587 cases were excluded because patients were
not yet of the age of 18 at the time of the treatment, and
405 cases were excluded because they underwent surgical
RCT on the same day of treatment. 4 deciduous teeth, 198
wisdom teeth, and 21 other cases with implausible entries
or missing documentation were also excluded from the
data analyses. The total number of teeth included in the
analyses was 14 233.

Baseline characteristics

Table 1 shows the number of teeth in every treatment pro-
tocol together with baseline characteristics of all observa-
tions. During a period of nearly 25years of follow-up, the
number of teeth without recorded further interventions
was 11199 cases (79%). Extraction was the most com-
mon intervention (n=2.359, 17% of total cases) followed
by non-surgical retreatment (n=378, 2.7% of total cases),
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while surgical retreatment was the least common inter-
vention (n=297, 2.1% of total cases). Treatment Protocols
2 and 3 were exceptions to this routine as surgical retreat-
ment was implemented slightly more often than non-
surgical retreatment. The need for further interventions
in treatment Protocols 1, 2 and 3 was 32.3%, 28.1% and
11.2%, respectively, if the observation time is disregarded.

The number of further interventions by the ten-year
landmark was 2650 observations, 1463 (26.8%), 405
(24.2%) and 782 (11%) for the three treatment protocols,
respectively. While 15years after the initial treatment,
2926 teeth were retreated or extracted (1668 (30.6%), 465
(27.9%) for the treatment Protocols 1 and 2, respectively).
The survival probability of teeth from the three protocols
is shown in Table 2. During the period of ten to 14years
after treatment, there was only a 0.1% increase in the need
for further interventions in Protocol 3.

Accounting for group imbalances

Before advancing to further analyses, an assessment of co-
variate balance across the three treatment protocol groups
was performed, uncovering imbalances in their distribu-
tion. To address this issue, two statistical approaches were
employed for group balancing: EB and GBLR, the latter
is a method under the umbrella of Generalized Boosted
Models (GBM). These methods assigned weights to each
observation, without excluding any of them, based on
their baseline characteristics, subsequently used in Cox
proportional hazard regression analysis and constructing
Kaplan-Meier curves. Covariate balance was reassessed
post-weighting, revealing equilibrium between the proto-
cols. The balance obtained from EB was better compared
to the balance obtained from GBLR.

Survival analysis

The mean observation time for the study sample was
5.84years (min. =0.0, max=24.56years). Kaplan-Meier
curves were plotted for the analysis with and without
group balancing with EB and GBLR for survival until the
first further intervention and for pure survival until ex-
traction (Figures 3 and 4). Protocol 3 consistently exhibits
a higher probability of survival across all plots compared
to the other treatment protocols. At the landmark of ten
years after initial treatment, the probability of survival of
Protocols 1, 2 and 3 was 59.0%, 60.2% and 68.8%, respec-
tively (Table 2). We also observed that the probability of
tooth survival in Protocol 2 was marginally greater than
that of Protocol 1 in the first few years following the initial
treatment, which is reversed after 11 to 12years (at 15years
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TABLE 1 Baseline characteristics and fate of the observations.

Overall Protocol 1 Protocol 2 Protocol 3
Characteristic N=14233 N=5450 N=1667 N=7116 p value®
Number of visits for RCT, n/N (%) <.001
Multiple 9737/14233 4698/5450 (86%) 1561/1667 (94%) 3478/7116 (49%)
(68%)
Single 4496/14233 752/5450 (14%) 106/1667 (6.4%) 3638/7116 (51%)
(32%)
Patient age, mean (SD) 52.87 (16.27) 51.36 (16.48) 51.80 (16.51) 54.27 (15.92) <.001
Pulp vitality, n/N (%) <.001
Nonvital 7800/13139 2670/5168 (52%) 849/1585 (54%) 4281/6386 (67%)
(59%)
Vital 5339/13139 2498/5168 (48%) 736/1585 (46%) 2105/6386 (33%)
(41%)
(missing) 1094 282 82 730
Supportive periodontal treatments, 2.81(5.54) 2.65 (6.00) 4.63 (6.98) 2.50 (4.63) <.001
mean (SD)
Type of further intervention, n/N (%) <.001
Eventless survival 11199/14233 3674/5450 (67%) 1202/1667 (72%) 6323/7116 (89%)
(79%)
Non-surgical retreatment 378/14233(2.7%) 274/5450 (5.0%) 39/1667 (2.3%) 65/7116 (0.9%)
Surgical retreatment 297/14233 (2.1%) 182/5450 (3.3%) 46/1667 (2.8%) 69/7116 (1.0%)
Extraction 2359/14233 1320/5450 (24%) 380/1667 (23%) 659/7116 (9.3%)
(17%)
Gender, n/N (%) .008
Female 7269/14224 2715/5447 (50%) 827/1666 (50%) 3727/7111 (52%)
(51%)
Male 6955/14224 2732/5447 (50%) 839/1666 (50%) 3384/7111 (48%)
(49%)
(missing) 9 3 1 5
Tooth type, n/N (%) <.001
Anterior tooth 3550/14233 1537/5450 (28%) 397/1667 (24%) 1616/7116 (23%)
(25%)
Premolar 4286/14233 1738/5450 (32%) 539/1667 (32%) 2009/7116 (28%)
(30%)
Molar 6397/14233 2175/5450 (40%) 731/1667 (44%) 3491/7116 (49%)
(45%)
Treatment provider, n/N (%) <.001
Experienced dentist 3523/14233 253/5450 (4.6%) 455/1667 (27%) 2815/7116 (40%)
(25%)
General practitioner 10710/14233 5197/5450 (95%) 1212/1667 (73%) 4301/7116 (60%)
(75%)
Number of visits (by number), mean 2.20(1.23) 2.80(1.42) 2.61(0.95) 1.64 (0.80) <.001
(SD)
Previous RCTs, mean (SD) 0.71 (1.15) 0.63 (1.02) 0.77 (1.12) 0.76 (1.25) <.001
Time before obturation, mean (SD) 41.39 (131.65) 57.08 (151.65) 60.08 (231.82) 25.00 (62.70) <.001
RC sealer, n/N (%) <.001

Calcium silicate-based

Epoxy resin-based

1975/14233
(14%)
12258/14233
(86%)

0/5450 (0%)

5450/5450 (100%)

0/1667 (0%)

1667/1667 (100%)

1975/7116 (28%)

5141/7116 (72%)

*Pearson'’s Chi-squared test; Kruskal-Wallis rank sum test.
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landmark probability of survival of Protocol 1 and 2 was
49.0% and 45.2%, respectively).

In the Cox proportional hazard regression analysis
with unadjusted estimates, treatment protocol, tooth
type, experience of the treatment provider, patient age,
number of supportive periodontal treatments, pre-
treatment tooth vitality, type of RC sealer and number
of visits to complete the RCT were all found to have a
statistically significant effect on the outcome (Figure 5).
However, few of these variables (treatment protocol, ex-
perience of the treatment provider, patient age, number
of supportive periodontal treatments) retained statistical
significance after adjusting for other variables (Figures 6
and 7). In all models, Protocol 3 consistently demon-
strated significantly lower cumulative hazards compared
to the first treatment protocol (p <.001). Following the
adjustment of weights to address covariate imbalances
using both balancing techniques, Protocol 3 maintained

TABLE 2 Survival probability of the three protocols at different
timelines.

Protocol == 1

(b) (c)

Probability of survival

Years Protocol 1 Protocol 2 Protocol 3
At lyear 0.929 0.935 0.963

At 5years 0.757 0.775 0.832

At 10years 0.59 0.602 0.688

At 15years 0.49 0.452 NA

At 20years 0.394 NA NA
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the significantly lower cumulative hazard. The outcome
also revealed that each year increase in patient age at the
time of treatment increases the cumulative hazard by 2%
per year (p <.001). Besides patient age, an increase in the
number of performed supportive periodontal treatments
(SPT) significantly decreases the hazard ratio (p<.001
across all models). Experience of the treatment provider
affects the outcome as cases provided by a general practi-
tioner exhibited a significantly higher cumulative hazard
(p=or <.001 for models without covariate balancing).
The number of prior root canal treatments received by
the patient similarly affected the outcome (p=or <.001
for models without covariate balancing). Effects of the
latter two variables were not significant when the group
balancing methods were applied to the analysis, spe-
cifically using EB. On the other hand, tooth type, tooth
vitality, whether the treatment was performed in single
or multiple visits, gender of the patient, and the overall
number of visits required to finish the RCT had no sta-
tistically significant influence on the outcome through-
out all analyses. Finally, the multistate Cox model was
built to examine the effect of the treatment protocol on
the transitions between different intervention states.
Six different transitions were considered in this study
(Figure 2). Table 3 shows the incidence of all transitions
for the three treatment protocols. The table shows that
most transitions after the initial treatment were directed
toward extraction (n=2359). Nevertheless, the treatment
protocols differ regarding which transition comes next.
While for Protocol 1, the second most common transition

2=+3

1.00-

0.75-

Survival probability
o
[l
o

Log-rank
0.25-
p <0.0001

0.00-

15 20 25 0 5 10 15 20 25
Time in years

FIGURE 3 Kaplan-Meier curves for survival until the first further intervention. (a) Shows the survival without group balancing, (b)
shows survival with Entropy Balancing and (c) shows survival with Gradient Boosted Logistic Regression balancing. Protocol 3 shows
significantly higher probability of survival when compared to the other protocols.
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FIGURE 4 Kaplan-Meier curves for survival until tooth extraction. (a) Shows survival without group balancing, (b) shows survival

with Entropy Balancing, and (c) shows survival with Gradient Boosted Logistic Regression balancing. Protocol 3 shows significantly higher

probability of survival when compared to the other protocols.

Variable N Hazard ratio P-value
Protocol '
Protocol 1 5450 ! Reference
Protocol 2 1667 - 0.97 (0.87, 1.07) 0.552
Protocol 3 7116 | -~ : 0.67 (0.61,0.73) <0.001
Tooth type '
Anterior tooth 3550 [ | Reference
Premolar 4286 S o 0.80 (0.73, 0.87) <0.001
Molar 6397 - 0.74 (0.68, 0.80) <0.001
Treatment provider !
Experienced dentist 3523 [} Reference
General Practitioner 10710 e 1.27 (1.13, 1.41) <0.001
Patient Age 14233 [ | 1.02 (1.02, 1.02) <0.001
Supportive Periodontal Treatments 14233 [ 0.98 (0.97, 0.98) <0.001
Number of visits :
Multiple 9737 [] Reference
Single 4496 - 0.97 (0.88, 1.06) 0.453
Previous RCTs 14233 | 1.06 (1.03, 1.09) <0.001
Gender :
Female 7269 [ ] Reference
Male 6955 - 1.03 (0.96, 1.11) 0.408
Tooth vitality '
Nonvital 7800 [ | Reference
Vital 5339 B ol 0.90 (0.83, 0.97) 0.005
Number of Visits (By Number) 14233 '. 1.03 (1.01, 1.06) 0.020
Root canal sealer ]
Calcium silicate-based 1975 [} Reference
Epoxy resin-based 12258 —m— | 1.28(1.02, 1.60) 0.035
07091 12

FIGURE 5 Forest plot of the Cox proportional hazards regression of the unadjusted estimates of the included covariates.

is the transition from initial treatment to non-surgical
retreatment (n=274), for Protocol 2 and Protocol 3 the
transition from initial treatment to surgical retreatment
is the second most common (n =46 and n= 69 for the two
protocols, respectively, Table 3).

On the application of Cox proportional hazards regres-
sion, using stratification by treatment protocol, Protocol
3 reduced drastically the incidence of non-surgical re-
treatment after the initial treatment (HR 0.34 (95% CI
[0.26, 0.45]), p<.001), as well as the incidence of surgical
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(No balancing - until first further intervention)  (Balanced with EB - until first further intervention) (Balanced with GBLR - until first further intervention)

Variable N Hazard ratio P-value Hazard ratio P-value Hazard ratio P-value
Treatment Protocol ’ 3 y

Protocol 1 5165 [] Reference [] Reference ] Reference

Protocol 2 1584 g |108(096121) 0.189 — = 103(0.87,122)  0.76 g | 1.18(1.00,1.39) 0.05

Protocol 3 6382 | —— H 0.69 (0.62,0.76) <0.001 | —@— 1 0.70(0.62,0.78) <0.001 |—@— | 0.77 (0.68, 0.86) <0.001
Treatment Provider ] 5 0

Experienced Dentist 3319 ] Reference ] Reference [ ] Reference

General Practitioner 9812 | —m— | 1.22(1.08,1.38)  0.002 +—@— | 1.20(0.98,148)  0.08 —&— | 124 (1.00, 1.54) 0.05
Patient Age 13131 [] 1.02(1.02,1.02) <0.001 [} 1.02(1.02, 1.03) <0.001 [ ] 1.02 (1.02, 1.02) <0.001
Tooth type I f I

Anterior tooth 3348 [ ] Reference [ ] Reference [ ] Reference

Premolar 3977 - 0.92(0.83,1.01)  0.068 —a- 0.92(0.80,1.06) 026 —n— 0.95 (0.82, 1.11) 0.55

Molar 5806 e 0.97 (0.88,1.06) 0483 —— 1.00(0.87,1.15)  0.99 g 1.06 (0.92, 1.22) 0.41
SPT* 13131 o 0.98 (0.97,0.98) <0.001 n 0.97 (0.96,0.98) <0.001 x 0.97 (0.96, 0.98) <0.001
Number of Visits ' H H

Multiple 9098 [] Reference [] Reference ] Reference

Single 4033 i 1.07 (0.96, 1.21) 0.226 - 1.12(0.95, 1.32) 0.17 e 1.13 (0.94, 1.36) 0.20
Previous RCTs 13131 ] 1.05(1.02,1.09)  <0.001 * 1.00(0.95,1.05)  0.86 - 1.06 (1.01, 1.11) 0.02
Gender | ' !

Female 6696 | | Reference | | Reference | Reference

Male 6435 - 101(0.94,1.08) 0844 - 103(0.93,1.15) 057 —— 0.98 (0.88, 1.10) 0.78
Tooth Vitality ! 0 i

Nonvital 7796 [ ] Reference | | Reference [ ] Reference

Vital 5335 - 0.93 (0.86, 1.01) 0.077 — 0.90 (0.80, 1.01) 0.07 —- 0.93 (0.82, 1.05) 0.22
Number of Visits (By Number) 13131 » 1.03(0.99,1.06)  0.127 = 1.03(0.99,1.08)  0.17 - 1.03 (0.99, 1.07) 0.18
Root Canal Sealer d 0 g

Calcium silicate-based 1733 | | Reference | Reference [ ] Reference

Epoxy resin-based 11398 —— 1.07 (0.83, 1.37) 0.622 — 1.10 (0.82, 1.46) 0.53 1.04 (0.78, 1.39) 0.79

* Supportive Periodontal Treatments 0'7 0‘9 ; 12 07 091 12 07 091 12

FIGURE 6 Forest plots of the Cox proportional hazards regression models of survival until the first further intervention. The first plot
on the left shows the results for the unbalanced groups, the middle plot shows the results with Entropy Balancing (EB) and the right plot
shows the results with Gradient Boosted Logistic Regression (GBLR) balancing. In all models, Protocol 3 shows lower hazard ratios (HR)
compared to the other protocols. Patient age and supporting periodontal treatments (SPT) are also seen to significantly affect the results

across all models, with narrow confidence intervals (CI). No. visits, number of visits; SPT, supporting periodontal treatments.

retreatment and extraction after the initial RCT (HR 0.43
(95% CI [0.32, 0.56]), p<.001, HR 0.79 (95% CI [0.72,
0.87]), p<.001, respectively). The differences between
Protocols 1 and 3 for the remaining transitions were not
significant. On the other hand, Protocol 2 demonstrated a
statistically significant reduction in non-surgical retreat-
ment compared to Protocol 1, while differences in other
transitions remained insignificant (Figure 8).

Upon plotting the cumulative hazard for the transi-
tions for all observations over a period of 24years, and
the treatment protocols separately (Figure 9), we observed
that teeth were more likely to undergo extraction than to
be retreated surgically or non-surgically. The data also
pointed out that during the short period after the tooth has
been non-surgically retreated, there was a high incidence
of extractions. Figure 9 highlights that the incidence of
transitions within Protocol 3 is notably lower compared
to the other protocols. Figure 10 illustrates the probability
of teeth being in a specific intervention state across all ob-
servations over the period of 24years, with comparisons
between treatment protocols. It remains clear with these
probability curves that the probability of teeth staying
without further interventions in Protocol 3 is higher than
Protocol 1 and 2.

A thorough bootstrap sensitivity analysis was carried
out in our investigation to assess the stability of our Cox
proportional hazards model (Platt et al., 2000). We eval-
uated the variability of model coefficients through resa-
mpling from the original dataset using the boot package
(Canty & Ripley, 2021) in R, providing a glimpse into the
possible impact of various data subsets on our findings.
Our results indicate the stability of our model by showing

small bias (maximum bias 0.00122) and low standard er-
rors (maximum standard error 0.061) in the calculated
coefficients. We strengthened the validity of our study
findings and the reliability of our statistical conclusions
by implementing bootstrap sensitivity testing into our an-
alytical framework. To further check the reliability of the
analysis, we examined the interaction between the treat-
ment protocol and various other factors. For the majority
of the variables, our results showed no significant interac-
tion. However, the relationship between molars as a tooth
type and Protocol 3 was a significant exception (HR 0.71
(95% CI[0.58,0.88]), p=.002). This suggests that the use of
the Reciproc system for molar teeth was linked to a 28.63%
reduction in hazard ratio in comparison to the reference
group, which in this instance is the anterior teeth. These
results were adjusted for other variables in the model.

DISCUSSION

In this retrospective study, the long-term survival of root
canal-treated teeth was evaluated using three different
protocols: Protocol 1 (utilizing hand files, syringe irriga-
tion with sodium hypochlorite and cold lateral compac-
tion), Protocol 2 (utilizing rotary NiTi systems, adding
apex locators, passive ultrasonic irrigation [PUI], citric
acid and chlorhexidine) and Protocol 3 (Reciproc in-
struments adding apex locators, passive ultrasonic ir-
rigation [PUI], EDTA, warm vertical obturation and
calcium silicate-based sealer). The findings of this study
demonstrate that Protocol 3 significantly outperformed
both Protocols 1 and 2 in terms of tooth survival without
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(No balancing - until Extraction)

(Balanced with EB — until Extraction) (Balanced with GBLR — until Extraction)

Variable N Hazard ratio P-value Hazard ratio P-value Hazard ratio P-value
Treatment Protocol T T T
Protocol 1 5165 '] Reference [} Reference ] Reference
Protocol 2 1584 [ 120(1.06,1.35)  0.003 —— 1.07 (0.89,1.29) 045 ' g | 133(1.11,1.59) 0.002
Protocol 3 6382 |~ | 0.77 (0.69,0.86)  <0.001 | 0.77 (0.68,0.87) <0.001 | —@— 0.87 (0.77,0.99)  0.037
Treatment Provider | | |
Specialist 3319 [ ] Reference [ | Reference '] Reference
General Practitioner 9812 | 1.26 (1.10, 1.44)  <0.001 - 1.17 (0.94, 1.47) 0.17 ——— 1.18 (0.93,1.50) 0.162
Patient Age 13131 [ ] 1.03 (1.03,1.03)  <0.001 [ ] 1.03 (1.03, 1.04) <0.001 ] 1.03 (1.03, 1.03) <0.001
Tooth type ! ! !
Anterior tooth 3348 [ ] Reference [ ] Reference ] Reference
Premolar 3977 - 0.91(0.83,1.01)  0.079 . 091(078,1.06) 021 | —m— 0.95(0.80,1.12) 0519
Molar 5806 - 101(091,112) 0903 —— 1.02(0.88,1.18)  0.77 g 1.06 (0.91,1.23)  0.449
SPT* 13131 ] 0.97 (0.96,0.98)  <0.001 ] 0.97 (0.96, 0.98) <0.001 [ ] 0.97 (0.96, 0.97) <0.001
Number of visits H ' H
Muiltiple 9098 [] Reference [ ] Reference (] Reference
Single 4033 g 1.06 (0.94, 1.20) 0.358 —g— 1.08 (0.91, 1.30) 0.38 —— 1.08 (0.88,1.33)  0.443
Previous RCTs 13131 " 1.07 (1.03, 1.10)  <0.001 L 1.00 (0.95, 1.06) 0.90 i 3 1.06 (1.01,1.12)  0.021
Gender ' | |
Female 6696 | | Reference n Reference | Reference
Male 6435 > 1.05(0.97, 1.14) 0.199 e 1.08 (0.96, 1.21) 0.21 —— 1.02(0.90,1.17) 0.713
Tooth Vitality [ d [
Nonvital 7796 | Reference | Reference | Reference
Vital 5335 - 0.93 (0.86, 1.01) 0.093 - 0.91 (0.80, 1.02) 0.12 —— 0.94 (0.82,1.08) 0.377
Number of Visits (By Number) 13131 ] 1.00(0.96,1.04)  0.845 L ] 1.00(0.95,1.06)  0.93 * 1.00(0.95,1.05) 0.877
Root canal sealer g g g
Calcium silicate-based 1733 | Reference | Reference | Reference
Epoxy resin-based 11398 AL g 132(0.96,1.81) 0089 4§ [136(095194) 009 | —i @—|1.18(0.82,1.70) 0.364

* Supportive Periodontal Treatments 07091 12

07091 12 07 091 12

FIGURE 7 Forest plots of the Cox proportional hazards regression models of survival until tooth extraction. The first plot on the left

shows the results for the unbalanced groups, the middle plot shows the results with EB, while the plot on the right exhibits the results of

the model with GBLR balancing. In all models, Protocol 3 shows lower hazard ratios (HR) compared to the other protocols. Patient age and

supporting periodontal treatments (SPT) are also seen to significantly affect the results across all models with narrow confidence intervals

(CI). No. visits, number of visits; SPT, supporting periodontal treatments.

TABLE 3 Transitions between

Transition Protocol 1 Protocol 2 Protocol 3 . . .
intervention states by number in

Initial treatment to non-surgical 274 39 65 treatment protocols.

retreatment

Initial treatment to surgical retreatment 182 46 69

Initial treatment to extraction 1320 380 659

Non-surgical retreatment to surgical 15 2 2

retreatment

Non-surgical retreatment to extraction 95 15 11

Surgical retreatment to extraction 86 13 10

further intervention as well as overall tooth survival across
all measures over a long observation period of more than
13years and a large sample size. To the best of our knowl-
edge, this is the first study to utilize entropy balancing
(EB) and generalized boosted models (GBM) to enhance
the reliability of results, and Protocol 3 retained its su-
periority even after adjusting for potential confounding
variables. These findings call into question the prevail-
ing notion that treatment protocols or instrumentation
types may only have a minimal or no impact on endo-
dontic outcomes, underscoring the enhanced efficacy
and effectiveness of Protocol 3. Furthermore, the survival
analysis demonstrated that, in the initial follow-up period,
Protocol 2 exhibited superior outcomes in comparison to
Protocol 1. However, this trend reversed approximately
a decade after the initial treatment, which is consistent
with the findings of Mareschi et al. (2020), who reported
that a protocol incorporating rotary NiTi files was more

effective than hand files at the beginning of the follow-
up period, but that there was no significant difference
at five years after treatment. Conversely, earlier studies
had noted generally higher failure rates with hand files
compared to rotary files (Cheung & Liu, 2009; Fleming
et al., 2010). The initial success of rotary NiTi files might
be attributed to their superior shaping ability, reduced
debris extrusion, shorter instrumentation time and lower
procedural errors (Bergmans et al., 2001; Nouroloyouni
et al., 2023). Compared to both other treatment protocols,
Protocol 3 showed a 30% reduction in the need for further
interventions. Furthermore, the results of the multistate
analysis demonstrated that it also led to a 66% reduction
in the incidence of non-surgical retreatment. The relevant
question remains as to what the better performance of
Protocol 3 is due to. In principle, the use of the Reciproc
system, but also potentially the additional armamentar-
ium used during the therapy, could be considered. This
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Variable Hazard ratio P-value
RaCe.BioRaCe- Initial treatment to NS Ret. il i 0.52 (0.37, 0.72) <0.001
RaCe.BioRaCe- Initial treatment to S Ret. --I-. 0.87 (0.63, 1.21) 0.4
RaCe.BioRaCe- Initial treatment to NS Extraction I- 1.09 (0.97, 1.22) 0.2
RaCe.BioRaCe- NS Ret. to S Ret. .—:.—. 1.16 (0.26, 5.13) 0.8
RaCe.BioRaCe- NS Ret. to Extraction *E—I—' 1.50 (0.86, 2.61) 0.2
RaCe.BioRaCe- S Ret. to Extraction ._._:L. 0.63 (0.35, 1.14) 0.1
Reciproc- Initial treatment to NS Ret. i n i 0.34 (0.26, 0.45) <0.001
Reciproc- Initial treatment to S Ret. i h i 0.43 (0.32, 0.56) <0.001
Reciproc- Initial treatment to NS Extraction .i 0.79 (0.72, 0.87) <0.001
Reciproc- NS Ret. to S Ret. .—-'—. 0.81(0.18, 3.62) 0.8
Reciproc- NS Ret. to Extraction ._.I_. 0.83 (0.44, 1.57) 0.6
Reciproc- S Ret. to Extraction ._.,:_. 0.76 (0.39, 1.48) 0.4
02 05 1 5 &

FIGURE 8 Forest plot showing the hazard ratio (HR) with confidence intervals (CI) for the multistate model with the six different
transitions comparing the three treatment protocols. Note that the reference for each transition is Protocol 1 (hand files protocol). NS Ret,

non-surgical retreatment; S Ret., surgical retreatment.

armamentarium encompasses apex locators, PUI, EDTA,
warm vertical condensation obturation techniques and
calcium silicate-based RC sealers. However, the retro-
spective nature of the study design precluded the inclu-
sion of some of the abovementioned potential cofactors in
the analysis, rendering it impossible to reach a definitive
conclusion as to whether one single factor had the biggest
impact leading to Protocol 3's superiority. Nevertheless, it
is worthwhile to consider and deliberate on which of these
factors could exert the biggest impact.

A recent umbrella review concluded that the methods
using apex locators or radiographs to determine the work-
ing length are equally valid regarding clinical outcomes
(Pisano et al., 2024). A further systematic review and
meta-analysis determined that the generation of the apex
locator does not influence the accuracy of the device in
determining the working length (Nasiri & Wrbas, 2022).
In our study, apex locators have been incorporated in both
Protocols 2 and 3, yet Protocol 3 has been shown to sur-
pass Protocol 2 in all models. This also applies to PUIL The
latter factor has also been found to play a non-significant
role in periapical healing (Liang et al., 2013; Silva-Filho
et al., 2024) and therefore might also have a questionable
impact at all. At least PUI was used in Protocols 2 and 3,
but not in Protocol 1 and therefore cannot explain the su-
periority of Protocol 3 alone.

Citric acid and EDTA have been utilized in this
study as an adjunct to sodium hypochlorite and PUI
in Protocols 2 and 3, respectively. The findings of Ng
et al. (2011a, 2011b) have indicated that the utiliza-
tion of EDTA has been shown to increase the odds of

periapical healing of root canal-treated teeth by 1.3 to
2.3. However, preliminary research indicated that both
methods are equally effective in removing the smear
layer to allow better penetration of disinfectants and
sealants into the dentinal tubules and enhance apical
and coronal sealing ability. For instance, Kaushal et al.
(2020) concluded in their study that both solutions are
equally effective in removing the smear layer from the
coronal and middle third of the canal, but that 10% citric
acid was even more effective in the apical third. These
findings are consistent with those of another study that
compared the penetration of calcium silicate-based
sealer into dentinal tubules after 17% EDTA, 10% citric
acid and 7% maleic acid (Shekhar et al., 2023). The study
found that the three solutions were equally effective in
the coronal third. However, citric and maleic acids were
found to be more effective in penetrating the sealer in
the middle and apical thirds. As demonstrated in the
study by Sceiza et al. (2001), citric acid has been shown
to possess reduced cytotoxic properties in comparison to
EDTA when administered over shorter periods of time.
Given that Protocol 2 utilized citric acid and Protocol
3 employed EDTA, the comparable properties of these
materials imply that this factor exerted minimal influ-
ence on the observed discrepancies between the two
protocol groups. In Protocol 2, Chlorhexidine has some-
times been used as an additional irrigant. However, it
has been suggested in literature that it negatively affects
the outcome of the treatment (Ng et al., 2011a, 2011b).
If it is therefore assumed that the use of EDTA or cit-
ric acid is not decisive for the success of the treatment,
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FIGURE 9 Cumulative Hazards of the incidence of transitions between intervention states; Initial treatment or no intervention, NS Ret

(non-surgical retreatment), S Ret (surgical retreatment) and extraction as an absorbing state. (a) Shows overall cumulative hazards for all

observations. (b) Exhibits cumulative hazards of observations in Protocol 1. (c) Shows cumulative hazards of observations in Protocol 2. (d)

Shows cumulative hazards of observations in Protocol 3.

chlorhexidine remains as a potential factor that cancels
out the potential advantage of the rotary instruments in
Protocol 2.

In addition to this, a systematic review by Pirani and
Camilleri (2023)—despite acknowledging high bias in
the studies included—found that obturation techniques,
whether cold or warm compaction and materials used
generally did not affect the healing of apical periodontitis.
Given that Protocol 3 employed warm vertical compaction
and Protocols 1 and 2 relied on cold lateral compaction,

the equal effectiveness of the two methods suggests that
this factor likely played only a minor influence in the ob-
served variations between the groups. In 2020, calcium
silicate-based sealer was incorporated into Protocol 3,
and it was hypothesized that this would offer a distinct
advantage over the other protocols. A substantial body
of research has been published on the subject, and it
has been demonstrated that calcium silicate-based seal-
ers have a number of advantages over epoxy resin-based
sealers, including higher biocompatibility, bioactivity and
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FIGURE 10 The probability plots show the probability of teeth being at different intervention states over time (Initial treatment or no
intervention, NS Ret (non-surgical retreatment), S Ret (surgical retreatment) and extraction as an absorbing state), for all the observations
together and comparing the three treatment protocols. The plots demonstrate clearly that the probability of teeth receiving no further

interventions is higher in Protocol 3 than in the other two treatment protocols.

antimicrobial activity (Donnermeyer et al., 2019; Lim
et al., 2020). However, despite these advantages, the influ-
ence of calcium silicate-based sealers on the outcome of
RCT has not been actually proven (Kangseng et al., 2025),
which agrees with the findings of our study, where the cal-
cium silicate-based sealer was not a significant factor in
the adjusted models.

It seems that factors such as the use of apex locators,
irrigation solutions, obturation methods and sealers are
perhaps not the main reasons for the variations in out-
comes across the three treatment protocols. While we can-
not be entirely certain, the findings give a hint that the
superior performance of Protocol 3 might be attributable
to the specific features of the Reciproc system. In this con-
text, it is important to note that achieving patency at the
canal terminus has been found to increase the odds of suc-
cess substantially, by more than twofold (Ng et al., 2011a).
In contrast, the odds of success decrease by 12% for every
one millimetre of ‘un-instrumented’ canal at the termi-
nus. Zuolo et al. (2015) demonstrated that Reciproc in-
struments achieved full working length in 85.63% of MB2
canals even without prior glide path preparation, com-
pared to only 57.48% when hand files were used. These

findings suggest that Reciproc facilitates achieving the
full working length substantially and thereby improving
patency, which is a critical factor affecting the outcome
of the treatment. From the authors' perspective, achiev-
ing patency with hand and rotary instruments presented
a significant challenge. Other studies have offered further
support for this view by noting fewer procedural errors,
faster treatments and less apical extrusion of debris with
reciprocating instruments (Hamid et al., 2018; Jainaen
et al., 2018; Nouroloyouni et al., 2023).

The large sample size in the current investigation made
it possible to identify statistical significance even in subtle
differences between predictors. For instance, it has been
reported in literature that patients with existing periodon-
tal problems were more likely to have a poor outcome of
root canal treatments as a result of periodontal attach-
ment loss (Caplan & Weintraub, 1997; Chang et al., 2024;
Sarnadas et al., 2021). A recent study by Lopez-Valverde
et al. (2023) found that the survival rate of RCT was lower
in cases where the periodontal health of the affected tooth
was in poor condition, particularly in cases with deep peri-
odontal pockets. In other words, if a patient stays on top of
their periodontal health by getting regular check-ups and

95UBD17 SUOLUILLOD AI31D 3|gedt|dde auyy Aq pausenob ale 3o WO ‘8sn JO S3|NJ U0y Aleig 1T Ul UO AB[IM UO (SUOIPUOI-PUR-SWLR)/W0D" AB | 1M Ale.d 1pul|UO//SdNY) SUORIPUOD Pue SWS | 841 38S *[S202/90/9T] Uo ARigiT aUIUO AB[IM ‘TL2yT BITTTT OT/I0PAL0Y A3 1M Afelq 1 jou1UO//SANY WOy papeo|umoq ‘0 ‘TESZSIET



RCT PROTOCOL & TOOTH SURVIVAL

16

LWLy B Sovmn |
cleanings, the success rate of RCT will be higher. Our study
findings align with this conclusion; it showed that patients
who receive regular supportive periodontal treatments
have a higher chance of retaining their teeth after root
canal treatment. Regarding gender, some studies indicate
that female patients are more concerned about their dental
health than male patients. This difference may lead to fewer
teeth being extracted after root canal treatments in female
patients (Kim & Ahn, 2021; Thyvalikakath et al., 2022).
Our study presented contrasting results, where there was
no statistically significant difference between male and fe-
male patients. This finding agrees with another research
performed to evaluate different factors affecting the out-
come of RCT and implants (Doyle et al., 2007).

Several research studies have investigated the impact
of patient age on the outcome of RCT. A prospective in-
vestigation by de Chevigny et al. (2008) concluded that
there was no association between patient age and RCT. A
similar result was also supported later by Thyvalikakath
et al. (2022). Our study revealed that the probability of
survival after RCT decreases with the increase in patient
age. This indicates that the chances of teeth requiring ex-
traction or retreatment after RCT rise by 2% for every year
increase in patient age. This finding is supported by a ret-
rospective study that was carried out on a huge number of
cases (Kim & Ahn, 2021) and another study conducted by
Chang et al. (2024). From our point of view, the lower inci-
dence of failure in younger age might be attributed to the
larger size of the pulp space, which allows easier instru-
mentation (Song et al., 2012). In addition to that, younger
patients often have more robust immune systems, aiding
in healing and reducing post-operative inflammation
(Weyand & Goronzy, 2016).

In this study, two more predictors were identified to
significantly influence the outcome of the RCT. However,
upon adjusting for potential biases using the EB method,
these factors no longer had a discernible effect on the RCT
outcome. The first of these factors was the number of
previous RCTs the patient has undergone (in other teeth)
before the tooth in question. Bartols et al. (2020) found
that the need for a further intervention rises by 3% for
each prior RCT a patient has undergone. Similarly, this
follow-up study indicates even a 5% increase in this risk
per RCT. However, after adjusting for potential confound-
ing factors using EB, this risk reduced to 0%. The second
factor which showed a significant difference only in the
unbalanced model was the experience of the treatment
provider. In the present research study, 25% (3.523 teeth)
of the total number of treated teeth were treated by an ex-
perienced dentist, while the remaining 75% (10.710 teeth)
were treated by a group of non-experienced practitioners.
This ratio is close to the study of Burry et al. (2016) in
which the percentage of teeth treated by a specialist

was 31.5%. In the unbalanced model, we found that the
outcome of the RCT was better when the treatment was
provided by an experienced dentist, as the probability of
untoward events was higher when the treatment was pro-
vided by general practitioners by 22%. The issue of the ex-
tent to which specialist therapy is advantageous remains
a subject of debate, as the findings of our study are con-
tradictory, in that the advantage of specialist therapy does
not persist in the balanced model.

The current study also investigated the influence of
several other predictors on the success of RCT, includ-
ing tooth type, preoperative pulp status and whether
the treatment has been completed in a single visit or
multiple visits. However, the findings revealed that
these factors do not play a statistically significant role
in determining the treatment's outcome. For instance,
the insignificant effect of tooth type aligns with a
previous long-term survival analysis (Lopez-Valverde
et al., 2023). This contrasts with a systematic review,
which showed that after RCT molars are more prone to
fracture with subsequent extraction (Ng et al., 2010).
These findings were supported by a cohort study min-
ing the digital database of a German health insurance
company with more than 550 000 root canal treatments
(Raedel et al., 2015). Another large retrospective study
showed that mandibular teeth, especially mandibular
molars, are the most likely to be extracted after RCT
(Kim & Ahn, 2021). Another factor that was found to
play no significant role in the survival of teeth after RCT
is the initial vitality status of the pulp. This finding is
supported by the study of Lopez-Valverde et al. (2023)
where they noticed in their retrospective analysis that
the success of the treatment is linked to the absence of
preoperative periapical pathosis rather than the vitality
of the pulp. This is in contrast with studies conducted
by Chugal et al. (2017) and Raedel et al. (2015). They
found that the success was higher when the pulp of the
affected tooth was vital. Finally, the difference in the
outcome between single-visit and multiple-visit end-
odontic treatments was assessed. Our study showed
that there is no statistically significant difference be-
tween the two protocols. This agrees with two system-
atic reviews that attempted to find differences between
the two strategies (Manfredi et al., 2016; Schwendicke
& Gostemeyer, 2017) in which their available data
was inconclusive in determining if significant dis-
crepancies between the two approaches are present.
Nonetheless, this finding is important to a secondary
finding in this study: While a much higher proportion
of treatments in Protocol 3 could be treated in a single-
visit approach, the outcome was not affected.

The randomized controlled trial is widely recognized
as the gold standard for conducting medical research
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to determine the efficacy of a treatment, facilitating
its translation into clinical practice (Cuschieri, 2019).
Despite their advantages, randomized controlled trials
have some important limitations. For instance, they
might not have enough statistical power to identify
differences in rare effects between different treatment
protocols. This is because they are often conducted with
small groups of participants or over short periods, mak-
ing it difficult to observe rare or long-term side effects
(Saldanha et al., 2022). They also often lack the statis-
tical strength needed to detect subtle differences be-
tween different treatments or interventions, due to the
limited sample sizes (Kostis & Dobrzynski, 2020). On
the other hand, retrospective non-interventional studies
are rated at a lower level of evidence than randomized
controlled trials based on the evidence-based research
systems (Durieux et al., 2013). With respect to that, a
crucial step to minimize the bias in our study was to
attempt to account for and balance confounders and
covariates (Markoulidakis et al., 2023), which we tried
to achieve by balancing the treatment protocols using
two balancing methods, EB and GBLR, before perform-
ing the Cox proportional hazards analyses. EB is a data
pre-processing technique used in observational studies
to ensure that treatment groups being compared have
comparable characteristics. It involves adjusting the
weights assigned to each observation, without removing
any of them, in the data to match a set of predefined
balance conditions (Hainmueller, 2012). It is a doubly
robust method, which refers to its ability to provide
unbiased treatment effect estimates even if the model
used to balance covariates is mis-specified or if the
outcome model is mis-specified for treatment groups
(Zhao & Percival, 2017). The GBLR is a variation of the
Generalized Boosted Models (GBM), which are effective
machine learning algorithms used to estimate propen-
sity scores for balancing treatment groups in observa-
tional studies which is achieved by iteratively fitting
decision trees to optimize covariate balance (Griffin
et al., 2023).

In our investigation, we also conducted a multistate
analysis, which is a powerful statistical method used
to characterize the progression of a set of individuals
through a succession of intervention states until they
come to a certain endpoint called the absorbing state
(extraction of the tooth in this study). The difference
between multistate and survival analyses is that in sur-
vival analysis, we evaluate the effect of a variable on
the incidence of a single event. For this reason, it will
not differentiate between the incidence of extraction
or retreatment because they were all considered as one
endpoint for the analysis. However, in multistate anal-
ysis we assess the effect of that specific variable on the
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incidence of each of the intervention states. Moreover,
it will not stop at this point, because each tooth is fol-
lowed up until the absorbing state (extraction), which
helps to evaluate the effectiveness of surgical and
non-surgical retreatment (Le-Rademacher et al., 2022;
Matsena Zingoni et al., 2021; Meira-Machado
et al., 2009). Therefore, the method allows for the si-
multaneous analysis of multiple pathways of treatment
interventions, providing a deeper understanding of the
development and progression of diseases or the effects
of different treatments (Le-Rademacher et al., 2022).
In line with the findings of a study by Bhagavatula
et al. (2021), our study showed that extraction was the
most commonly performed intervention after failure of
non-surgical root canal treatment, a finding which is
applied also to the three treatment protocols individu-
ally, followed by non-surgical retreatment and surgical
retreatment. Additionally, both studies demonstrated
that teeth that underwent surgical or non-surgical re-
treatment had an increased risk of being extracted than
teeth that did not. This highlights the potential risks
associated with retreatment and underscores the im-
portance of initial treatment success. An explanation
might be that the prognosis of these teeth was already
questionable and RCT was conducted as a last resort to
save the tooth, but it eventually failed. Another com-
mon interesting finding was that the transition from
non-surgical retreatment to surgical retreatment mostly
occurred within the first two years after the retreat-
ment and it was hardly observed after that. Regarding
the effect of the treatment protocol on the time to the
next transition, our current investigation shows that the
probability of extraction and retreatment (both surgical
and non-surgical) is lower when Protocol 3 was used
(Figure 9). However, no statistically significant differ-
ences were observed between Protocol 1 and Protocol
3 across other transitions. On the other hand, Protocol
2 had a significantly lower hazard ratio in the transi-
tion from initial treatment to non-surgical retreatment
when compared to Protocol 1, while in other transitions
the difference was not significant. It is also worth men-
tioning that the transition from initial treatment to ex-
traction in Protocol 2 had a slightly, but not significant,
higher hazard ratio when compared to Protocol 1.

The typical limitations of retrospective studies can
be applied to our study (Talari & Goyal, 2020). For in-
stance, retrospective studies rely on patient charts or re-
cords that were not designed to be included in medical
research, which might contain missing data. Bias also
may arise from non-randomized patient selection, un-
even recall and lost patient follow-up, which may lead to
information bias (Ramirez-Santana, 2018). The bias that
resulted from the lack of randomization was overcome
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to a great extent by the application of the covariate bal-
ancing methods we utilized, while we tried to minimize
the effect of the information bias as much as possible by
including all available baseline characteristics as covari-
ates, which were later balanced. However, some covari-
ates and baseline characteristics could not be balanced
for technical reasons. For example, it was not possible
for this study to obtain information about whether or
not the treated teeth received a full coverage crown after
finishing the treatment, while many scientific studies
concluded that the application of crown coverage in-
creases the survival rates of the treated tooth (Aquilino
& Caplan, 2002; Chang et al., 2024; Ng et al., 2010;
Thyvalikakath et al., 2022). Additionally, it was not pos-
sible to differentiate between primary or secondary RCT
as the initial treatment. However, studies have shown
there is no difference in the outcome between both types
of treatments (Mareschi et al., 2020; Stoll et al., 2005).
Moreover, the database on which this study was con-
ducted did not provide information about the general
health condition of the treated patients, while several
health conditions have been found to affect the outcome
of RCT. For instance, Laukkanen et al. (2019) came to a
conclusion that patients being treated for diabetes mel-
litus were more liable for extraction of their endodonti-
cally treated teeth, a finding which was agreed with in a
systematic review (Segura-Egea et al., 2023). Moreover,
it was not possible to radiographically assess the peri-
apical condition of the treated teeth or the quality of
root canal filling, which could have had an effect on the
outcomes (Ng, Mann, & Gulabivala, 2008; Ng, Mann,
Rahbaran, et al., 2008). The type of restoration also
could not be added to the analysis because this infor-
mation was not available in the database. Additionally,
the reason behind further intervention was not recorded
and hence was not added to the analysis. Finally, certain
variables, such as use of apex locators, Chlorhexidine
and EDTA, could not be added to the analysis because
there was no reference to these procedures in the data-
base query.

Despite there being some limitations, the study has
some advantages that help to make its findings stronger
and more reliable. The inclusion of a large number of
teeth and the long period of observation in the study adds
to the statistical power and generalizability of the discov-
eries. Moreover, using the balancing methods decreases
bias and effects of confounding variables and improves
the comparability of the treatment protocols. In addition,
the clear timelines and procedural steps of each protocol
allow for their separation and hence accurate analysis de-
spite the retrospective nature of the study. Also, the appli-
cation of sensitivity tests adds another level of validity to
the findings.

CONCLUSION

Within the limitations of this study, a comprehensive
treatment protocol (Protocol 3) including the use of an
apex locator, the Reciproc system, ultrasonic irrigation
and EDTA demonstrated superior outcomes in improv-
ing tooth retention and tooth retention without further
interventions like extraction, retreatment, or surgical re-
treatment after RCT. This protocol decreased the need
for further interventions by approximately 30% to 40%
when compared to the other protocols. Furthermore, we
conclude that patient age and oral hygiene maintenance
measures are important predictors of tooth survival fol-
lowing RCT. Further research is encouraged to explore
the exact mechanisms underlying the superior perfor-
mance of treatment Protocol 3.
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