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INTRODUCTION
Root canal instrumentation is a crucial step 
in root canal treatment, as it involves the re-
moval of infected tissue, bacterial biofilm, and 
their toxic by-products. It also creates space 
for antimicrobial irrigants, which enhance the 
cleaning of untreated root canal walls and ad-

dress anatomical irregularities. Additionally, 
instrumentation shapes the canal to accom-
modate the available obturation material and 
technique, thereby establishing conditions 
that support the preservation of healthy api-
cal tissues or promote the healing of apical 
periodontitis (1, 2). It is widely recognised that 

•	 Procedural errors impact root canal outcomes, with under-instrumentation posing the 
highest risk.

•	 In this retrospective study, healing rates were 72.5% for teeth and 80.5% for roots, with a 
mean follow-up duration of 35.84 months.

•	 Errors related to under-instrumentation increase post-treatment disease risk by up to 
eightfold.

HIGHLIGHTS

Objective: This study assessed the effects of various types of procedural errors arising from root canal instru-
mentation on initial root canal treatment outcomes.

Methods: This retrospective cohort study analysed data from sixth-year dental students performing initial 
root canal treatment on mature permanent molars between 2015 and 2019. Treatment records and radio-
graphic images were reviewed to identify procedural errors during root canal instrumentation and other po-
tential confounding factors affecting treatment outcomes. Subsequently, uni- and multivariate logistic regres-
sion analyses were performed to identify predictors of treatment outcomes.

Results: A total of 142 teeth (343 roots) met the inclusion criteria, with an average follow-up period of 
35.84±16.72 months. According to stringent assessment criteria, overall healing rates were 72.5% for the teeth 
(103 of 142) and 80.5% for the roots (276 of 343). Multivariate logistic regression analysis revealed that among 
the procedural errors considered, only errors related to under-instrumentation (root canal deviation and lat-
eral perforation) were significant predictors of treatment outcomes (p=0.002).

Conclusion: Root canal treatment outcomes are significantly influenced by procedural errors, particularly 
those affecting the root canal preparation length. Procedural errors related to under-instrumentation can 
compromise root canal disinfection and increase the risk of post-treatment disease by up to eightfold.

Keywords: Apical periodontitis, procedural errors, root canal preparation, root canal treatment, treatment 
outcome
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optimal root canal preparation should result in a continuous, 
tapered shape that closely follows the original root canal 
anatomy, free from procedural errors (3).

However, due to various factors, including the complexity of 
root canal anatomy, accessibility, instrument flexibility, and 
operator experience, procedural errors may arise during root 
canal preparation (4). These errors are typically categorised 
as root perforation, instrument separation, and uncontrolled 
canal shaping (5). It is important to note that these errors can 
vary not only between categories but also within the same 
category. For instance, variability can occur in the location and 
size of perforations, in the ability to regain apical patency fol-
lowing instrument fracture, or in the effects of uncontrolled 
canal shaping on the length of root canal instrumentation. 
Consequently, these errors can have distinct and varying im-
pacts on the overall success of root canal treatment.

Current clinical studies demonstrated that root perforation 
significantly reduces the healing rate of initial root canal treat-
ment (5, 6). This is because root perforation causes injury and 
inflammation to the adjacent periodontium, particularly when 
it occurs near the alveolar crestal bone, as usually observed in 
cases with furcal and strip perforations. These conditions can 
lead to epithelial downgrowth and attachment loss, poten-
tially resulting in tooth loss if not properly managed (7–10). 
In cases of instrument fracture, clinical studies demonstrated 
that the inability to regain apical patency in teeth with preop-
erative radiolucency significantly decreases the healing rate of 
initial root canal treatment (5, 6, 11). This is attributed to the 
fact that fractured instrument inside the root canal could make 
further disinfection of the apical portion of the root canal be-
yond the fracture site rather challenging (6, 12).

Procedural errors within the category of uncontrolled canal 
shaping remain insufficiently studied, with only indirect 
histopathological and in vitro studies suggesting potential 
trends that may impact the success of root canal treatment. For 
instance, root canal deviation may result in the persistence of 
bacteria and debris in the untreated apical portion of the root 
canal (13), while apical perforation may facilitate the migration 
of bacteria beyond the root apex, potentially compromising 
the prognosis (14). However, to date, no well-controlled clini-
cal studies have been conducted to examine procedural errors 
within this category.

Therefore, this study aimed to assess the effect of various pro-
cedural errors during root canal instrumentation, performed 
by sixth-year dental students using stainless-steel hand files, 
on the outcome of initial root canal treatment. The null hy-
pothesis was that each type of error had no effect on treat-
ment outcomes.

MATERIALS AND METHODS

Study Population
The Institutional Review Board of the Faculty of Dentistry/
Faculty of Pharmacy, Mahidol University, approved the study 
protocol (MU-DT/PY-IRB 2020/017.1603). The study was also 
conducted in accordance with the Declaration of Helsinki. The 

study population comprised patients who underwent initial 
root canal treatment in mature permanent molars by sixth-
year dental students at the Faculty of Dentistry between 2015 
and 2019, using stainless steel hand files for root canal instru-
mentation. This retrospective study adhered to the “Strength-
ening the Reporting of Observational Studies in Epidemiol-
ogy” (STROBE) statement and checklist and the “Preferred 
Reporting Items for Observational Studies in Endodontics” 
(PROBE) 2023 guidelines.

Case Selection
This study included patients with a follow-up period of at 
least 1 year and a comprehensive endodontic chart, including 
pretreatment information, intraoperative records, and follow-
up visit documentation. The chart also needed to contain a 
complete set of radiographs, including preoperative, work-
ing length, master apical file (MAF), main gutta-percha cone, 
postoperative, and follow-up radiographs. Exclusion criteria 
included patients with poor-quality radiographs, teeth ex-
tracted for reasons unrelated to endodontic disease, or those 
lacking periapical status information at extraction. 

Treatment Protocol
All procedures were conducted under rubber dam isolation 
conditions. The tooth and rubber dam (M Dent, Bangkok, 
Thailand) were disinfected sequentially with 5% iodine tinc-
ture, followed by 70% ethyl alcohol. Any deteriorated dental 
restorations or carious lesions were removed, and the teeth 
were subsequently restored using a resin composite (Z250; 
3M ESPE, Seefeld, Germany). After access cavity preparation, 
the root canal orifices were located and explored using pre-
curved size 8 or 10 stainless-steel hand files (Dentsply Maille-
fer, Ballaigues, Switzerland) with a watch-winding motion.

Root canal preparation protocol was systematic, begin-
ning with coronal flaring, followed by apical preparation 
and complete shaping. Coronal portions of the root canals 
were enlarged using size 2 or 3 Gate-Glidden burs (Dentsply 
Maillefer, Ballaigues, Switzerland) or size 40 – 60 K- files us-
ing the crown-down technique. Working length was de-
termined using the initial apical file (IAF), electronic apex 
locators (EAL; Root ZX, J. Morita USA Inc., Irvine, California, 
United States), and periapical radiographs. Apical prepara-
tion continued sequentially using hand files at the working 
length until the root canal size reached the desired MAF 
(which is at least 3 sizes larger than IAF, or at least size 30), 
followed by a sequential 1 mm step-back preparation for 
complete shaping. Subsequently, the length and direction 
of the root canal instrumentation were verified using MAF, 
EAL, and periapical radiographs.

All root canals were frequently irrigated with 2.5% sodium 
hypochlorite solution (M Dent, Bangkok, Thailand) using a 
gauge No. 25 needle and a syringe. Calcium hydroxide (M 
Dent, Bangkok, Thailand) was used as an intracanal medica-
ment between treatment sessions, and the access cavity was 
sealed with temporary filling materials, including Caviton® (GC 
Corporation, Tokyo, Japan) and IRM® (Dentsply Maillefer, Bal-
laigues, Switzerland).
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Root canal filling was initiated after the patient was asympto-
matic. Before root canal filling, the canals were irrigated with 3 
mL of 17% ethylenediaminetetraacetic acid (M Dent, Bangkok, 
Thailand) for 1 minute, followed by 2.5% sodium hypochlorite 
to remove the smear layer. Gutta-percha (Dentsply Maillefer, 
Ballaigues, Switzerland) and zinc oxide eugenol sealer (M Dent, 
Bangkok, Thailand) were used to obturate the root canals us-
ing the lateral compaction technique. The root canal orifices 
were sealed with glass ionomer cement (Fuji VII; GC Corpora-
tion, Tokyo, Japan), and the access cavity was restored using 
resin composite filling (Z250; 3M ESPE, Seefeld, Germany) as 
an intermediate restoration.

Data Collection 
Data were acquired from treatment records and radiographs 
in each patient’s endodontic chart, including demographic 
characteristics (age, sex, and systemic disease) and preopera-
tive clinical assessments (presence of cracks, clinical signs and 
symptoms, periodontal pocket formation, sinus tract open-
ing, and preoperative radiolucency), intraoperative details 
(including number of visits, procedural errors, and quality of 
root canal fillings), and postoperative follow-up data (clinical 
findings similar to the preoperative assessments).

Radiographic Assessment 
Conventional radiographs were digitised using a scanner (HP 
Scan G4010, HP Inc., Palo Alto, California, United States) and 
evaluated by a single examiner (S.T.) using ImageJ software 
(National Institutes of Health, Bethesda, Maryland, United 
States). Radiographic evaluation was performed by a single 
reviewer who was calibrated with a certified endodontist be-
fore the assessment process began. The examiner received 
training from a certified endodontist using a set of 30 radio-
graphs. Subsequently, the examiner reviewed the same set 
of radiographs twice, with a 2-week interval between re-
views. Inter- and intra-examiner agreement in radiographic 
evaluations was assessed using Cohen’s kappa coefficients. 
Notably, prior to the study, there was nearly perfect agree-
ment between examiners and the certified endodontist, as 
well as within the same examiner (k=0.81–0.99, reference for 
nearly perfect agreement).

Detection of Procedural Errors
A comprehensive radiographic assessment was performed af-
ter identifying procedural errors in the treatment records, es-
pecially ledges that may not have been visible on radiographs. 
This assessment focused on detecting errors that occurred 
during root canal instrumentation, starting with a compari-
son of the lengths and directions of the IAF and MAF. Working 
length radiographs provided the length and direction of the 
IAF, representing the full extent of the root canal requiring in-
strumentation; MAF radiographs indicated the portion of the 
canal that had been instrumented.

The instrumented length was classified as adequate if the MAF 
matched the IAF in both length and direction. Over-instru-
mentation was recorded when the MAF extended in the same 
direction as the IAF but was longer (with the tip of the MAF 
closer to or extending beyond the radiographic apex). Under-

instrumentation was noted when the MAF deviated in the di-
rection from the IAF. The length of the uninstrumented root 
canal was also recorded, measured in millimetres, from the 
point where the MAF deviated from the original canal path.

Subsequently, the radiographs were examined to detect root 
perforations, indicated by the presence of MAF or root canal 
filling extending beyond the root, and any broken instrument 
fragments within the root canal were noted.

Data from these assessments were used to classify procedural 
errors. The classification criteria were modified from those of 
Balto et al. (15) and were categorised into four groups. The 
first group included errors unrelated to the root canal instru-
mentation length but resulted in altered root canal shape, 
such as ledge formation and zipping. A ledge was noted if 
a visible step or irregularity appeared on the root canal wall 
(Fig. 1a), while zipping was noted when the apical part of the 
filled root canal appeared elliptical and shifted toward the 
outer root wall (Fig. 1b, c).

The second group included errors related to under-instru-
mentation, such as root canal deviation and lateral perfora-
tion. A deviation was recorded if the direction of MAF dif-
fered from that of the IAF (Fig. 1d, e). Lateral perforation was 
noted when deviation was observed alongside the extru-
sion of the misdirected MAF or root canal filling beyond the 
root (Fig. 1f, g). The third group involved errors associated 
with over-instrumentation, specifically apical perforation, 
which was recorded if the MAF was longer than the IAF or 
if there was extrusion of the root canal filling through the 
apical foramen (Fig. 1h, i).

The final group consisted of errors with distinct characteristics, 
including strip perforations and separated instruments. Strip 
perforation was indicated if extrusion of the root canal filling 
was observed at the inner root wall (Fig. 1j), and a separated 
instrument was indicated if a broken instrument was found in-
side the root canal (Fig. 1k).

Treatment Outcome Assessment
Preoperative and follow-up periapical status were assessed 
separately based on the presence/absence of periapical radi-
olucency. The maximum extent of the apical lesion was mea-
sured in millimetres.

Treatment outcomes were assessed by analysing preopera-
tive and follow-up data and classified according to Friedman 
and Mor criteria (16). Treatment outcomes were classified as 
“healed” when both clinical and radiographic presentations 
were normal (Fig. 2a−i), “healing” when a reduction in apical 
radiolucency size was observed alongside normal clinical 
findings, and “disease” if apical radiolucency emerged or per-
sisted without change, regardless of normal clinical findings, 
or if clinical signs or symptoms were present despite normal 
radiographic findings (Fig. 2j−o). This evaluation considered 
outcomes at the individual root and overall tooth units, with 
the overall outcome for each tooth determined by the root 
with the least favourable outcome.
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Statistical Analysis
Treatment outcomes based on stringent criteria (normal clin-
ical and radiographic findings) were analysed descriptively 
for both individual roots and teeth. Predictors of outcomes 
were identified through uni- and multivariate logistic regres-
sion analyses performed at a 5% significance level using Stata 
software (Stata/SE 17.0, StataCorp LLC, College Station, Texas, 
USA). Initial analyses covered the entire dataset, followed by 
sub-analyses of teeth with and without preoperative radiolu-

cency, focusing on the root as the evaluation unit. Logistic 
regression, with a cluster sandwich estimator for robust stan-
dard errors, was used to assess the clustering effect of multiple 
roots within the same tooth.

RESULTS
Between January 2015 and December 2019, 302 molars 
underwent root canal treatment from sixth-year dental 
students. A total of 156 teeth met the inclusion criteria; 

Figure 1. Detection of procedural errors. (a) A ledge was observed in the mesial root of the right mandibular first molar (tooth 46), indicated by a visible 
step on the canal wall (arrow). (b) Working length determination revealing the original root canal morphology of the right  mandibular first molar (tooth 
46). (c) Zipping, characterised by an elliptical shape of the apical portion of the distal root (arrow), resulting from apical transportation towards the 
outer wall of the curved canal, as shown in (b). (d) Original canal morphology of the left mandibular first molar (tooth 36), demonstrated by the IAF 
during working length determination. (e) Canal deviation was evident in the mesial root (arrow), with the MAF diverging from the IAF, as shown in (d). 
(f) Working length determination of the right mandibular first molar (tooth 46), showing the initial canal path. (g) Lateral perforation was identified at 
the mesial root (arrow), as the MAF deviated from the IAF (as seen in f) and extended beyond the root surface. (h) Working length of the left mandibu-
lar first molar (tooth 36), demonstrated by the IAF. (i) Apical perforation was evident in the distal root (arrow), marked by the MAF extending beyond 
the IAF, as shown in (h). (j) Strip perforation in the mesial root of the right mandibular first molar (tooth 46), indicated by extrusion of filling material 
through the inner root wall. (k) A separated instrument fragment was visible in the mesial root of the right mandibular first molar (tooth 46) (arrow).
IAF: Initial apical file, MAF: Master apical file.
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however, 10 teeth were subsequently excluded due to the 
unavailability of periapical status information at the time of 
extraction, and an additional four teeth were excluded be-
cause of poor-quality radiographs. Thus, 343 roots from 142 
teeth were analysed for treatment outcomes. The mean fol-
low-up duration was 35.84 months, ranging from 12 to 72 
months. Based on stringent assessment criteria, the overall 
healing rates were 72.5% for teeth (103 of 142) and 80.5% 
for roots (276 of 343). 

Univariate analysis identified several significant factors, in-
cluding patient age, clinical signs and symptoms, preopera-
tive radiolucency, and restoration quality. Among procedural 
errors, only root canal deviation was significantly associated 
with treatment outcomes (Table 1). Instances of zipping and 
instrument separation were rare, occurring in only 1.46% 
(5/343) and 0.29% (1/343) of roots, respectively, and were not 
observed in the disease group, limiting their impact assess-
ment. In the multivariate analysis, only procedural errors re-

Figure 2. Treatment outcome assessment. (a–c) The preoperative radiograph (a) of the right maxillary first molar (tooth 16) showed normal apical 
tissues around the palatal root. The postoperative radiograph (b) revealed an apical perforation. At the 2-year follow-up (c), the periapical structures 
remained normal, and the outcome was classified as “healed.” (d–f) The preoperative radiograph (d) of the right mandibular second molar (tooth 47) 
showed an apical lesion at the distal root. A postoperative radiograph (e) revealed an apical perforation. At the 6-year follow-up (f), the apical tissues 
appeared normal, and the outcome was classified as “healed.” (g–i) The preoperative radiograph (g) of the right mandibular first molar (tooth 46) 
showed normal apical tissues at the mesial root. A lateral perforation was identified in the postoperative image (h). At the 3-year follow-up (i), the 
periapical structures remained normal, and the outcome was classified as “healed.” (j–l) The preoperative radiograph (j) of the right mandibular sec-
ond molar (tooth 47) showed an apical lesion at the mesial root. A lateral perforation was evident in the postoperative image (k). At the 4-year fol-
low-up (l), lesion progression resulted in the classification of the outcome as “disease.” (m–o) The preoperative radiograph (m) of the right mandibu-
lar first molar (tooth 46) revealed a periradicular lesion involving the furcation and apical region of the mesial root. A strip perforation was evident in 
the postoperative image (n). At the 3-year follow-up (o), persistence of the radiolucency led to the classification of the outcome as “disease”.
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TABLE 1. Association between potential factors and the healing rate using univariate logistic regression analysis (n=343)

		  All	 Healed (%)	 Disease (%)	 Crude OR for	 p 
					     disease (95% CI)*

Procedural errors 
Ledge
	 Absent	 320	 80.6	 19.4	 Ref	 0.777
	 Present	 23	 78.3	 21.7	 1.156 (0.424, 3.150)
Deviation
	 Absent	 318	 83.0	 17.0	 Ref	 <0.001
	 Present	 25	 48.0	 52.0	 5.296 (2.117, 13.252)
Lateral perforation
	 Absent	 332	 81.3	 18.7	 Ref	 0.053
	 Present	 11	 54.6	 45.4	 3.629 (0.982, 13.412)
Apical perforation
	 Absent	 276	 79.3	 20.7	 Ref	 0.291
	 Present	 67	 85.1	 14.9	 0.674 (0.324, 1.402)
Strip perforation
	 Absent	 331	 81.3	 18.7	 Ref	 0.105
	 Present	 12	 58.3	 41.7	 3.099 (0.788, 12.188)
Demographic data
Age (41.11±14.96 years)				    0.964 (0.940, 0.989)	 0.005
Gender
	 Female	 223	 83.0	 17.0	 Ref	 0.256
	 Male	 120	 75.8	 24.2	 1.551 (0.728, 3.308)
Systemic disease
	 Absent	 263	 82.1	 17.9	 Ref	 0.291
	 Present	 80	 75.0	 25.0	 1.532 (0.694, 3.383)
Preoperative data
Crack
	 Absent	 321	 80.4	 19.6	 Ref	 0.910
	 Present	 22	 81.8	 18.2	 0.910 (0.178, 4.641)
Clinical signs and symptoms**
	 Absent	 110	 70.9	 29.1	 Ref	 0.032
	 Present	 233	 85.0	 15.0	 0.431 (0.200, 0.930)
Periodontal probing depth
	 £ 5 mm	 330	 80.3	 19.7	 Ref	 0.691
	 > 5 mm	 13	 84.6	 15.4	 1.229 (0.446, 3.385)
Sinus tract opening
	 Absent	 334	 81.1	 18.9	 Ref	 0.074
	 Present	 9	 55.6	 44.4	 3.441 (0.889, 13.323)
Preoperative radiolucency
	 Absent	 153	 92.8	 7.2	 Ref	 <0.001
	 Present	 190	 70.5	 29.5	 5.395 (2.242, 12.984)
Intraoperative data
Treatment sessions 				    1.041 (0.905, 1.197)	 0.576
Length of root canal filling***
	 Adequate	 323	 80.5	 19.5	 Ref	 0.959
	 Inadequate	 20	 80.0	 20.0	 1.032 (0.311, 3.418)
Void of root canal filling
	 Absent	 332	 81.0	 19.0	 Ref	 0.179
	 Present	 11	 63.6	 36.4	 2.44 (0.664, 8.965)
Follow-up data
Dental post placement
	 Absent	 329	 79.9	 20.1	 Ref	 0.257
	 Present	 14	 92.9	 7.1	 0.306 (0.040, 2.364)
Quality of coronal restoration
	 Adequate	 318	 84.0	 16.0	 Ref	 <0.001
	 Inadequate	 25	 36.0	 64.0	 9.307 (2.689, 32.217)

Bold font indicates statistical significance. *: Confidence interval for odds ratios was estimated using robust standard error to allow clustering within the tooth. **: 
Clinical signs and symptoms comprised tenderness on percussion, tenderness on palpation, or increased tooth mobility. ***: The criterion for evaluating the adequate 
length of the root canal filling was a distance within 2 mm from the radiographic apex. OR: Odds ratio, CI: Confidence interval
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lated to under-instrumentation were significant predictors of 
all procedural errors, with patient age, clinical signs and symp-
toms, preoperative radiolucency, and restoration quality also 
identified as predictors (Table 2).

In the sub-analysis of teeth with preoperative radiolucency, 
errors related to under-instrumentation (odds ratio for dis-
ease=8.045, p=0.002), patient age, clinical signs and symptoms, 
and restoration quality persisted as significant predictors. Sys-
temic disease was also an important predictor (Table 3). Further-
more, when the length of the uninstrumented root canal was 
included in the sub-analysis, it was also identified as a significant 
predictor of treatment outcome, with an odds ratio of 4.268 for 
disease for each 1 mm uninstrumented length (p=0.015). 

Conversely, in teeth without preoperative radiolucency, only 
restoration quality remained a significant predictor (odds ratio 
for disease=25.871, p=0.006). Neither errors related to under-
-instrumentation nor the length of the uninstrumented root 
canal retained their predictive values.

DISCUSSION
Various types of procedural errors occurring during root canal 
instrumentation exhibit distinct characteristics, potentially 

leading to diverse impacts on treatment outcomes. This study 
expands the understanding of these effects, emphasising the 
importance of preventing errors that significantly deteriorate 
treatment outcomes. Additionally, clinicians can deliver a 
more precise prognosis to patients when errors occur.

Given that multiple factors influence root canal treatment 
outcomes, this study required the collection of other poten-
tial prognostic factors for analysis. Our findings indicated that 
preoperative radiolucency remained a significant predictor, 
consistent with previous studies (5, 6, 17–19), and its pres-
ence reduced the healing rate by up to 20%. Consequently, it 
was imperative to analyse the data separately for the groups 
with and without preoperative radiolucency. Coronal restora-
tion quality also emerged as another significant predictor, as 
restorations with visibly exposed root canal fillings reduced 
the healing rate by more than 50%. However, the low occur-
rence rate of inadequate restorations (only 7.3%) rendered 
similar sub-analyses infeasible.

The null hypothesis that each type of procedural error would 
have no effect on treatment outcome was rejected. Univariate 
analysis indicated that root canal deviation was the only con-

TABLE 2. Significant predictors of treatment outcomes identified using multivariate logistic regression analysis

		  Adjusted OR for disease (95% CI)*	 p

Procedural errors	
Errors unrelated to instrument length (0=absent, 1=present)	 0.997 (0.300, 3.316)	 0.996
Errors related to under-instrumentation (0=absent, 1=present)	 5.329 (1.895, 14.981)	 0.002
Error related to over-instrumentation (0=absent, 1=present)	 0.767 (0.269, 2.185)	 0.620
Error with distinct characteristics (0=absent, 1=present)**	 2.122 (0.363, 12.408)	 0.404
Demographic data
	 Age (year)	 0.952 (0.923, 0.981)	 0.001
Preoperative data
	 Clinical signs and symptoms (0=absent, 1=present)	 0.327 (0.136, 0.787)	 0.013
	 Preoperative radiolucency (0=absent, 1=present)	 7.120 (2.457, 20.633)	 <0.001
Follow-up data
	 Quality of restoration (0=adequate, 1=inadequate)	 16.542 (2.956, 92.584)	 0.001

Bold font indicates statistical significance. *: Confidence interval for odds ratios was estimated using robust standard error to allow clustering within the tooth. **: The 
error with distinct characteristics in this study was strip perforation. OR, odds ratio, CI: Confidence interval

TABLE 3. Significant predictors of treatment outcomes from sub-analysis of teeth with preoperative radiolucency 

		  Adjusted OR for disease (95% CI)*	 p

Procedural errors	
Errors unrelated to instrument length (0=absent, 1=present)	 0.479 (0.098, 2.334)	 0.362
Errors related to under-instrumentation (0=absent, 1=present)	 8.045 (2.094, 30.909)	 0.002
Error related to over-instrumentation (0=absent, 1=present)	 0.925 (0.276, 3.096)	 0.899
Error with distinct characteristics (0=absent, 1=present)**	 3.261 (0.366, 29.057)	 0.290
Demographic data	
	 Age (year)	 0.949 (0.914, 0.984)	 0.005
	 Systemic disease (0=absent, 1=present)	 4.515 (1.244, 16.379)	 0.022
Preoperative data
	 Clinical signs and symptoms (0=absent, 1=present)	 0.259 (0.101, 0.664)	 0.005
Follow-up data
	 Quality of restoration (0=adequate, 1=inadequate)	 17.839 (2.698, 117.933)	 0.003

Bold font indicates statistical significance. *: Confidence interval for odds ratios was estimated using robust standard error to allow clustering within the tooth. **: The 
error with distinct characteristics in this study was strip perforation. OR: Odds ratio, CI: Confidence interval
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sidered procedural error significantly associated with treat-
ment outcomes. Lateral perforation resulted in a lower heal-
ing rate, although without a significant relationship (p=0.053), 
likely due to its infrequent occurrence (11/343 roots). As both 
root canal deviation and lateral perforation result in incom-
plete root canal preparation, they were categorised together 
as procedural errors related to under-instrumentation for sub-
sequent analysis. In the multivariate analysis, this category 
emerged as a significant predictor of treatment outcomes 
(p=0.002). Bacterial biofilms in unprepared root canal sections 
likely represent the primary causative factor (13), as supported 
by the sub-analysis, indicating that these errors specifically af-
fected the treatment outcomes in teeth with preoperative ra-
diolucency (Fig. 2g−l). This finding aligns with that of Ng et al. 
(6), who observed a 12% decrease in the healing rate for each 
1 mm reduction in the apical extent of the MAF.

Previous studies considered short root canal filling to be un-
der-instrumentation; however, their findings were inconsistent 
despite being from the same researchers (18, 20). This incon-
sistency may result in short root canal filling being an unreli-
able indicator of under-instrumentation. For example, debris 
blockage or gutta-percha cone displacement during obtura-
tion can result in a short filling (18, 21). Additionally, evaluat-
ing optimal root canal filling length based on a distance within 
2 mm from the radiographic apex may be inappropriate, as it 
does not accurately reflect the correct apical constriction po-
sition in each tooth (22, 23). Therefore, evaluating instrument 
direction changes during the treatment, along with the use of 
an electronic apex locator, could have enhanced the accuracy 
of the assessment in this study.

Procedural errors related to over-instrumentation or apical per-
forations were most frequently encountered in this study. This 
increased detection rate may have resulted from improved 
methods, particularly comprehensive radiographic examina-
tions, which allowed for the identification of apical perforations 
that might have gone undetected in previous studies (15, 21). 
However, the results of this study indicated that apical perfora-
tion had no significant impact on treatment outcomes, likely 
because this error does not obstruct root canal instrumenta-
tion, allowing for effective bacterial biofilm removal (Fig. 2a−f).

Strip perforation, which results from overpreparation in the 
furcal region of the root canal near the crestal bone, increases 
the risk of bacterial contamination and attachment loss, ulti-
mately leading to a poor prognosis (7, 8). Although a reduced 
healing rate was observed in cases of strip perforation, univari-
ate analysis revealed no significant association with treatment 
outcomes in the present study. This could be attributed to the 
low incidence rate (12 of 343 roots) and varied management 
approaches, ranging from immediate repair to delayed repair 
(up to 370 days). Furthermore, the study lacked information on 
critical factors, such as perforation size, location, and repair ma-
terials (7, 8), limiting the ability to draw definitive conclusions re-
garding the impact of strip perforation on treatment outcomes.

This retrospective cohort study faced challenges in controlling 
variables, such as treatment modalities and medications used, 

alongside potential issues with incomplete data due to inade-
quately recorded treatments or missing radiographs. However, 
the selection of patients treated by undergraduate dental stu-
dents from the dental faculty ensured stringent adherence 
to treatment protocols and comprehensive data collection, 
including detailed treatment records and radiographic docu-
mentation throughout the treatment duration. The selection 
of molars treated with stainless steel hand files also facilitated 
the inclusion of cases with procedural errors in the analysis.

The mean follow-up time of 36 months in the present study 
ensured an accurate reflection of prognosis, aligning with 
the recommendation of Ng et al. (24) that a 3-year follow-up 
period is suitable for stringent outcome evaluations. Never-
theless, limitations persisted due to the inherent two-dimen-
sional nature of periapical radiographs, which restricted visu-
alisation of the buccal or lingual aspects of the root canal and 
potential overlap with anatomical structures (4). The accuracy 
of radiographic angulation may have further influenced the 
assessment of periapical tissues (25, 26).

Further studies may be necessary to examine the impact of 
procedural errors with low incidence rates, potentially using 
different study designs or populations to enhance the detec-
tion and analysis of these infrequent events. Investigating 
predictors, such as patient age, systemic disease, and clinical 
signs and symptoms, would be valuable to establish defin-
itive conclusions in this area where current knowledge re-
mains limited (5, 6, 17, 19).

CONCLUSION
The impact of specific procedural errors on the outcome of 
root canal treatment is largely determined by their effect on 
root canal preparation length. This study identified procedural 
errors related to under-instrumentation as significant predic-
tors. These errors, such as root canal deviation and lateral per-
foration, impede instrument insertion into the apical portion 
of the root canal, compromising root canal disinfection and in-
creasing the risk of post-treatment disease by up to eightfold. 

Disclosures

Ethics Committee Approval: The study was approved by the Faculty of Den-

tistry/Faculty of Pharmacy, Mahidol University Ethics Committee (no: MU-DT/

PY-IRB 2020/017.1603, date: 16/03/2020).

Informed Consent: Informed consent was obtained from all participants.

Conflict of Interest Statement: The authors have no conflicts of interest to 

declare.

Funding: This study was supported by the Faculty of Dentistry, Mahidol 

University. 

Use of AI for Writing Assistance: The authors declared that this study does 

not utilise any type of artificial intelligence assisted technologies in the pro-

duction of this manuscript.

Authorship Contributions: Concept – T.J.; Design – S.T., K.C., T.J.; Supervision 

– K.C., T.J.; Data collection and/or processing – S.T.; Data analysis and/or inter-

pretation – S.T., K.C., T.J.; Literature search – S.T.; Writing – S.T., K.C., T.J.; Critical 

review – S.T., K.C., T.J.

Acknowledgments: We thank Assistant Professor Sittichoke Osiri for his guid-

ance and assistance with the study’s statistical analysis.

Peer-review: Externally peer-reviewed.



Teerawanitsan et al. Effect of Procedural Errors on Treatment Outcomes440 EUR Endod J 2025; 10: 432-440

REFERENCES
1.	 Arias A, Peters OA. Present status and future directions: Canal shaping. Int 

Endod J 2022; 55 Suppl 3(Suppl 3):637–55. [Crossref ]
2. 	 Boutsioukis C, Arias-Moliz MT. Present status and future directions - ir-

rigants and irrigation methods. Int Endod J. 2022; 55(Suppl 3):588–612. 
[Crossref ]

3.	 Neelakantan P, Vishwanath V, Taschieri S, Corbella S. Present status and 
future directions: Minimally invasive root canal preparation and peri-
radicular surgery. Int Endod J 2022; 55 (Suppl 4):845–71. [Crossref ]

4.	 Ribeiro DM, Réus JC, Felippe WT, Pachêco‐Pereira C, Dutra KL, Santos JN, 
et al. Technical quality of root canal treatment performed by undergrad-
uate students using hand instrumentation: A meta-analysis. Int Endod J 
2018; 51(3):269–83. [Crossref ]

5.	 Gulabivala K, Ng YL. Factors that affect the outcomes of root canal treat-
ment and retreatment-A reframing of the principles. Int Endod J 2023; 56 
(Suppl 2): 82–115. [Crossref ]

6.	 Ng YL, Mann V, Gulabivala K. A prospective study of the factors affecting 
outcomes of nonsurgical root canal treatment: Part 1: Periapical health. 
Int Endod J 2011; 44(7):583–609. [Crossref ]

7.	 Pontius V, Pontius O, Braun A, Frankenberger R, Roggendorf MJ. Retro-
spective evaluation of perforation repairs in 6 private practices. J Endod 
2013; 39(11):1346–58. [Crossref ]

8.	 Krupp C, Bargholz C, Brusehaber M, Hülsmann M. Treatment outcome 
after repair of root perforations with mineral trioxide aggregate: A retro-
spective evaluation of 90 teeth. J Endod 2013; 39(11):1364–8. [Crossref ]

9.	 Gorni FG, Ionescu AC, Ambrogi F, Brambilla E, Gagliani MM. Prognostic 
factors and primary healing on root perforation repaired with MTA: A 14-
year longitudinal study. J Endod 2022; 48(9):1092–9. [Crossref ]

10.	 Clauder T. Present status and future directions - Managing perforations. 
Int Endod J 2022; 55 (Suppl 4): 872–91. [Crossref ]

11.	 Panitvisai P, Parunnit P, Sathorn C, Messer HH. Impact of a retained instru-
ment on treatment outcome: A systematic review and meta-analysis. J 
Endod 2010; 36(5):775–80. [Crossref ]

12.	 Terauchi Y, Ali WT, Abielhassan MM. Present status and future directions: 
Removal of fractured instruments. Int Endod J 2022; 55 (Suppl 3): 685–
709. [Crossref ]

13.	 Nair PN. On the causes of persistent apical periodontitis: A review. Int 
Endod J 2006; 39(4):249–81. [Crossref ]

14.	 Holland R, De Souza V, Nery MJ, de Mello W, Bernabé PF, Otoboni Filho JA. 
Tissue reactions following apical plugging of the root canal with infected 
dentin chips. A histologic study in dogs' teeth. Oral Surg Oral Med Oral 
Pathol 1980; 49(4):366–9. [Crossref ]

15.	 Balto H, Al Khalifah S, Al Mugairin S, Al Deeb M, Al-Madi E. Technical qual-
ity of root fillings performed by undergraduate students in Saudi Arabia. 
Int Endod J 2010; 43(4):292–300. [Crossref ]

16.	 Friedman S, Mor C. The success of endodontic therapy--healing and func-
tionality. J Calif Dent Assoc 2004; 32(6):493–503. [Crossref ]

17.	 de Chevigny C, Dao TT, Basrani BR, Marquis V, Farzaneh M, Abitbol S, et 
al. Treatment outcome in endodontics: The Toronto study-Phase 4: initial 
treatment. J Endod 2008; 34(3):258–63. [Crossref ]

18.	 Sjogren U, Hagglund B, Sundqvist G, Wing K. Factors affecting the long-
term results of endodontic treatment. J Endod. 1990; 16(10):498–504. 
[Crossref ]

19.	 Ng YL, Mann V, Rahbaran S, Lewsey J, Gulabivala K. Outcome of primary 
root canal treatment: Systematic review of the literature -- Part 2. Influ-
ence of clinical factors. Int Endod J 2008; 41(1):6–31. [Crossref ]

20.	 Bystrom A, Happonen RP, Sjogren U, Sundqvist G. Healing of periapical 
lesions of pulpless teeth after endodontic treatment with controlled 
asepsis. Endod Dent Traumatol. 1987; 3(2):58–63. [Crossref ]

21.	 Eleftheriadis GI, Lambrianidis TP. Technical quality of root canal treatment 
and detection of iatrogenic errors in an undergraduate dental clinic. Int 
Endod J 2005; 38(10): 725–34. [Crossref ]

22.	 Ricucci D. Apical limit of root canal instrumentation and obturation, part 
1. Literature review. Int Endod J 1998; 31(6):384–93. [Crossref ]

23.	 Ricucci D, Langeland K. Apical limit of root canal instrumentation and 
obturation, part 2. A histological study. Int Endod J. 1998; 31(6):394–409. 
[Crossref ]

24.	 Ng YL, Mann V, Rahbaran S, Lewsey J, Gulabivala K. Outcome of primary 
root canal treatment: Systematic review of the literature - Part 1. Effects 
of study characteristics on probability of success. Int Endod J. 2007; 
40(12):921–39. [Crossref ]

25.	 Bender IB, Seltzer S. Roentgenographic and direct observation of experi-
mental lesions in bone: I. J Endod 1961; 29(11):702–6. [Crossref ]

26.	 Pettiette MT, Metzger Z, Phillips C, Trope M. Endodontic complications 
of root canal therapy performed by dental students with stainless-steel 
K-files and nickel-titanium hand files. J Endod 1999; 25(4):230–4. [Crossref ]

https://doi.org/10.1111/iej.13698
https://doi.org/10.1111/iej.13739
https://doi.org/10.1111/iej.13750
https://doi.org/10.1111/iej.12853
https://doi.org/10.1111/iej.13897
https://doi.org/10.1111/j.1365-2591.2011.01872.x
https://doi.org/10.1016/j.joen.2013.08.006
https://doi.org/10.1016/j.joen.2013.06.030
https://doi.org/10.1016/j.joen.2022.06.005
https://doi.org/10.1111/iej.13748
https://doi.org/10.1016/j.joen.2009.12.029
https://doi.org/10.1111/iej.13743
https://doi.org/10.1111/j.1365-2591.2006.01099.x
https://doi.org/10.1016/0030-4220(80)90149-8
https://doi.org/10.1111/j.1365-2591.2009.01679.x
https://doi.org/10.1080/19424396.2004.12223997
https://doi.org/10.1016/j.joen.2007.10.017
https://doi.org/10.1016/S0099-2399(07)80180-4
https://doi.org/10.1111/j.1365-2591.2007.01323.x
https://doi.org/10.1111/j.1600-9657.1987.tb00543.x
https://doi.org/10.1111/j.1365-2591.2005.01008.x
https://doi.org/10.1046/j.1365-2591.1998.00184.x
https://doi.org/10.1046/j.1365-2591.1998.00183.x
https://doi.org/10.1111/j.1365-2591.2007.01322.x
https://doi.org/10.1097/00004770-200311000-00005
https://doi.org/10.1016/S0099-2399(99)80148-4

