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This systematic review and meta-analysis compared the efficacy of cold lateral condensation (CLC) and
warm vertical condensation (WVC) in endodontic obturation. The primary focus was to evaluate three-di-
mensional (3D) obturation quality, including void volume, gutta-percha adaptation, and filling complete-
ness, using Micro-Computed Tomography (Micro-CT) and Cone-Beam Computed Tomography (CBCT). A
systematic search was conducted in PubMed, Embase, Scopus, and Web of Science up to December 2024
following PRISMA guidelines. Studies were included if they had compared CLC and WVC using Micro-CT
or CBCT imaging and reported quantitative outcomes on gutta-percha filling and void volume. A random-
effects meta-analysis was performed because of high heterogeneity (1>=80%), with standardized mean dif-
ferences (SMD) and 95% confidence intervals (Cls) calculated. Twelve studies were included in the review,
with five contributing to the meta-analysis. WVC showed superior obturation quality along the full canal
length (SMD=-2.19; 95% Cl: -3.78 to -0.60; p=0.02). However, in the apical third, the difference was not sta-
tistically significant (SMD=-0.79; 95% Cl: -1.92 to 0.35; p=0.13). While WVC offered superior adaptation and
fewer voids, it also presented a higher risk of sealer extrusion. CLC, while cost-effective and widely used,
exhibited more voids and poorer adaptation, particularly in complex canals. However, substantial hetero-
geneity (1’=80-85%) among included studies limits confidence in these pooled estimates. WVC achieves
superior obturation quality along the full length; however, the evidence remains inconclusive for the apical
third, reflecting uncertainty in this anatomically complex region. High study heterogeneity underscores
the need for methodological standardization. Given the high heterogeneity and methodological variation
among included studies, including studies using alternative models or techniques, the findings should be
interpreted with caution and serve as a basis for future standardized research.
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- Warm vertical condensation achieved higher three-dimensional filling quality than cold
lateral condensation along the full canal length.

« No clear difference was found between techniques in the apical third because of method-

«  Micro CT studies showed more detailed detection of voids compared with CBCT, con-

- Two studies using alternative models or techniques caused considerable variation in

« The findings highlight the need for standardized protocols in future research on obtura-
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ological variability.
tributing to heterogeneity.
pooled outcomes.
tion techniques.
INTRODUCTION

After the root canal system has been cleaned and shaped by
endodontic therapy, three-dimensional (3D) obturation is
used to create a tight, hermetic seal that completely fills the
root canal space and extends as close to the cement-dentinal
junction as feasible. The eventual goal is to eradicate as many
microorganisms as possible (1, 2). A perfect filling for a root
canal should fill the whole root canal system in three dimen-
sions and make a uniform, homogenous substance (1). While
the differences in obturation quality between these tech-
niques have been discussed in prior literature, this review aims
to synthesise quantitative 3D volumetric data using advanced
imaging modalities, thereby providing methodological insight
rather than direct clinical outcome evaluation.

A single gutta-percha (GP) cone with sealer is placed into the
prepared root canal using the cold lateral condensation (CLC)
technique, a conventional procedure that is frequently taught
in undergraduate dental programmes. Secondary GP cones
are then added and compacted with a spreader. The sealant
and frictional grip hold the cones together (3-5). This method
is used due to its inexpensive cost and accurate positioning of
GP within the canal, despite the fact that it takes a lot of time
(4, 6). The final filling, however, is not uniform; it is made up
of several compacted GP cones, with the sealer taking up the
majority of the gaps between them (7).

Schilder developed the warm vertical compaction (WVC) tech-
nique in the 1967s to improve root canal-wall adaptability (8).
The WVC method involves heating the GP until it softens and
changes phase, allowing it to conform to the prepared root
canal wall. This method uses more heated GP and less sealer,
thus any brand of sealer can be utilised (9). The WVC technique
is associated with better adaptation to the canal wall. How-
ever, this technique is time-consuming, responsible for the
sealer’s apical extrusion, leading to post-operative pain (10).

In parallel to these technical considerations, it is important to
recognise that obturation quality is a surrogate outcome, and
its direct correlation with clinical success remains uncertain.
With increased operator experience, control of heated gutta-
percha has improved, leading to reduced procedure time and
more consistent obturation outcomes (11). Generally, the WVC

technique needs a lower proportion of sealer than the cold
filling technique. Recent studies, including work by Camilleri
(9), have debated the compatibility of WVC with hydraulic cal-
cium silicate cements (bioceramic sealers), suggesting that
this combination may affect obturation outcomes differently
compared to traditional sealers.

Micro-CT is a cutting-edge technique for analysing internal
tooth anatomy (12). It makes it possible to assess root canal
geometry both before and after instrumentation using crite-
ria such apical transportation, centring ratio, volume changes,
cross-sectional shape, taper, and overall anatomical structure
(12-14). Micro-CT’s 3D imaging capability involves acquiring
2D X-ray projections that are reconstructed into a detailed 3D
image (15). A single initial scan is often sufficient for assessing
volume changes after root canal shaping (16).

The extraoral imaging technique Cone-Beam Computed
Tomography (CBCT) creates three-dimensional scans of the
orofacial skeleton (17). It successfully gets over the draw-
backs of traditional radiography, including anatomical super-
imposition and image distortion. (18, 19) CBCT offers several
benefits, including fast data acquisition (20, 21), making it a
widely used tool in clinical practice and endodontic research.
It is particularly valuable for analysing root canal morphol-
ogy, fractures, volume changes, surface area, 3D root canal
axis, thickness, surface convexity, and structure model index
(22, 23). However, while CBCT delivers clear and detailed
anatomical images (22), its resolution is lower than that of
Micro-CT, which can pose challenges for research requiring
high levels of data accuracy (24).

Both Micro-CT and CBCT present 3D images with accurate
measurements, enabling detailed views and efficient identifi-
cation of anatomical complexities. They are superior for eval-
uating and assessing canal preparation quality as well as aid-
ing in sample selection. However, compared to Double Digital
methods, both Micro-CT and CBCT require greater radiation
exposure, longer time, and more complex procedures (25).

While both modalities provide 3D imaging, Micro-CT is a re-
search tool not used in patient care, whereas CBCT is clini-
cally applicable. Micro-CT delivers higher-resolution imaging
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TABLE 1. Search strategy specific for each database
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Database Keyword

Result

PubMed

((("Warm Vertical Compaction" OR "Vertical Compaction" OR " Warm Vertical Condensation" OR "Vertical 11

Condensation" OR "Thermoplasticized" OR "Carrier-Based") AND ("Cold Lateral Compaction" OR "Cold Lateral
Condensation" OR "Lateral Compaction" OR "Lateral Condensation")) AND ("Root Canal Filling" OR "Gaps"
OR "Gap" OR "Voids" OR "Void" OR "Empty Spaces" OR "Empty Space" OR "Quality")) AND ("Microcomputed
tomography" OR "Micro-CT" OR "MicroCT" OR "CBCT" OR “cone beam computed tomography”)

Embase

(‘Warm Vertical Compaction’ OR ‘Vertical Compaction’ OR‘Warm Vertical Condensation’ OR ‘Vertical 11

Condensation’ OR ‘Thermoplasticized’ OR ‘Carrier-Based’) AND (‘Cold Lateral Compaction’ OR‘Cold Lateral
Condensation’ OR‘Lateral Compaction’ OR‘Lateral Condensation’) AND (‘Root Canal Filling’ OR ‘Gaps’ OR ‘Gap’
OR'Voids' OR‘Void' OR‘Empty Spaces’ OR ‘Empty Space’ OR‘Quality’) AND (‘Microcomputed tomography’

OR ‘Micro-CT’ OR ‘MicroCT’ OR‘CBCT’ OR 'cone beam computed tomography’)

Scopus

(TITLE-ABS-KEY ("Warm Vertical Compaction") OR TITLE-ABS-KEY ("Vertical Compaction") ORTITLE-ABS-KEY 16

("Warm Vertical Condensation") OR TITLE-ABS-KEY ("Vertical Condensation") OR TITLE-ABS-KEY
("Thermoplasticized") OR TITLE-ABS-KEY ("Carrier-Based")) AND (TITLE-ABS-KEY ("Cold Lateral Compaction")
ORTITLE-ABS-KEY ("Cold Lateral Condensation") OR TITLE-ABS-KEY ("Lateral Compaction") OR TITLE-ABS-KEY
("Lateral Condensation")) AND (TITLE-ABS-KEY (root AND canal AND filling) OR TITLE-ABS-KEY (gaps) OR
TITLE-ABS-KEY (gap) OR TITLE-ABS-KEY (voids) OR TITLE-ABS-KEY (void) OR TITLE-ABS-KEY (empty AND spaces)
ORTITLE-ABS-KEY (empty AND space) OR TITLE-ABS-KEY (quality)) AND (TITLE-ABS-KEY ("Microcomputed
tomography") OR TITLE-ABS-KEY ("Micro-CT") OR TITLE-ABS-KEY ("MicroCT") OR TITLE-ABS-KEY ("CBCT")
ORTITLE-ABS-KEY ( "cone beam computed tomography" ) )

Web of Science

(((TS=("Warm Vertical Compaction” OR “Vertical Compaction” OR“Warm Vertical Condensation” OR “Vertical 18

Condensation” OR “Thermoplasticized” OR “Carrier-Based”)) AND TS=(“Cold Lateral Compaction” OR“Cold
Lateral Condensation” OR “Lateral Compaction” OR “Lateral Condensation”)) AND TS=(“Root Canal Filling” OR
“Gap” OR “Voids" OR “Void” OR “Empty Spaces” OR “Empty Space” OR “Quality”)) AND TS=(“Microcomputed
“Gaps” OR tomography” OR “Micro-CT” OR “MicroCT” OR “CBCT" OR “cone beam computed tomography”)

suitable for laboratory studies but involves longer scanning
times, smaller fields of view, and greater radiation exposure,
which preclude clinical application. The different acquisition
parameters of these imaging methods generate images with
markedly different spatial resolutions. Micro-CT typically of-
fers smaller voxel dimensions, more projections, and higher
resolution than CBCT. This variation in resolution can influence
the evaluation of obturation quality and must be considered
when comparing findings derived from these modalities.

There have been many studies exploring the differences be-
tween the CLC and WVC obturation techniques, they evalu-
ated these techniques using Micro-CT or CBCT images and
compared the results (26-37). This systematic review and
meta-analysis aims to compare CLC and WVC in root canal ob-
turation quality, as evaluated by micro-CT and CBCT. By exam-
ining void volume, gutta-percha adaptation, and filling com-
pleteness, this review will determine which technique more
reliably achieves optimal canal sealing. The results will lead
future research to improve endodontic treatment outcomes
and influence clinical decisions. The null hypothesis states that
there is no discernible difference between CLC and WVC meth-
ods in terms of three-dimensional obturation quality.

MATERIALS AND METHODS

In accordance with the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines (38),
the processes of research article extraction, selection, and
screening were integral to the meta-analysis conducted in
this study. Table 1 provides a comprehensive summary of the
specific search terms used, the databases accessed, and the
duration of the search.

Research Strategy and Screening

We conducted a comprehensive evaluation of study articles
using four databases—Web of Science, Embase, Scopus, and
PubMed—focusing on publications available up to December
2024. The selection process adhered to PRISMA guidelines, en-
suring a systematic approach for including research in the meta-
analysis. Keywords for each database were meticulously chosen
to support the analysis of articles across diverse disciplines, as
outlined in Table 1. Titles and abstracts were independently re-
viewed by Z.Kh. and S.A., with M.D. acting as the third reviewer
to resolve any disagreements. Only studies meeting the eligi-
bility criteria and providing full-text availability were included.

The initial screening involved assessing titles and abstracts,
followed by a thorough evaluation of the full texts to confirm
eligibility. Clear inclusion and exclusion criteria were estab-
lished. The PRISMA flow diagram (Fig. 1) (39) illustrates the
selection process, detailing the number of studies screened,
those assessed for eligibility, and the final studies included.
Summaries of each included study were compiled, highlight-
ing their characteristics, methodologies, and key findings
(Appendix 1). Risk of bias in individual studies was assessed
using standardized tools, providing context for interpreting
the results (Appendix 2). Additionally, the methods for data
extraction, synthesis, and the statistical approaches used in
the meta-analysis were explained (Fig. 2).

Study Selection

Studies were eligible if they reported numerical outcomes for
the percentage of gutta-percha filling within the entire canal
length (referred to as "Complete Canal") or the apical third of
the canal (referred to as "Apical Third") and used appropriate
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Identification of new studies via databases and registers
Records identified from:

_§ Databases (n = 56):

8 PubMed (n = 11) Records removed before screening:

= Embase (n = 11) ’ Duplicate records (n = 28)

E Scopus (n = 16)

2 Web of Science (n = 18)

 J
Records screened Records excluded
(n= 28) (n= 16)

2 Y

S Reports sought for retrieval Reports not retrieved

) (n= 12) (n= 0)

Reports assessed for eligibility | Reporls excluded:
(n= 12) (n= 0)

3 New studies included in review

% (n = 12)

£

Figure 1. PRISMA flowchart.
Cold Lateral Warm Vertical Std. Mean Difference Std. Mean Difference

Study Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Ho 2016 68.51 6.7500 22 88.91 5.1600 22 20.3% -3.33[-4.27;-2.40] ——
Keles 2013 36.39 10.9400 15 79.51 12.3000 15 18.6% -3.60[-4.81;-2.39) —a—
Keles 2014 82.33 3.1400 12 91.73 4.4800 12 19.4% -2.35[-3.42; -1.27] ——
Naseri 2013 62.47 6.9400 15 73.02 11.2500 15 21.3% -1.10[-1.87;-0.32] P
Suassuna 2023 57.20 6.9400 10 64.60 11.2500 10 20.4% -0.76 [-1.67; 0.16] D —T
Total (95% CI) 74 74 100.0% -2.19 [-3.78; -0.60] —————
Prediction interval [-6.37; 1.99]
Heterogeneity: Tau® = 1.3948; Chi® = 27.22, df = 4 (P < 0.01); I° = 85% f T T T T 1
Test for overall effect: t; = -3.82 (P = 0.02) -6 -4 -2 0 2 4 6

Figure 2. Random-effects meta-analysis of gutta-percha percentage in the complete canal length, showing SMDs with 95% confidence intervals.

SD: Standard deviation, Std: Standard, Cl: Confidence interval, SMDs: Summary Measures and Data Synthesis.

preparation and obturation methods. Data extraction focused reporting across studies, outcome extraction prioritised gutta-
on study design, sample size, preparation and obturation percha volume as the most consistently reported quantitative
techniques, evaluated parameters, and reported outcomes. parameter. We acknowledge this focus may favour WVC due to
Metrics such as void percentage and density were system- reduced sealer use inherent in this technique, and this limita-
atically extracted to ensure consistency. Due to inconsistent tion is discussed further.
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Two included studies, Keles et al. (29) and Suassuna et al. (35),
employed nonstandard experimental designs. Keles et al. (29)
assessed obturation quality in artificially created internal re-
sorption cavities, and Suassuna et al. (35) utilised thermome-
chanical compaction, a technique that differs from traditional
WVC. We retained these studies due to their rigorous method-
ology, use of Micro-CT imaging, and relevance to warm obtura-
tion techniques. Their methodological differences are acknowl-
edged as a potential source of heterogeneity and possible
directional bias, which we address explicitly in the discussion.

The included studies provided data for both the Complete
Canal and the Apical Third, with sample sizes ranging from 10
to 22 canals/ single-rooted single canal teeth per group. While
most studies reported complete data, two studies (Naseri 2013
and Suassuna 2023) lacked standard deviation (SD) values for
certain outcomes.

PICO Question:

Population (P): Extracted human teeth (or in vitro human
root canals) prepared for endodontic treatment.

Intervention (I): WVC techniques.
«  Comparison (C): CLC techniques.

+  Outcome (0): Three-dimensional obturation quality (mea-
sured by Micro-CT or CBCT) focusing on voids, gaps, and
overall filling completeness.

The research question was “In human teeth (P), does WVC (l)
compared to CLC (C) yield superior three-dimensional obtu-
ration quality (O), as assessed by Micro-CT or CBCT imaging?”

Eligibility Criteria

The following inclusion criteria were applied for the meta-anal-
ysis: 1) studies comparing two obturation techniques, WVC
and CLG; 2) analyses conducted using either Micro-CT or CBCT
images; 3) studies reporting findings and accuracy claims; and
4) publications available up to December 2024. Only studies
meeting these criteria were included.

Exclusion criteria were as follows: 1) studies that performed
a scoping review, systematic review, or meta-analysis; 2)
those utilising other types of radiographic imaging; and 3)
studies that did not directly compare WVC and CLC obtura-
tion techniques.

Quality Evaluation

The methodological quality of the included studies was eval-
uated using the CRIS (Checklist for Reporting In-vitro Studies)
tool. All studies demonstrated high adherence to reporting
standards, with clear descriptions of experimental design,
sample size, and measurement protocols. Minor concerns
were identified in some studies regarding the lack of reported
randomisation and blinding procedures, specifically in Naseri
2013 and Suassuna 2023. Overall, the quality of the studies
was deemed adequate for inclusion in the meta-analysis.

Handling Missing Data
The Cochrane Handbook (40) notes that when standard de-
viations are missing, they may be imputed using the mean of
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standard deviations from other studies in the meta-analysis.
For studies missing SDs (Naseri 2013 and Suassuna 2023), val-
ues were imputed using the average SDs from other studies:

«  Complete Canal: CLC SD=6.94, WVC SD=8.63
«  Apical Third: CLC SD=11.25, WVC SD=15.38

This approach ensured consistency across analyses and enabled
the inclusion of all studies. Sensitivity analyses were performed
to assess the impact of these imputations on the pooled results.

Summary Measures and Data Synthesis

Given the notable heterogeneity found (I>=80%, p<0.01), meta-
analyses were performed using a random-effects model to ac-
count for any clinical and methodological variations among tri-
als.To assess the effectiveness of the CLC and WVC approaches,
mean differences and standardised mean differences (SMD)
were computed with 95% confidence intervals (Cls).

Heterogeneity was assessed using I>, 7%, and Cochran’s Q tests. Sta-
tistical analyses followed established meta-analysis frameworks.

RESULTS

Study Overview

A total of 12 studies were included in the systematic review,
summarised in Appendix 1, with five studies contributing to
the meta-analysis. The CLC cohort included 148 canals/single-
rooted single canal teeth, while the WVC cohort included 148
canals/single-rooted single canal teeth. Group sizes ranged
from 10 single-rooted single canal teeth to 22 canals per
group. The meta-analysis, using a random-effects model with
the inverse variance method, demonstrated a statistically sig-
nificant difference between the two cohorts.

Heterogeneity and Robustness

Significant heterogeneity was observed (1>=80%, p<0.01), sug-
gesting variability in the magnitude or direction of the effect
among studies. Sensitivity analyses, excluding studies with im-
puted SDs, showed no significant changes in results, confirm-
ing the robustness of the findings. Notably, Keles et al. (29) and
Suassuna et al. (35) together contributed approximately 40%
of the pooled sample. Given their methodological differences
from other studies, they likely contributed to the observed
high heterogeneity (I>=80-85%).

Complete Canal

A meta-analysis was conducted to evaluate the obturation qual-
ity along the complete length of the canal, comparing CLC and
WVC techniques using SMD in a random-effects model. Five
studies were included, with a total of 74 samples in each group.

« The pooled SMD was -2.19 (95% Cl: -3.78 to -0.60, p=0.02),
indicating a statistically significant difference favouring the
WVC technique for the complete length of the canal.

+ The prediction interval was -6.37 to 1.99, suggesting con-
siderable variability in the effect size if additional studies
are conducted.

« Substantial heterogeneity was observed among the in-
cluded studies (1*=85%, Tau?=1.3948, Chi*=27.22, df=4,
p<0.01), indicating significant variability in the study results.
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Cold Lateral Warm Vertical Std. Mean Difference Std. Mean Difference

Study Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 85% CI

Ho 2016 69.21 12.1300 22 79.57 10.8000 22 22.2% -0.89[-1.51;-0.26] "——'-—-

Keles 2013 39.09 14.2300 15 78.86 18.4600 15 18.1% -235[-3.30;-1.39) ——m—m

Keles 2014 84.17 7.3900 12 82.65 18.5700 12 20.0% 0.10[-0.70; 0.90) ——

Naseri 2013 76.52 8.6300 15 85.84 15.3800 15 20.7% -0.73[-1.47; 0.02] ——

Suassuna 2023 8.20 8.6300 10 10.60 15.3800 10 19.0% -0.18[-1.06; 0.69] ———

Total (95% CI) 74 74 100.0% -0.79 [-1.92; 0.35] ————

Prediction interval [-3.35; 1.78]

Heterogeneity: Tau® = 0.5136; Chi® = 16.86, df = 4 (P < 0.01); I° = 76% I ! J 1

Test for overall effect: t; = -1.92 (P = 0.13) 3 -2 -1 0 1 2 3

Figure 3. Random-effects meta-analysis of gutta-percha percentage in the apical third regions, showing SMDs with 95% confidence intervals.

SD: Standard deviation, Std: Standard, Cl: Confidence interval, SMDs: Summary Measures and Data Synthesis.

While individual studies (28-30) showed a strong and statisti-
cally significant difference favouring the WVC technique, the
high heterogeneity suggests that the observed effect may
be influenced by differences in study populations, method-
ologies, or measurement protocols. Further research into
standardized methods is recommended to confirm these
findings (Fig. 2).

Apical Third

A meta-analysis was conducted to evaluate the obturation
quality in the apical third of the canal, comparing CLC and
WVC techniques based on SMD using a random-effects
model. Five studies were included, with a total of 74 samples
in each group.

«  The pooled SMD was -0.79 (95% Cl: -1.92 to 0.35, p=0.13),
indicating a trend favouring the WVC technique for the
apical third of the canal. However, the confidence interval
crossed zero, indicating that the difference was not statisti-
cally significant.

« The prediction interval was -3.35 to 1.78, reflecting potential
variability in the SMD if additional studies were included,
further supporting the lack of definitive significance.

« Moderate heterogeneity was observed among the included
studies (I>=76%, Tau?=0.5136, Chi’>=16.86, df=4, p<0.01).

While individual studies such as Ho (28), Keles (29, 30), and
Naseri (33) demonstrated significant differences favouring
the WVC technique in the apical third, the overall results were
not statistically significant, and moderate heterogeneity was
noted. These findings suggest the need for further high-qual-
ity studies to confirm the superiority of either technique for
the apical third of the canal (Fig. 3).

Subgroup and Prediction Interval Analysis

Quality assessment

The quality assessment, detailed in Appendix 1, demonstrated
high methodological standards across all included stud-
ies. Most studies scored =26 out of 34 on the CRIS checklist.
Common strengths included comprehensive descriptions of
sample size, interventions, and statistical methods. Minor con-
cerns, particularly the absence of randomisation and blinding
in studies such as Naseri 2013 and Suassuna 2023, were un-
likely to significantly influence the outcomes.

DISCUSSION

This systematic review and meta-analysis compared the efficacy
of CLCand WVC techniques in endodontic obturation, evaluated
using advanced imaging modalities such as Micro-CT and CBCT.
By synthesising data from multiple studies, this work provides a
comprehensive understanding of the relative strengths and lim-
itations of these widely utilised obturation techniques. The anal-
ysis underscores important differences in the obturation quality,
void presence, and adaptation to the root canal walls achieved
by each method, as well as critical methodological and clinical
implications. The high heterogeneity observed in our meta-anal-
ysis (>=80-85%) underscores the variability in included studies
and limits the certainty of the pooled estimates, warranting cau-
tious interpretation. The inclusion of studies with non-standard
methodologies, Keles et al. (29) examining internal resorptive
cavities and Suassuna et al. (35) evaluating thermomechanical
compaction, represents a notable limitation. While these studies
provided valuable data on obturation quality using 3D imaging,
their protocols differ from conventional root canal treatment
scenarios. Their inclusion may have skewed the pooled results in
favour of WVC. Therefore, our conclusions are presented as de-
scriptive and should be interpreted with caution.

The results of the meta-analysis showed a statistically signif-
icant difference favouring WVC over CLC for the complete
canal length, with a pooled SMD of -2.19 (95% Cl: -3.78 to -0.60,
p=0.02). This finding highlights the ability of WVC to achieve
better three-dimensional filling completeness and adapt to
the complex geometry of the root canal system.

The superior performance of WVC is likely attributable to the
thermoplasticised gutta-percha’s ability to flow and conform
closely to the canal walls, filling irregularities and minimis-
ing voids. Studies such as Ho (28) and Keles (29, 30) strongly
support this observation, reporting denser fillings and signif-
icantly lower void percentages with WVC compared to CLC.
Moreover, the findings align with the theoretical advantages
of WVC described in previous literature, which emphasise en-
hanced sealing ability and reduced microleakage when ther-
moplasticised gutta-percha is used.

In contrast, CLC relies on the frictional fit of accessory cones
and sealer to achieve obturation, which often leads to the pres-
ence of voids and incomplete canal wall adaptation. While CLC
remains a staple in endodontic education and practice due to
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its cost-effectiveness and relative ease of use, the findings sug-
gest thatits efficacy may be limited in achieving the ideal three-
dimensional seal, particularly in complex canal anatomies.

Despite these differences, it is important to note the substantial
heterogeneity among the included studies (°=85%). The ob-
served variability may be attributed to differences in study de-
sign and methodology. Factors such as sample preparation tech-
nigues, imaging resolution, and evaluation criteria varied across
studies. For example, studies utilising high-resolution Micro-CT
scanners, such as those by Keles (29, 30) and Li (32), may report
more precise measurements of voids and gutta-percha adapta-
tion compared to those relying on lower-resolution CBCT scans.
Although most included studies adhered to reporting guidelines,
several lacked explicit details on randomization and blinding
procedures, which may introduce bias even in in vitro designs
and should be addressed in future research. Standardising these
parameters in future research is essential to strengthen the evi-
dence base and provide clearer guidance for clinical practice.

The results for the apical third of the canal presented a more
nuanced picture. While a trend favouring WVC was observed
(pooled SMD=-0.79), the confidence interval crossing zero
(95% Cl:-1.92 to 0.35, p=0.13) indicates a lack of statistical sig-
nificance. This finding reflects the challenges associated with
achieving complete obturation in the apical region, where
anatomical complexity and limited access can hinder the per-
formance of any technique. The inconclusive findings regard-
ing the apical third highlight a limitation of the evidence and
suggest that neither technique can be considered definitively
superior in this critical region.

Studies such as Keles (29, 30) and Naseri (33) reported notable
advantages of WVC in the apical third, citing fewer voids and
better adaptation. However, other studies, including Zand (36),
found no significant differences between the two techniques
in this region. This variability may be due to differences in the
canal preparation techniques, the type of sealer used, or the
modality employed imaging. The moderate heterogeneity ob-
served (’=76%) further emphasises the need for standardised
methodologies and well-controlled experimental designs.

Interestingly, while WVC's thermoplasticised approach offers
theoretical advantages in the apical third, its reliance on pre-
cise operator technique and control of heating parameters in-
troduces a potential source of variability. The results suggest
that while WVC may be more effective in experienced hands,
its benefits over CLC in the apical region are less consistent.
This underscores the importance of operator training and
technique standardisation to maximise the efficacy of WVC.
Operators experience likely influences WVC performance
more than CLC due to the technical demands of thermoplasti-
cised obturation, which should be further investigated.

The use of advanced imaging modalities was a key strength of
this review, enabling detailed assessments of obturation quality.
Micro-CT's high resolution allows for precise volumetric analysis
and identification of voids. Several studies, including those by
Keles (29, 30) and Ho (28), utilised Micro-CT to provide granular
insights into void distribution and gutta-percha adaptation.
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CBCT, on the other hand, offers a more practical alternative for
clinical settings due to its lower cost and ease of use. While
its resolution is inferior to Micro-CT, CBCT remains valuable
for evaluating gross obturation quality and is widely accessi-
ble in clinical practice. The complementary strengths of these
modalities enhance the robustness of the findings, but their
inherent limitations—such as radiation exposure and cost for
Micro-CT—should be acknowledged. Future research could
explore hybrid approaches that integrate the strengths of both
modalities to provide a more comprehensive assessment.

However, the choice between CLC and WVC should be guided
by patient-specific factors, including canal morphology, infec-
tion severity, and economic considerations. For example, in
cases involving simple, straight canals, CLC may provide sat-
isfactory results while minimizing treatment costs. Conversely,
in complex or anatomically challenging cases, the superior per-
formance of WVC may justify its higher cost and complexity.

The high heterogeneity observed in this review highlights sev-
eral methodological limitations in the included studies. Variabil-
ity in sample preparation, obturation protocols, and evaluation
criteria likely contributed to the observed differences in out-
comes. Additionally, the imputation of missing standard devi-
ations, while necessary for comprehensive analysis, may intro-
duce bias, as seen in studies such as Naseri (2013) and Suassuna
(2023). Sensitivity analyses, which showed no significant impact
of these imputations on the overall results, mitigate this concern
but emphasise the need for more robust reporting in primary
studies. As obturation quality represents a surrogate outcome,
and no difference in clinical success between CLC and WVC has
been consistently demonstrated in long-term studies, these find-
ings should not be interpreted as evidence of clinical superiority.

It is noteworthy that studies by Ng et al. (41) and Peng et al.
(42) report no significant difference in long-term clinical out-
comes between cold lateral condensation and warm gutta-
percha obturation techniques, despite differences in 3D filling
quality observed in laboratory studies. Li et al's (32) meta-anal-
ysis of 10 clinical trials found no significant differences in post-
operative pain, long-term success, or overall obturation qual-
ity between the two techniques, although warm GP showed a
higher rate of overextension

This study has several important limitations. First, two studies
(29, 35) were methodologically divergent from the others. Keles
et al. (29) examined internal resorption cavities rather than full
canal obturation, and Suassuna et al. (35) employed thermo-
mechanical compaction rather than conventional WVC. While
both studies offered valuable 3D imaging data, their inclusion
may overrepresent WVC's performance and this may limit the
generalizability of our findings to routine clinical settings. These
factors likely contributed to the substantial heterogeneity ob-
served and should be considered when interpreting the results.

A key limitation of this review is the inclusion of studies em-
ploying two different imaging modalities, Micro-CT and CBCT,
which differ significantly in resolution and image quality. This
methodological heterogeneity likely influenced the evalua-
tion of obturation quality and introduces additional variability
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into the meta-analysis. Despite use of a random-effects model,
the magnitude of heterogeneity (’P=80-85%) substantially re-
duces confidence in pooled estimates. This limitation is com-
pounded by methodological differences and reinforces the
need for cautious interpretation.

Another limitation of this study was that the primary outcome
measure was gutta-percha volume, rather than total obtura-
tion quality (including sealer and voids), which may selectively
favour WVC due to its material characteristics.

Future research should aim to standardize methodologies
by developing uniform protocols for canal preparation, ob-
turation, and evaluation, thereby minimising variability and
enhancing comparability across studies. They should adopt
standardized protocols for sample preparation, obturation
techniques, imaging parameters, and outcome reporting.
Methodological standardization will help reduce variability
and improve comparability among studies. It is also impor-
tant to assess the long-term clinical success of CLC and WVC
over extended follow-up periods to better understand their
impact on patient outcomes. Additionally, investigations into
advanced imaging techniques, such as hybrid imaging ap-
proaches and novel technologies, could improve the accuracy
and clinical relevance of obturation quality assessments. Fi-
nally, examining how operator experience and training affect
the performance of obturation techniques, especially WVC,
will help identify areas for improvement and training needs.

CONCLUSION

This meta-analysis found that WVC appears to achieve a higher
gutta-percha volume along the full canal length under exper-
imental conditions. However, high heterogeneity, method-
ological variability, and lack of clinical outcome data limit the
applicability of these findings to clinical practice. This analysis
describes differences in 3D filling quality between obturation
techniques under experimental conditions; however, signifi-
cant heterogeneity and the surrogate nature of these outcomes
preclude direct clinical recommendations. Therefore, conclu-
sions drawn from this analysis must be interpreted with caution
due to significant heterogeneity among included studies.
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