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Objectives: This study aimed to quantitatively evaluate trabecular bone structural changes following root canal treatment 
(RCT) in pediatric patients using fractal analysis (FA) and to investigate its relationship with Periapical Index (PAI)–based 
healing.  
Materials and Methods: Forty-one single-rooted anterior teeth from patients aged ≤16 years were included. Periapical 
radiographs obtained immediately after treatment (T0) and during follow-up (T1) were analyzed. Fractal dimension (FD) 
values were calculated from standardized regions of interest. Periapical healing was assessed using PAI and classified as 
healed (PAI < 3) or non-healed (PAI ≥ 3). Comparisons were performed according to follow-up duration (≤1 year and >1 
year).  
Agreement between FD change and PAI change was evaluated using intraclass correlation coefficient (ICC) and Bland–
Altman analysis. Categorical agreement between FD- and PAI-based healing classifications was assessed using Cohen’s 
kappa. 
Results: FD values showed a significant decrease within the ≤1-year follow-up group (p = 0.049), whereas no significant 
change was observed beyond 1 year (p = 0.782). Overall FD values demonstrated a decreasing trend from T0 to T1 without 
statistical significance (p = 0.106). PAI scores decreased significantly in the total sample (p = 0.004). Agreement between FD 
change and PAI change was negligible (ICC = 0.014; p = 0.466), and categorical agreement was also non-significant (κ = 
−0.029; p = 0.853). Lower age was independently associated with PAI non-healing (adjusted OR = 0.584 per 1-year increase 
in age; p = 0.041). 
Conclusions: FD values exhibited a decreasing trend after RCT, particularly within the first year, supporting reactive bone 
remodeling toward normal trabecular architecture. The negligible agreement between FD- and PAI-based changes indicates 
that these measures capture distinct biological dimensions of periapical recovery and should not be considered 
interchangeable; however, their combined use may provide complementary insights into microarchitectural remodeling 
and conventional radiographic healing. 
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ÖZ 
Amaç: Bu çalışmanın amacı, pediatrik hastalarda kök kanal tedavisi (KKT) sonrasında trabeküler kemik yapısındaki 
değişimleri fraktal analiz (FA) kullanarak nicel olarak değerlendirmek ve bu değişimlerin Periapikal İndeks (PAI) temelli 
iyileşme ile ilişkisini araştırmaktır. 
Gereç ve Yöntemler: Çalışmaya ≤16 yaşındaki hastalara ait 41 adet tek köklü anterior diş dahil edildi. Tedavi sonrası hemen 
alınan (T0) ve takip sürecinde elde edilen (T1) periapikal radyografiler analiz edildi. Fraktal boyut (FD) değerleri 
standartlaştırılmış ilgi alanlarından hesaplandı. Periapikal iyileşme PAI kullanılarak değerlendirildi ve iyileşmiş (PAI < 3) veya 
iyileşmemiş (PAI ≥ 3) olarak sınıflandırıldı. Karşılaştırmalar takip süresine göre (≤1 yıl ve >1 yıl) yapıldı. FD değişimi ile PAI 
değişimi arasındaki uyum intraclass korelasyon katsayısı (ICC) ve Bland–Altman analizi ile değerlendirildi. FD ve PAI temelli 
iyileşme sınıflamaları arasındaki kategorik uyum Cohen’s kappa yöntemiyle analiz edildi. 
Bulgular: ≤1 yıllık takip grubunda FD değerlerinde anlamlı bir azalma saptandı (p = 0,049), >1 yıl grubunda ise anlamlı bir 
değişiklik gözlenmedi (p = 0,782). Genel olarak FD değerleri T0’dan T1’e azalma eğilimi gösterdi, ancak bu fark istatistiksel 
olarak anlamlı değildi (p = 0,106). Toplam örneklemde PAI skorları anlamlı düzeyde azaldı (p = 0,004). FD değişimi ile PAI 
değişimi arasındaki uyum ihmal edilebilir düzeydeydi (ICC = 0,014; p = 0,466) ve kategorik uyum da anlamlı bulunmadı (κ = 
−0,029; p = 0,853). Daha düşük yaş, PAI iyileşmeme durumu ile bağımsız olarak ilişkili bulundu (yaşta her 1 yıllık artış için 
düzeltilmiş OR = 0,584; p = 0,041). 
Sonuçlar: FD değerleri KKT sonrasında, özellikle ilk yıl içerisinde, azalma eğilimi göstermiştir; bu bulgu reaktif kemiğin normal 
trabeküler mimariye doğru yeniden şekillendiğini desteklemektedir. FD ve PAI temelli değişiklikler arasındaki ihmal edilebilir 
düzeydeki uyum, bu ölçümlerin periapikal iyileşmenin farklı biyolojik boyutlarını yansıttığını ve birbirinin yerine 
kullanılmaması gerektiğini göstermektedir; ancak birlikte değerlendirildiklerinde mikromimari yeniden yapılanma ile 
konvansiyonel radyografik iyileşmeye ilişkin tamamlayıcı bilgiler sağlayabilirler. 
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Introduction 

Throughout life, teeth may be affected by caries, trauma, 
infection, iatrogenic factors, or restorative failures, all of 
which can compromise tooth integrity and facilitate 
microbial invasion. As a result, inflammatory conditions such 
as pulpitis and apical periodontitis may develop within the 
pulp and periapical tissues. The primary objective of surgical 
or nonsurgical endodontic treatment is to eliminate infection 
from the root canal system, restore periapical tissue health, 
and promote bone healing.1 

Following root canal treatment, the healing response of 
the surrounding bone and adjacent tissues varies depending 
on local and systemic factors.2 Repair of periradicular tissues 
represents a complex biological process involving alveolar 
bone, periodontal ligament, and cementum. 
Radiographically visible trabecular bone reflects ongoing 
remodeling, and new bone formation within cancellous 
structures constitutes a critical component of periapical 
tissue regeneration.3 

Radiographic evaluation of bone density changes is 
commonly used to monitor treatment outcomes.2 In clinical 
endodontics, periapical status is assessed using imaging 
modalities including periapical radiographs, panoramic 
imaging, and cone-beam computed tomography (CBCT).3 
Although CBCT provides three-dimensional visualization, its 
routine use for post-treatment follow-up is limited by higher 
costs and increased radiation exposure compared with two-
dimensional imaging modalities.4,5 Consequently, periapical 
radiography remains the preferred method in daily clinical 
practice, allowing detailed regional evaluation while 
minimizing radiation exposure.6 

In addition to radiographic findings, clinical symptoms 
and overall patient presentation play an essential role in 
determining treatment success.6 Several indices have been 
developed to assess periapical healing following root canal 
treatment. Among these, the Periapical Index (PAI) is one of 
the most widely used systems, based on radiographic scoring 
validated against histological findings, including the Rud 
method and Brynolf criteria. PAI enables classification of 
periapical tissue status and assessment of apical 
periodontitis severity; however, its interpretation remains 
inherently subjective.4 

Fractal analysis (FA), based on the concept of fractals 
introduced by Mandelbrot, is an objective and quantitative 
method that evaluates the complexity and irregularity of 
biological structures by applying mathematical algorithms to 
radiographic images, and it is widely used for the assessment 
of bone tissue quality in dentistry.4,5,7 This approach 
enhances the diagnostic value of radiographic imaging by 
complementing existing diagnostic methods.2 FA yields the 
fractal dimension (FD), which characterizes the 
microarchitecture of the examined tissue. Because FD 
reflects skeletal complexity and porosity, it may serve as an 
indicator of cancellous bone changes during healing and 
inflammatory processes.2,3 The non-invasive nature of the 
method and its relative independence from imaging 
parameters facilitate its clinical applicability.2,4 

In dentistry, FA is used to assess changes in alveolar bone 
and is considered a potential tool for monitoring structural 

alterations in the periapical region following endodontic 
treatment.5,8 However, the literature reports inconsistent 
findings regarding the direction of post-treatment FD 
changes and their association with clinical healing.3,6,7,9-11 

Despite the existence of multiple approaches for 
calculating FD, the box-counting technique originally 
described by White and Rudolph remains the most widely 
adopted method and is especially well suited for analyses 
involving binary images.2,5 In trabecular bone, FD values 
typically range between 1 and 2, with values approaching 2 
indicating greater microarchitectural complexity and values 
closer to 1 reflecting increased porosity and simplified 
organization.5 

In addition, the existing literature has predominantly 
focused on adult populations, and there is limited evidence 
regarding the evaluation of periapical healing using fractal 
analysis in pediatric patients. Ongoing growth and bone 
development in children result in dynamic changes in 
trabecular architecture, making the assessment of FD 
alterations in this population particularly important. 
Therefore, further studies are needed to investigate 
periapical bone healing following endodontic treatment 
using fractal analysis in pediatric patients. 

The null hypotheses of the present study proposed that 
FD changes would not show statistically significant 
differences between lesions categorized as healed and non-
healed based on the PAI classification, that no significant 
correlation would exist between PAI and FD changes in either 
group, and that FD changes would not differ between male 
and female patients. Accordingly, this radiography-based 
retrospective study aimed to quantitatively and objectively 
assess alterations in the trabecular bone architecture around 
teeth after root canal treatment in pediatric patients, as well 
as to examine the association between FD changes and 
periapical healing evaluated using the PAI.  

Materials and Methods 

Study Design and Ethics 
The radiographs included in the study were obtained 

from archival records of patients whose root canal 
treatments had previously been completed by two specialist 
pediatric dentists. Accordingly, the study was designed as a 
retrospective study. Ethical approval for the study was 
obtained from the Non-Interventional Research Local Ethics 
Committee of Iğdır University (Approval No: 2025/22-1). All 
study procedures were performed in compliance with the 
principles of the Declaration of Helsinki. Access to the study 
data was limited exclusively to the research team. 

Eligibility Criteria 
Participants were enrolled in the study only if they 

satisfied the predefined inclusion requirements: 
i) absence of systemic diseases affecting bone 

metabolism; 
ii) presence of a single-rooted, single-canal anterior tooth 

indicated for root canal treatment; 
iii) asymptomatic status with a radiographic PAI score of 

3 or 4; 
iv) a minimum post-treatment period of at least 3 

months; 



Karagöz Doğan et al. / Cumhuriyet Dental Journal, 29(3): 433-441, 2026 

 

435 

v) adequate root canal obturation and satisfactory 
coronal restoration, with continued clinically asymptomatic 
status; 

vi) availability of standardized diagnostic-quality 
periapical radiographs obtained immediately after treatment 
and during follow-up, free of artifacts and distortion; 

vii) absence of missing teeth; 
viii) complete apical closure. 
Exclusion criteria comprised systemic conditions or 

medications affecting bone metabolism, symptomatic teeth, 
age >16 years, follow-up exceeding 48 months, inadequate 
radiographic quality, multi-rooted or multi-canal teeth, 
internal or external resorption, previous apical surgery, and 
any history of maxillofacial trauma or pathology. 

Sample Size Calculation and Study Population 
Sample size calculation was performed using G*Power 

v3.1.9.7 software. Based on a reference study, a minimum of 
25 radiographs was required to achieve 95% confidence 
(1−α), 95% statistical power (1−β), and an effect size of dz = 
0.763 for paired FD comparisons7. According to predefined 
eligibility criteria, 41 periapical radiographs were included 
(Figure 1). 

Twenty-one images were obtained from female patients 
and twenty from male patients. Participant age ranged from 
9 to 16 years (median: 14 years). Teeth were categorized as 
maxillary or mandibular for subgroup analyses. Follow-up 
duration was dichotomized as ≤1 year or >1 year, with a 
median follow-up of 12 months. 

 

 

Figure 1. Minimum sample size required for fractal dimension (FD) analysis based on the performed power analysis. 

 
Root Canal Treatment Procedures 
All treatments were completed in a single visit by two 

pediatric dentists (YPY and GKD). Local anesthesia was 
administered using 20 mg/mL lidocaine hydrochloride with 
0.0125 mg/mL epinephrine (Jetokain; ADEKA 
Pharmaceutical Industry and Trade Inc., Samsun, Türkiye). 
Access cavities were prepared using a high-speed 
handpiece with a No. 2 round diamond bur. In anterior 
teeth, canal orifices were identified following access 
preparation. Canal patency and initial glide path 
establishment were achieved using stainless steel hand files 
(ReadySteel C-File+; Dentsply, Ballaigues, Switzerland). 

The working length was determined with the aid of an 
electronic apex locator and later confirmed through 
radiographic assessment. Root canal shaping was then 
performed using a reciprocating nickel–titanium system 
with an R40 file (Reciproc; VDW, Munich, Germany), 
operated with an X-Smart Plus endodontic motor in 
accordance with the torque and speed parameters 
recommended by the manufacturer (Dentsply Sirona, 
Ballaigues, Switzerland). Throughout canal 
instrumentation, irrigation was carried out using 2.5% 
sodium hypochlorite (NaOCl), followed by a final rinse with 
17% ethylenediaminetetraacetic acid (EDTA). After the 
canals were dried with sterile paper points, obturation was 

performed using the cold lateral condensation technique 
with gutta-percha and an epoxy resin–based sealer (AH 
Plus; Dentsply DeTrey, Konstanz, Germany). Coronal 
restorations were subsequently placed employing a self-
etch adhesive system (G-Premio Bond; GC Corp., Tokyo, 
Japan) in combination with composite resin (3M ESPE, 
Seefeld, Germany). 

Radiographic Acquisition and Image Selection 
This study included 41 patients aged ≤16 years who 

presented to the Pediatric Dentistry Clinic of Iğdır University 
Faculty of Dentistry between 2021 and 2025 with an 
indication for root canal treatment. Postoperative (T0) and 
follow-up (T1) periapical radiographs obtained at least 3 
months after treatment were retrospectively evaluated. No 
additional radiographs were acquired for study purposes. 
Two calibrated examiners independently reviewed all 
images (YPY and GKD). Inter- and intraobserver reliability 
were assessed prior to analysis, and agreement was found 
to be acceptable.  

Radiographs were acquired using the same periapical X-
ray unit (BEST-X AC, New Life Radiology S.r.l., Italy) with 
standardized exposure parameters (65 kVp, 7 mA, 0.32 s) 
and a magnification factor of 1.2. Radiographic images were 
acquired using the paralleling technique, with the vertical 
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beam angulation positioned at 90° relative to both the 
tooth’s long axis and the image receptor. All radiographs 
were digitized using the same plate scanner (CRUXCAN 
CRX-1000, CRUXELL Corp., South Korea) and stored in 
Tagged Image File Format (TIFF).  

Only radiographs of adequate diagnostic quality, 
demonstrating complete obturation and satisfactory 
coronal restoration, were included and transferred to a 
personal computer for analysis. 

Fractal Dimension Analysis 
FD measurements were performed using ImageJ 

version 1.54p, a publicly available and freely downloadable 
software (https://imagej.net/ij/download/src/). A uniform 
region of interest (ROI) measuring 30 × 30 pixels was placed 
at a distance of 1 mm from the root apex on both T0 and T1 
images, while carefully excluding neighboring anatomical 
structures. 

Fractal analysis was conducted in accordance with the 
methodology introduced by White and Rudolph (Figure 2). 
Briefly, the selected ROI (Figure 2a) was isolated and a 
duplicate copy was created (Figure 2b). This duplicated 
image was processed with a Gaussian blur filter (sigma = 35 
pixels) to minimize brightness heterogeneity arising from 
variations in soft tissue characteristics and bone thickness 
(Figure 2c). Following this step, the blurred image was 

subtracted from the original ROI (Figure 2d), and a gray-
scale value of 128 was applied to enhance the contrast 
between trabecular bone and the surrounding marrow 
spaces (Figure 2e). Subsequently, images were converted to 
binary format using the “Make Binary” command (Figure 
2f). Noise reduction was achieved by applying erosion 
followed by dilation (Figure 2g, h). The image was then 
inverted to highlight trabecular boundaries (Figure 2i) and 
skeletonized using the “Skeletonize” function to obtain a 
one-pixel-wide representation of the trabecular network 
(Figure 2j). 

FD values were calculated using the “Fractal Box 
Counter” plugin. The skeletonized images were divided into 
square boxes of varying sizes (2, 3, 4, 6, 8, 12, 16, 32, and 64 
pixels). For each box dimension, the number of boxes 
intersecting the trabecular structures was calculated. These 
counts were plotted on a logarithmic scale, and the FD 
value was obtained from the slope of the best-fit regression 
line (Figure 2k). 

All FD evaluations were conducted by a pediatric dentist 
with seven years of clinical experience. Intraobserver 
consistency was determined by repeating the analysis of 20 
randomly selected images after by reanalyzing 20 randomly 
selected images following a two-week interval, yielding an 
ICC of 0.862. 

 

 

Figure 2. Representative fractal dimension analysis processes. a) Selection of the ROI on the periapical radiograph. 
b) The cropped and duplicated ROI. c) Blurring of the duplicated image by applying the Gaussian blur filter. d) 
Subtraction of the blurred image from the original image. e) Addition of 128 shades of gray. f) Binarization. g) 

Erosion. h) Dilatation. i) Inversion. j) Skeletonization. k) Graphic results of FA that provide a final value called the FD. 

 
Outcome Assessment 
Periapical status was assessed immediately after root 

canal treatment and during follow-up using the PAI, a five-
point scoring system ranging from 1 to 5.13 Briefly, PAI 

scores were classified as follows: a score of 1 indicated 
normal periapical anatomy; a score of 2 reflected slight 
alterations in bone structure; a score of 3 denoted 
structural bone changes accompanied by partial mineral 

https://imagej.net/ij/download/src/
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loss; a score of 4 referred to a clearly defined radiolucent 
lesion; and a score of 5 described advanced periodontitis 
with exacerbated characteristics. 

Periapical healing was evaluated using PAI and 
dichotomized as healed (PAI < 3) or non-healed (PAI ≥ 3). 
For each tooth, the highest PAI score was considered for 
analysis. Two calibrated observers independently scored 
PAI values. (GKD and YPY). In cases of disagreement, 
consensus was reached through joint re-evaluation. 
Interobserver agreement for PAI scores was assessed using 
Cohen’s kappa (κ) statistic based on the initial independent 
evaluations, yielding an interobserver reliability coefficient 
of 0.814, indicating good agreement.  

FD assessments were conducted by a single 
investigator, and intraobserver agreement was evaluated 
through calculation of the ICC, as previously outlined. 

Statistical Analysis 
Statistical analyses were performed using R (v4.4.1) and 

Jamovi (v2.7.6). Normality of data distribution was assessed 
with the Shapiro–Wilk test. Between-group comparisons 
were conducted using independent-samples t-tests or 
Mann–Whitney U tests based on normality results, while 
within-group comparisons across two time points were 
performed using paired t-tests for normally distributed 
variables and Wilcoxon signed-rank tests otherwise. 

The effects of independent variables on PAI healing 
status were examined through binary logistic regression, 
and factors independently associated with FD changes 

were identified via linear regression modelling. 
Concordance between FD and PAI changes was evaluated 
using the intraclass correlation coefficient (ICC) under an 
absolute agreement, single-measure model, 
complemented by Bland–Altman analysis. Categorical 
agreement between FD- and PAI-based healing 
classifications and interobserver reliability for PAI scoring 
were both assessed using Cohen's kappa statistic with 95% 
confidence intervals, interpreted according to the criteria of 
Landis and Koch. Quantitative data were reported as 
median (minimum–maximum) and categorical data as 
frequencies and percentages. Statistical significance was 
set at p < 0.05. 

Results 

There was no statistically significant difference in FD 
values at T1 between the follow-up groups of ≤1 year and 
>1 year (median: 1.06 vs. 1.20, respectively; p = 0.078). In 
intragroup comparisons, FD values showed a statistically 
significant decrease in the ≤1-year group (p = 0.049), with 
median values declining from 1.20 at T0 to 1.06 at T1. In 
contrast, no significant change in FD values was detected in 
the >1-year group (median T0: 1.23; median T1: 1.20; p = 
0.782). When all cases were analyzed regardless of follow-
up duration, the overall median FD value decreased from 
1.20 at T0 to 1.11 at T1; however, this difference did not 
reach statistical significance (p = 0.106). Detailed intragroup 
and intergroup comparisons are presented in Table 1. 

 
Table 1. Intragroup and intergroup comparison of FD scores 

 ≤1 year >1 year Total Test statistic pᵡ 

T0 FD 1.2 (0.83:1.44) 1.23 (0.21:1.38) 1.2 (0.21:1.44) 192.000 0.764 
T1 FD 1.06 (0.28:1.38) 1.2 (0.33:1.35) 1.11 (0.28:1.38) 137.000 0.078 
Test statistic 219.000 83.000 556.000   
pʸ 0.049 0.782 0.106   

ᵡMann–Whitney U test; ʸWilcoxon signed-rank test; values are presented as median (minimum–maximum). 

 
When T1 PAI values were compared between 

treatment duration groups, no statistically significant 
difference was observed between the ≤1-year and >1-year 
groups (median: 2 in both groups; p = 0.676). In intragroup 
comparisons, PAI scores demonstrated a statistically 
significant decrease in the ≤1-year group (p = 0.028), with 
median values declining from 3 at T0 to 2 at T1. In 

contrast, no statistically significant change was observed 
in the >1-year group (median T0: 3; median T1: 2; p = 
0.065). When all cases were evaluated regardless of 
follow-up duration, the overall median PAI score 
decreased significantly from 3 at T0 to 2 at T1 (p = 0.004). 
Detailed intragroup and intergroup comparisons are 
presented in Table 2. 

 
Table 2. Intragroup and intergroup comparison of PAI scores 

 ≤1 year >1 year Total Test statistic pᵡ 

T0 PAI 3 (1:4) 3 (2:4) 3 (1:4) 217.500 0.710 
T1 PAI 2 (1:4) 2 (1:3) 2 (1:4) 219.000 0.676 
Test statistic 85.500 61.500 282.000   
pʸ 0.028 0.065 0.004   

ᵡMann–Whitney U test; ʸWilcoxon signed-rank test; values are presented as median (minimum–maximum). 

 
Among patients classified as healed according to PAI (PAI 

< 3), no statistically significant difference in T1 FD values was 
observed between the ≤1-year and >1-year groups (median: 
1.07 vs. 1.13, respectively; p = 0.676). In intragroup 
comparisons, FD values did not change significantly over time 
in either subgroup. In the ≤1-year group, mean FD values 

decreased from 1.21 at T0 to 1.09 at T1; however, the 
difference did not reach statistical significance (p = 0.360). 
Similarly, in the >1-year group, FD values decreased from a 
median of 1.23 at T0 to 1.13 at T1, without reaching statistical 
significance (p = 0.314). When all healed cases were analyzed 
regardless of follow-up duration, the overall median FD value 
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decreased from 1.22 at T0 to 1.11 at T1; however, the 
observed change did not attain statistical significance (p = 

0.191). Detailed intragroup and intergroup comparisons are 
presented in Table 3. 

 
Table 3. Intragroup and intergroup comparison of FD scores in the PAI-healed group 

 ≤1 year >1 year Total Test statistic p 

T0 FD 1.17 ± 0.16/1.21 (0.90:1.35) 1.08 ± 0.36/1.23 (0.21:1.34) 1.13 ± 0.26/1.22 (0.21:1.35) 47.000 0.849ʸ 
T1 FD 1.09 ± 0.19/1.07 (0.84:1.38) 1.04 ± 0.30/1.13 (0.33:1.25) 1.06 ± 0.24/1.11 (0.33:1.38) 55.000 0.676ʸ 
Test statistic 0.960 −1.007 −1.307   
p 0.360ʷ 0.314ᶻ 0.191ᶻ   

ʸMann–Whitney U test; ᶻWilcoxon signed-rank test; ʷPaired-samples t test; values are presented as mean ± standard deviation/median (minimum–
maximum). 

 
Binary logistic regression analyses were performed to 

evaluate the effects of independent variables on PAI non-
healing using both univariate and multiple models. In the 
univariate analysis, none of the examined variables 
demonstrated a statistically significant association with PAI 
non-healing (p > 0.05). However, in the multiple regression 

model, age emerged as the only significant predictor (p = 
0.041). According to the adjusted model, lower age was 
independently associated with PAI non-healing (OR = 0.584; 
95% CI: 0.349–0.979; p = 0.041). No significant associations 
were observed for FD change, sex, tooth group, or treatment 
duration. Detailed regression results are presented in Table 4. 

 
Table 4. Binary logistic regression analysis of factors associated with PAI non-healing 

  PAI Status Univariate Multiple 

Healed Non-healed OR (95% CI) p OR (95% CI) p 

Age 14.1 ± 1.8 12.9 ± 2.02 0.709 (0.493:1.019) 0.063 0.584 (0.349:0.979) 0.041 

FD change -0.06 ± 0.23 -0.09 ± 0.33 0.687 (0.076:6.205) 0.738 0.153 (0.009:2.631) 0.196 

Gender       

Male 10 (50) 10 (50) 0.909 (0.267:3.096) 0.879 0.675 (0.11:4.151) 0.672 

Female 10 (47.6) 11 (52.4) Reference 

Tooth group       

Mandibular 5 (83.3) 1 (16.7) 0.15 (0.016:1.422) 0.098 0.053 (0.002:1.197) 0.065 

Maxillary 15 (42.9) 20 (57.1) Reference 

Treatment duration group       

≤1 year 11 (45.8) 13 (54.2) 1.33 (0.383:4.621) 0.654 1.769 (0.364:8.596) 0.479 

>1 year 9 (52.9) 8 (47.1) Reference 
OR (95% CI): Odds ratio (95% confidence interval). Categorical data are presented as n (%), continuous data as mean ± standard deviation. 

 
Linear regression modeling was applied to assess the 

influence of independent variables on changes in FD. 
Although the overall regression model did not reach 
statistical significance (F = 2.127; p = 0.085; adjusted R² = 
12.4%), mandibular tooth location emerged as a significant 
predictor of FD change (β = −0.404; p = 0.020). 

No statistically significant relationships were identified 
with respect to age, sex, treatment duration, or PAI-defined 
healing status (p > 0.05). Multicollinearity was not detected 
among independent variables, as variance inflation factor 
(VIF) values remained below 2. Detailed regression 
parameters are presented in Table 5. 

 
Table 5. Linear regression analysis of independent variables associated with FD change 

  β1 (% 95 CI) 
Standard error 

(SE) 
β2 Test statistic p Zero-Order Partial Part VIF 

Constant 0.248 (-0.501:0.997) 0.369 --- 0.672 0.506 --- --- --- --- 

Gender (Male) 0.064 (-0.148:0.276) 0.104 0.115 0.616 0.542 0.125 0.104 0.091 1.587 

Age -0.023 (-0.075:0.029) 0.026 -0.161 -0.895 0.377 -0.187 -0.15 -0.132 1.481 

Tooth group (Mandibular) -0.32 (-0.586:-0.054) 0.131 -0.404 -2.442 0.02 -0.331 -0.382 -0.362 1.248 

Treatment duration group (≤1 year) -0.097 (-0.278:0.084) 0.089 -0.171 -1.088 0.284 -0.261 -0.181 -0.161 1.121 

PAI Status (Healed) 0.113 (-0.073:0.3) 0.092 0.202 1.232 0.226 0.052 0.204 0.182 1.23 

F = 2.127; p = 0.085; R² = 23.30%; Adjusted R² = 12.40%; Durbin–Watson = 2.365; ¹Unstandardized beta coefficient; ²Standardized beta coefficient; 
95% CI: Confidence interval; VIF: Variance Inflation Factor. 

 
Agreement analyses demonstrated negligible 

concordance between FD change and PAI change (ICC = 
0.014; 95% CI: −0.292–0.317; p = 0.466). Bland–Altman 
analysis indicated minimal systematic bias with wide limits 
of agreement, supporting poor agreement between the 
two measures. In addition, categorical agreement 
between FD- and PAI-based healing outcomes was not 
significant (κ = −0.029; p = 0.853) (Table 6). 

Discussion 

Endodontic treatment outcomes are commonly 
assessed based on overall healing rather than tooth 
survival alone. In routine clinical practice, periapical 
radiographs remain the preferred modality for 
postoperative evaluation because of their accessibility, 
high spatial resolution, and relatively low radiation 



Karagöz Doğan et al. / Cumhuriyet Dental Journal, 29(3): 433-441, 2026 

 

439 

exposure.1 Although quantitative methods such as bone 
density measurements and Hounsfield unit–based 
analyses have been proposed for radiographic 
assessment, recent evidence suggests that trabecular 
microarchitecture also plays a critical role in 
characterizing bone healing. Trabecular bone exhibits 
complex branching patterns and fractal properties, 

including self-similarity, which enable quantitative 
evaluation of structural complexity using FA.6,7 
Importantly, FA can be readily applied to conventional 
periapical radiographs, providing an objective tool for 
assessing microarchitectural changes during periapical 
healing.1

 
Table 6. Agreement between FD change and PAI change assessed using ICC 

 Variable   Mean ± SD Median (Min-Max)           ICC (95% CI) p 

FD change −0.08 ± 0.28 −0.09 (−0.973–0.542) 0.014 (−0.292–0.317) 
- 

0.466 
- PAI change −0.44 ± 0.87 0 (−2–1) 

ICC: Intraclass correlation coefficient (95% confidence interval). ICC values close to 0 indicate negligible agreement. SD: Standard deviation. 
 

In the present study, FA was used to quantitatively 
evaluate trabecular bone changes following root canal 
treatment in pediatric patients by means of FD. This 
approach allowed objective monitoring of healing-related 
microstructural alterations while minimizing observer-
dependent variability. Consistent with previous reports, FA 
offered advantages over conventional radiographic 
interpretation by enabling numerical assessment of 
periapical remodeling and reducing intra- and 
interobserver variability due to its algorithm-based 
nature.7,14 

One of the most widely used radiographic indices for 
monitoring healing is the PAI. Radiographic assessments 
utilizing the full-scale PAI scoring system have shown 
prognostic relevance in the long-term monitoring of 
periapical pathology; nevertheless, the method is 
intrinsically subjective.13 Accordingly, the present study 
combined conventional PAI assessment with fractal 
analysis to explore the potential of FA for quantitative 
evaluation of apical healing. Teeth exhibiting comparable 
clinical presentations and similar baseline PAI scores—
cases in which diagnosis and healing assessment are often 
challenging—were intentionally selected to enhance the 
sensitivity of FA in detecting microarchitectural changes. 

Sample sizes in FA-based studies vary considerably.7,15,16 
In the present study, power analysis indicated that a 
minimum of 25 cases was required, and the final sample 
comprised 41 participants with a confidence level of 95% 
(1−α) and an effect size of dz = 0.763. Post hoc analysis 
demonstrated a statistical power of 99.75%, supporting the 
adequacy of the sample size. 

Previous studies have evaluated both single- and multi-
rooted teeth when monitoring endodontic outcomes.6,15,17 
In multi-rooted cases, the root presenting the highest PAI 
score has typically been selected for analysis. However, the 
influence of factors such as lesion confluence, multiple 
canals, and inclusion of symptomatic versus asymptomatic 
teeth on healing remains controversial.6 To minimize 
confounding variables and improve methodological 
standardization, only single-rooted, single-canal anterior 
teeth were included in the present study.  

Several studies have reported that radiographic 
parameters such as kVp, mAs, and X-ray angulation exert 
minimal influence on FD values. Furthermore, when images 
are acquired under acceptable clinical standards, variations 
in contrast, tube angulation, and exposure have been 

shown not to significantly affect fractal measurements.4,18 
In the present study, methodological consistency was 
ensured by acquiring all radiographs using the same 
periapical X-ray unit, identical exposure settings, and 
standardized parallel projection geometry.  

Previous investigations have demonstrated no 
significant radiographic differences in outcomes between 
single-visit and multiple-visit endodontic treatments19-22, 
although clinical preferences vary across different 
treatment philosophies.7 In the present study, all teeth 
were treated using a single-visit protocol, thereby allowing 
more consistent evaluation of healing-related 
microarchitectural changes. 

Although optimal follow-up duration after endodontic 
treatment remains debated16,23, a one-year period is 
generally considered sufficient for assessing periapical 
healing in most clinical scenarios.4,17 Accordingly, follow-up 
duration in this study was categorized as ≤1 year and >1 
year. This stratification enabled evaluation of both early 
and later healing phases and facilitated interpretation of 
time-dependent changes in FD and PAI outcomes. 

Previous studies have demonstrated that FA outcomes 
are influenced by both the size and anatomical location of 
the ROI4, and considerable variability exists in ROI selection 
across the literature.1,2,6,7,15-17,24 In endodontic FA research, 
ROIs are most commonly standardized at 30 × 30 pixels and 
positioned approximately 1 mm from the root apex to 
minimize inclusion of adjacent anatomical structures. 
Accordingly, in the present study, identical ROI dimensions 
and locations were applied to both baseline and follow-up 
radiographs. Careful exclusion of surrounding structures, 
including tooth roots and the mandibular canal, ensured 
that FD measurements reflected changes within the 
periapical lesion area, thereby improving the specificity of 
microarchitectural assessment. 

Fractal dimension values decrease with reduced bone 
density and increase with enhanced trabecular 
complexity.25 However, interpretation of FD changes 
requires correlation with complementary clinical and 
radiographic indicators. Radiological evaluations based on 
PAI have demonstrated long-term prognostic value.6 In the 
present study, PAI-based assessment revealed an overall 
success rate of 80.48%, consistent with previous 
reports.14,17,26 No significant correlation was observed 
between changes in PAI and FD in either healed or non-
healed cases, indicating that these parameters reflect 
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different biological aspects of periapical healing. Although 
dichotomizing lesions as healed or non-healed facilitates 
comparison, this approach may not capture subtle 
microarchitectural changes.14 

FD values decreased significantly within the ≤1-year 
follow-up period but not beyond 1 year, and showed an 
overall decreasing trend from baseline to follow-up. This 
pattern suggests reduction of reactive bone following 
successful root canal treatment. Although this contrasts 
with some reports2,4,17, it supports the hypothesis that 
dense reactive bone remodels toward normal trabecular 
architecture after resolution of infection.11 Similar 
decreases in FD following healing have been reported by 
Huang et al.3 and Heo et al.27 

Consistent with previous studies,2,4,8,14,17 no sex-related 
differences in FD change were observed. These findings 
align with Bilgin and Tümen, who reported no age- or sex-
related differences in FD values in pediatric panoramic 
radiographs12. 

In the present study, multivariable linear regression 
analysis revealed that mandibular tooth location was 
associated with a greater decrease in FD values (β = −0.404; 
p = 0.020), whereas age, sex, treatment duration, and PAI 
healing status were not significant predictors of FD change. 
This finding suggests that anatomical or biomechanical 
differences between the mandible and maxilla may 
influence trabecular remodeling patterns following root 
canal treatment. However, as evidence on site-specific FD 
behavior in pediatric periapical healing remains limited, 
further studies are warranted to clarify this association. 

Agreement analyses revealed negligible concordance 
between FD change and PAI change (ICC = 0.014), 
supported by Bland–Altman analysis and non-significant 
Cohen’s kappa. These findings indicate that FD and PAI 
capture distinct biological dimensions: PAI reflects 
macroscopic radiographic resolution, whereas FD reflects 
microarchitectural trabecular remodeling. 

Binary logistic regression analysis indicated that 
younger age was an independent predictor of PAI-defined 
non-healing. Subtle developmental variations in apical 
anatomy may contribute to this finding. 

Overall, the results support the null hypothesis: FD 
change did not differ between healed and non-healed 
lesions, showed no correlation with PAI, and was not 
influenced by sex. FD and PAI should therefore not be 
considered interchangeable but may provide 
complementary information when used together. 

Limitations  

Methodological differences among studies, including 
imaging modality (periapical vs panoramic) and ROI 
dimensions, may partly explain variability in FD outcomes 
across the literature.12 Furthermore, the present study is 
subject to certain limitations. Primarily, the modest sample 
size may restrict the extent to which the results can be 
generalized. In addition, the sample size may be considered 
a factor that could limit the statistical power of subgroup 
and advanced analyses, and this should be taken into 
account when interpreting the findings. Future studies with 

larger sample sizes are expected to contribute to the 
validation of the results and enhance their generalizability.  

Second, radiological assessment was based on two-
dimensional periapical radiographs, which are inherently 
subject to limitations such as image distortion, 
magnification, and loss of anatomical detail. Accordingly, 
future studies incorporating larger cohorts and three-
dimensional imaging modalities may provide more precise 
characterization of trabecular bone changes following root 
canal treatment. 

Another limitation is that fractal analysis was confined 
to a single region of interest located in the apical area. 
Multi-ROI approaches, including additional anatomically 
relevant regions such as the periradicular area, may allow a 
more comprehensive evaluation in future investigations. In 
addition, minor variations in tube angulation, patient 
positioning, and projection geometry during image 
acquisition may have affected exact anatomical 
correspondence between baseline and follow-up 
radiographs. The application of subtraction radiography or 
standardized image registration techniques in future 
studies may facilitate more accurate longitudinal 
comparisons. 

Finally, agreement between FD change (a continuous 
microarchitectural metric) and PAI change (an ordinal 
radiographic index) may be inherently limited by 
differences in measurement scales, as well as by the use of 
a single small ROI on two-dimensional periapical 
radiographs. 

Conclusions 

In summary, the comparison of radiographs obtained 
immediately after treatment and at follow-up revealed a 
reduction in trabecular FD values in the apical area 
following root canal therapy, regardless of sex, age, tooth 
type, or length of the follow-up period. These results 
suggest that dense reactive bone progressively undergoes 
remodeling toward a normal trabecular pattern after 
successful endodontic treatment. Furthermore, the 
negligible agreement between FD change and PAI change 
indicates that these measures characterize periapical 
healing through distinct biological dimensions and should 
not be considered interchangeable. Nevertheless, 
combined evaluation of FD and PAI may provide 
complementary insights into microarchitectural 
remodeling and conventional radiographic healing, 
enabling a more comprehensive assessment of periapical 
recovery. 
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