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This study aimed to evaluate the root and root canal morphology of maxillary first premolars (M1Ps) 
globally using cone-beam computed tomography (CBCT), comparing results with Vertucci’s and Ahmed 
et al.‘s classification systems. CBCT images were obtained for various purposes such as orthodontic 
treatment planning, tooth impaction, implant surgery, and trauma cases. M1Ps were evaluated 
in three planes to determine root and root canal morphology, and root bifurcation levels were 
assessed using integrated software. Prevalence variations between countries and overall prevalence 
were analyzed using meta-analysis software. A total of 6,600 patients (13,200 bilateral M1Ps) were 
examined. According to Vertucci’s classification, Type IV (59%), Type II (12%), Type I (9%), and Type 
III (8%) were the most common configurations. Based on Ahmed’s classification,2MP B1 P1 was the 
most prevalent configuration (53%), followed by 1MP1 (9%),1MP1–2–1 (8%), and 1MP2−1-1 (7%). The 
prevalence of 2MP B1 P1 by gender revealed a pooled prevalence of 58% in males and 50% in females. 
No significant difference was found across age ranges (p > 0.05). Ahmed’s classification system provided 
a more comprehensive analysis by successfully classifying all cases, whereas Vertucci’s system failed 
to categorize 1.8–2.7% of the cases. Significant bilateral symmetry in root morphology was noted. 
There are regional and gender-specific differences in the root canal morphology of M1Ps. Ahmed et 
al.‘s classification system was more comprehensive, effectively categorizing all observed morphologies 
compared to Vertucci’s system, which had limitations and left some morphologies unclassified.
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The root and root canal morphology of maxillary premolars has been a subject of significant interest and 
extensive research in endodontics1 They frequently exhibit complex anatomical differences that pose difficulties 
in diagnosis and treatment2 The maxillary first premolar (M1P) typically has two roots (buccal and palatal), 
while the second premolar generally has a single root. However, variations occur, such as three roots in the first 
premolar or additional canals in the second premolar3 The canal systems can be complex; M1Ps often have two 
canals (buccal and palatal), but the buccal canal can split, leading to three canals4 A precise understanding of the 
internal structure of these teeth is therefore essential for achieving successful endodontic treatment, reducing 
treatment failures, and enhancing prognostic outcomes5.

Vertucci introduced a widely used classification system in 1984, categorizing root canal systems into 
eight types, from simple single canals to more complex systems6 Despite its simplicity and clarity, Vertucci’s 
classification has limitations in accounting for all anatomical variations. More recently, Ahmed et al. introduced 
a more comprehensive classification system in 2017 to overcome certain limitations of Vertucci’s method. This 
system provides information on the number of roots, the presence of additional canals, and the complexities of 
canal interconnections. This recent classification system offers a comprehensive framework that accommodates 
the extensive anatomical heterogeneity observed in clinical practice7.

Conventional radiography techniques, although beneficial, frequently fall short of capturing the complexity 
of the root canal system due to their limitations in providing a two-dimensional representation8 The introduction 
of cone-beam computed tomography (CBCT) has greatly improved the capacity to observe and evaluate dental 
structures in three dimensions, providing unmatched precision and detail9 Its application in research has 
facilitated a more accurate and comprehensive assessment of root canal morphology, paving the way for studies 
like the one proposed in this paper.

Studies have shown that population-specific anatomical characteristics can influence the prevalence of 
specific root canal configurations10 Such variations underscore the necessity of conducting multicenter cross-
sectional studies to capture a broad and representative understanding of root canal morphology across different 
demographics. Although a recent multinational study11 focused on investigating the root canal morphology of 
M1Ps on a global scale, its evaluation was limited to the use of Vertucci’s classification. The primary objective 
of the present study is to globally assess the root and root canal morphology of M1Ps using CBCT and to 
compare the findings across two classification systems—Vertucci’s and Ahmed et al.’s. This comparative analysis 
aims to reveal the strengths and limitations of each system in describing the anatomical complexity of M1Ps. 
Furthermore, this study seeks to identify potential geographic and ethnic variations in root canal morphology, 
contributing to a comprehensive global understanding of endodontic anatomy.

Materials and methods
This multinational cross-sectional study, conducted from June 2023 to April 2024, received ethical approval 
from Necmettin Erbakan University’s ethical committee (protocol number:2023/286). Each researcher adhered 
to their country’s ethical requirements and obtained individual approvals. A comprehensive analysis of 
the root and canal morphology of permanent maxillary first premolars was conducted using Vertucci’s and 
Ahmed’s classification systems12 (Fig. 1). This study, carried out by a multidisciplinary team of Endodontics 
and Oral and Maxillofacial Radiology experts from diverse regions, followed guidelines from the American 
Society of Endodontists and Oral and Maxillofacial Radiologists13 Additionally, the study design and reporting 
were conducted in accordance with the STROBE (Strengthening the Reporting of Observational Studies in 
Epidemiology) guidelines to ensure methodological transparency and completeness (Supplemental Table 1).

Power analysis
The formula n = Z2P (1−P )

d2  was employed for determining the required sample size. Based on a 95% confidence 
level (Z = 1.96), 5% precision, and 50% expected prevalence (which was adjusted to maximum due to its 
unpredictability), a minimum of 384 teeth (equivalent to 192 CBCT images) was deemed necessary for inclusion 
from each country.
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Inclusion and exclusion criteria
The study included CBCT images that were acquired for a variety of purposes, such as treatment planning 
for orthodontic therapy, tooth impaction, implant surgery, or trauma cases. The images were accompanied by 
demographic data, including information about the gender and age of the individuals. Scans that included fully-
formed teeth were specifically chosen for the study. Only CBCT images of high quality that provided coverage of 
the bilateral maxillary first premolars, allowing visualization of individual roots, canals, as well as the entire pulp 
chamber and apex, were included in the analysis.

The following factors were excluded: teeth that had undergone previous endodontic treatment, teeth where 
the entire pulp chamber to the apex couldn’t be visualized, immature teeth with open apex, teeth with large metal 
restorations or crowns/bridges/implants that obscured the anatomy, teeth with metal- or fiber-posts, evidence 
of previous apicectomy or apical/periodontal surgery altering the original tooth anatomy, extensive resorption 
leading to alterations in root number or canal configuration, calcification, scatter impeding proper visualization, 
and unilaterally or bilaterally missing M1Ps.

Study population
A total of 13,200 maxillary first premolars from 22 countries were included in this study (Table 1). The data were 
derived from CBCT images collected across six continents, ensuring a geographically diverse representation. 
Participating countries included Europe (Germany, Poland, Spain, Portugal, Croatia, Greece), Asia (Turkey, 
Kazakhstan, Uzbekistan, India, Singapore, Yemen, Saudi Arabia, Jordan, Syria), Africa (Egypt, South Africa, 
Libya), South America (Colombia, Ecuador), North America (United States), and Oceania (Australia). 
Demographic information, such as the age and gender of the individuals, was also collected alongside the CBCT 
images.

Calibration, intra- and inter- reliability
To ensure consistency across all participating researchers, a structured calibration process was implemented 
prior to data collection. The CBCT methodology followed Fernandes, et al.14, and the classification systems 
adhered to Ahmed, et al.12. Two researchers (G.D.B and G.M) developed standardized training materials, 

Fig. 1.  Cross-sectional CBCT images demonstrating the root canal morphology of maxilla first premolars 
according to the Ahmed et al. classification system. The diagram highlights the coding system used for 
identifying root number, tooth number, orifices, canal system, and foramina.
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including multiple video tutorials. One example of these training videos is publicly accessible at ​[​​​h​t​t​p​s​:​/​/​y​o​u​t​u​.​b​
e​/​J​B​l​Q​4​0​x​p​V​g​o​?​s​i​=​G​J​J​K​i​8​v​Z​H​n​s​8​o​T​K​2​​​​​]​.​​

After this initial training, researchers from each country analyzed 20 identical CBCT datasets (40 teeth 
per examiner, total = 800 teeth), with 10 cases deliberately selected for their complexity to assess classification 
accuracy in challenging cases. Intra- and inter-reliability were tested using Kappa and Fleiss’ Kappa tests.

If any researcher demonstrated low agreement levels, additional training was provided, followed by a second 
evaluation to ensure consistency. A final re-evaluation was conducted after four weeks to verify intra-reliability. 
All collected data were centralized, and discrepancies were resolved through consensus among senior examiners 
to maintain standardization across all countries.

Analysis of scans
CBCT scans of M1Ps were evaluated in coronal, sagittal, and axial planes to discern root and canal morphology. 
Expert examiners in each country adjusted visualization settings and used tools like noise reduction and filters 

Continent Country City CBCT database Observer
CBCT model (CBCT 
brand)

CBCT voxel 
size CBCT FOV

Visualization 
software

Date of 
CBCT exam 
acquisition

Europe Germany Muenster Private Clinic D.D
Planmeca Promax 3D 
(Planmeca, Helsinki, 
Finland)

100–160 μm Large Planmeca Romexis 
Viewer 5.0

2018 
onwards

South 
America Colombia Medellín Private Clinic R.F

Planmeca Promax 3D 
(Planmeca, Helsinki, 
Finland)

100 μm 8 × 5 cm InVivoDental Viewer 
-Anatomage 2013–2024

South 
America Ecuador Quito Private Clinic M.G.I Orthophos Sl (Sirona) 80 μm 11 × 10 cm SIDEXIS 2022–2023

Asia India Chennai University clinic T.S Care Stream CS 9600 100 μm 8 × 6 cm CS 3D imaging 2022–2024

Asia Kazakhstan Almaty University Clinic T.I Orthophos Xg3d (Sirona, 
Germany) 160 μm 8 × 8 cm Sidexis 4 (Sirona) 2023–2024

Asia Uzbekistan Tashkent Tashkent Institute of 
Dentistry B.O Op 3D Pro 150 μm 8 × 15 cm KaVO (Germany)

September-
December 
2023

Europe Poland Poznan
Department of 
Diagnostics, Poznan 
University of 
Medical Sciences

A.L Ondemand 0.2 × 0.2 mm 6 × 6 cm OnDemand 3D Dental
June 2023 
- February 
2024

Europe Portugal Coimbra University Clinic P.J.P I-CAT (I-CAT, Hatfield, 
England) 200 μm 10 × 8 cm 3D Slicer software 

5.7.0 2017–2022

Asia Singapore Singapore National Dental 
Centre Singapore L.W.Y

Kavo 3D Exam (Kavo 
Dental Gmbh, Biberach, 
Germany)

0.2–0.4 mm 5 × 8 cm OnDemand 3D Dental 2017 
onwards

Asia Yemen Sana’a University clinic A.A.M Pax-I 3D Green 170 μm 12 × 9 cm 3D Slicer 5.4.0 2018–2022

Europe Greece Athens
Private dental 
imaging centre, 
Athens, Greece

X.P
Newtom™ Vgi CBCT 
İmaging Unit (QR Srl, 
Verona, Italy)

300 μm 15 × 15 cm NNT v. 3.10 (QR Srl) 2011–2012

Australia Australia Sydney Private Clinic M.R X800 Morita less than 
0.125 mm 8 × 8 cm iDixel version 2.4.0.2 2021–2023

Europe Spain Santiago de 
Compostela Private Clinic A.M.S Care Stream Cs 8100 150 μm 8 × 9 cm CS 3D Imaging Ligh 2022–2023

Africa Egypt Cairo University clinic and 
private ones A.H Planmeca 150 μm 8 × 8 cm Planmeca Romexis 

Viewer 5.0 2022–2023

Africa Libya Benghazi Private Clinic S.A. Care stream CS 8100 150 μm 8 × 9 cm CS 3D Imaging Light 2022–2023

Europe Croatia Zagreb University clinic A.I Planmeca Promax 3d 100 μm Large Planmeca Romexis 
Viewer 5.0 2021–2024

North 
America

United 
States

Jackson, 
Mississippi

Universityh of 
Mississippi Medical 
Center, Jackson, MS

R.J Care Stream 9600 75 μm 16 × 10 cm InVivo Dental - 
Anatomage 2022–2023

Africa South 
Africa Pretoria University clinic G.D.B Planmeca Promax 3d 200 μm Large Planmeca Romexis 

Viewer 5.0 2019–2023

Asia Syria Damascus University clinic S.A Scanora™ 3D 2013 
(Soredex) 0.2 × 0.2 mm 145 × 130 mm OnDemand3D 2020–2022

Asia Saudi 
Arabia Riyadh Private Clinic A.M Orthophos Xg3D (Sirona, 

Germany) 160 μm Sidexis4(Sirona)
April 2023 
-January 
2024

Asia Jordan Irbid Private CBCT centr N.T My Ray Hyperion X5 150 μm 6 × 10 cm CS 3D imaging v3.10.4
June 
2021-August 
2023

Asia Turkey Konya Necmettin Erbakan 
University G.M Morita 3D Accuitomo 170 

(J Morita MFG Corp.) 250 μm
10 × 10 cm, 
14 × 10 cm, 
17 × 12 cm

iDixel version 2.4.0.2 2018–2023

Table 1.  Information regarding the exposure parameters and the origin of the devices used in each country.
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to enhance image quality. The root bifurcation level was determined using a CBCT software ruler, dividing it into 
three parts: coronal (cementum-enamel junction to one-third of root length), central (one-third to two-thirds of 
root length), and apical (two-thirds to apex).

In classifying the number of roots, a tooth with a distinct single root (including a bifid root apex tip, which 
was considered single-rooted) is categorized as a single-rooted tooth. Regardless of partial or complete root 
separation, a tooth with bifurcated roots was classified as double-rooted. A double-rooted M1Ps with a deep 
buccal developmental groove in the buccal root (without obvious root separation) was also considered double-
rooted. Furthermore, regardless of partial or complete separation, a tooth with three roots was categorized as a 
three-rooted tooth.

In order to evaluate the level of root canal divergence and merging, CBCT scans were analyzed in three 
sections using the software ruler: coronal, middle, and apical. The coronal section spanned from the cemento-
enamel junction to one-third of the root length, the middle section spanned from one-third to two-thirds of the 
root length, and the apical section spanned from two-thirds of the root length to the radiographic apex. This 
method was used for assessment based on a previous publication15.

The data collected from various countries was aggregated into a unified spreadsheet to streamline the process 
of verifying discrepancies, which was done by the study coordinator. Subsequently, this data was exported to 
statistical software for analysis. Additionally, a visual representation of the CBCT examinations is depicted in 
Fig. 1. Furthermore, Table 1 furnishes comprehensive details about the exposure parameters and the source of 
the devices utilized in each country.

Statistical analysis
Statistical analysis was conducted using Jamovi Software (Version 2.3.21) and RevMan 5.3 (Cochrane 
Collaboration). Each participating country independently analyzed its CBCT data according to a strictly 
standardized protocol to ensure consistency across centers. The individual prevalence results from each country 
were subsequently synthesized using meta-analytical techniques.

Given the multinational and multicenter nature of the study, substantial heterogeneity across datasets 
was anticipated. This heterogeneity stemmed not only from statistical variance but also from clinical and 
methodological diversity—such as differences in CBCT devices, voxel sizes, imaging protocols, and population 
characteristics. Additionally, despite implementing a calibration process to enhance inter- and intra-observer 
reliability, observer-related variability could not be completely eliminated.

To accommodate both measured and unmeasured sources of variation and to provide a generalizable pooled 
prevalence estimate, a random-effects meta-analysis was performed using the DerSimonian and Laird method. 
In this model, fixed effects correspond to the root canal configuration types (as defined by Vertucci and Ahmed 
classifications), which are consistent variables across all datasets. In contrast, random effects represent the 
different study populations (i.e., country-level datasets), reflecting the assumption that the true prevalence of 
root canal configurations may vary between populations due to factors not captured in the model.

Importantly, the choice of a random-effects model was not solely based on the presence of statistical 
heterogeneity (quantified via the I2 statistic), but also on the clinical and methodological heterogeneity inherently 
present in a large-scale, multicenter study. This modeling approach enables a more conservative and realistic 
estimation of the pooled prevalence.

Subgroup analyses were performed to further explore potential sources of heterogeneity. These included 
comparisons across geographic regions, gender, age groups, and voxel size categories (≤ 150 μm vs. >150 μm). 
The standard error (SE) of prevalence estimates for each country was calculated using the epidemiological 
formula √(p(1–p)/n), where “p” represents the observed prevalence and “n” the sample size.

Heterogeneity among studies was assessed using the Higgins I2 statistic, with I2 values exceeding 50% 
considered indicative of substantial heterogeneity. Forest plots were used to visually display prevalence estimates 
along with their 95% confidence intervals (CIs), facilitating comparison between individual country-level 
findings and the overall pooled prevalence.

Results
A total of 6,600 CBCT images (300 per country) were analyzed, evaluating 13,200 maxillary premolar teeth. Of 
these, 55.7% were female and 44.3% male, with a median age of 34 years (Supplemental Table 2). Inter-observer 
agreement was substantial for both Vertucci (κ = 0.71) and Ahmed classifications (κ = 0.61), and intra-reliability 
showed almost perfect or substantial agreement (k > 0.73).

Type IV and 2MP B1 P1 according to the Vertucci and Ahmed classifications, respectively, were found to 
be the most common root canal morphologies in both right (V:60.3%, A:54.6%) and left (V:56.8%, A:51.6%) 
M1Ps. The study revealed that while there are 12 different types in the expanded Vertucci classification system, 
a small percentage of the upper right (1.8%) and left (2.7%) premolar teeth could not be classified using this 
system. Notably, none of the cases was found to be unclassified using the Ahmed classification system, which 
encompasses 40 different types (Table 2).

The prevalences of Vertucci Type I and 1MP1 displayed notable variation across regions, with an overall 
pooled prevalence of 9% (95% CI: 0.07–0.11) and high heterogeneity (I2 = 97.7%) (Fig. 2a). Africa had a pooled 
prevalence of 6% (95% CI: -0.01–0.13), but in Asia, the pooled prevalence was also 7% (95% CI: 0.04–0.09). 
Australia reported a prevalence of 17% (95% CI: 0.14–0.20), whereas Europe demonstrated a lower pooled 
prevalence of 6% (95% CI: 0.04–0.09). North America reported a prevalence of 9% (95% CI: 0.06–0.11). South 
America displayed significantly higher values, with a pooled prevalence of 29% (95% CI: 0.26–0.31), primarily 
due to higher rates observed in Colombia and Ecuador (Supplemental Fig. 1).

The prevalence of Vertucci Type II (1MP2−1−1 and 1MP2−2−1) displayed notable variation across regions, with 
an overall pooled prevalence of 12% (95% CI: 0.09–0.14) and high heterogeneity (I2 = 97%) (Fig. 2b). Africa 
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Right first 
premolar Left first premolar

Counts % of total Counts % of Total

Vertucci classification

 Type I 612 9.3% 602 9.1%

 Type II 676 10.2% 790 12.0%

 Type III 560 8.5% 523 7.9%

 Type IV 3981 60.3% 3751 56.8%

 Type V 394 6.0% 445 6.7%

 Type VI 102 1.5% 106 1.6%

 Type VII 23 0.3% 57 0.9%

 Type VIII 104 1.6% 106 1.6%

 Type X 2 0.0% 6 0.1%

 Type XII 4 0.1% 0 0.0%

 Type XVI 2 0.0% 1 0.0%

 Type XIX 20 0.3% 32 0.5%

 None classification 120 1.8% 181 2.7%

Ahmed et al. classification
 1MP1 612 9.3% 602 9.1%
 1MP1−1−2 23 0.3% 21 0.3%
 1MP1–2−1 560 8.5% 523 7.9%
 1MP1–2−1–2 23 0.3% 57 0.9%
 1MP1–2−1–2−1 18 0.3% 26 0.4%
 1MP1–2−1–2−1–2 2 0.0% 1 0.0%
 1MP1–2−2 371 5.6% 424 6.4%
 1MP1–2−3 0 0.0% 3 0.0%
 1MP1–2−3−2 2 0.0% 1 0.0%
 1MP1–2−3−2 0 0.0% 7 0.1%
 1MP1–2−3−2−1 1 0.0% 2 0.0%
 1MP1–2−3−2−3−1 0 0.0% 1 0.0%
 1MP1–3−2−1 1 0.0% 0 0.0%
 1MP2−1−1 442 6.7% 548 8.3%
 1MP2−1−2 102 1.5% 106 1.6%
 1MP2−1−2−1 20 0.3% 32 0.5%
 1MP2−1−2−1−2 0 0.0% 3 0.0%
 1MP2−2−1 234 3.5% 242 3.7%
 1MP2 380 5.8% 344 5.2%
 1MP2−2−3 2 0.0% 1 0.0%
 1MP2–3−1 4 0.1% 0 0.0%
 1MP2–3−2 0 0.0% 2 0.0%
 1MP2–3−2−1 1 0.0% 0 0.0%
 1MP3−2−1–2−1 0 0.0% 1 0.0%
 2MP B1 P1 3601 54.6% 3407 51.6%
 2MP B1 P1–2 1 0.0% 0 0.0%
 2MP B1 P1–2−1 1 0.0% 1 0.0%
 2MP B1 P1–2−1–2−1 0 0.0% 1 0.0%
 2MP B1 P2 − 1 0 0.0% 1 0.0%
 2MP B1 P2 − 1−2−1 1 0.0% 0 0.0%
 2MP B1–2 P1 5 0.1% 11 0.2%
 2MP B1–2−1 P1 18 0.3% 42 0.6%
 2MP B1–2−1 P1–2−1 0 0.0% 1 0.0%
 2MP B1–2-2 P1 1 0.0% 0 0.0%
 2MP B2 − 1 P1 66 1.0% 76 1.2%

Continued
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had a pooled prevalence of 9% (95% CI: 0.04–0.15), while Asia reported a similar prevalence of 10% (95% CI: 
0.05–0.14). Australia demonstrated a prevalence of 14% (95% CI: 0.11–0.17). In Europe, the pooled prevalence 
was 13% (95% CI: 0.07–0.19), with considerable variation among countries. North America reported the highest 
prevalence at 16% (95% CI: 0.13–0.19). In South America, the pooled prevalence was 14% (95% CI: 0.06–0.21), 
with Colombia and Ecuador showing high values (Supplemental Fig. 2).

The prevalences of Vertucci Type III and 1MP1–2−1 were found to be globally variable, with a total pooled 
prevalence of 8% (95% CI: 0.06–0.09) and substantial heterogeneity (I2 = 98%) (Fig. 3a). In Africa, the pooled 
prevalence was 4% (95% CI: 0.01–0.07), but Asia exhibited a higher pooled prevalence of 12% (95% CI: 0.06–
0.18). Australia showed a prevalence of 11% (95% CI: 0.09–0.14), while Europe displayed a pooled prevalence 
of 3% (95% CI: 0.02–0.05). North America had a prevalence of 4% (95% CI: 0.03–0.06), and South America 

Fig. 2.  (A) Distribution and prevalence rates of a root canal configuration of Vertucci Type I and 1MP1 across 
countries and continents, with shades representing prevalence ranges. The forest plot depicts the prevalence 
by continent with confidence intervals. (B) Geographic distribution and prevalence rates for Vertucci Type II 
(1MP2 − 1−1 and 1MP2−2−1), showing a similar breakdown as panel A, with specific country and continental data 
alongside a forest plot of overall prevalence rates. The maps were created using MapChart ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​m​a​p​c​h​
a​r​t​.​n​e​t​/​​​​​)​.​​​​

 

Right first 
premolar Left first premolar

Counts % of total Counts % of Total
 2MP B2 − 2−1 P1 0 0.0% 6 0.1%
 3MP MB1 DB1 P1 104 1.6% 106 1.6%
 3MP MB1 DB1 P1–2−1 2 0.0% 0 0.0%
 3MP MB1 DB1–2−1 P1 2 0.0% 0 0.0%

 3MP MB1 DB1 P2 − 1 0 0.0% 1 0.0%

Table 2.  Distribution of root Canal configurations of maxillary first premolar teeth according to Vertucci and 
Ahmed’s classification.
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exhibited a broader range, with a pooled prevalence of 13% (95% CI: -0.09–0.35), driven by relatively high rates 
in Ecuador (24% (95% CI: 0.21–0.28)) compared to Colombia (2% (95% CI: 0.01–0.03)) (Supplemental Fig. 3).

The prevalence of Vertucci Type IV2MP B1 P1 and 1MP2 exhibited substantial regional variation, with an 
overall pooled prevalence of 59% (95% CI: 0.51–0.67) and high heterogeneity (I2 = 99%) (Fig. 3b). Africa had 
a pooled prevalence of 66% (95% CI: 0.54–0.78), while Asia showed a prevalence of 56% (95% CI: 0.44–0.69). 
Australia demonstrated a lower prevalence of 38% (95% CI: 0.34–0.41). Europe had a high pooled prevalence of 
69% (95% CI: 0.57–0.81), with considerable variation among countries. North America reported a prevalence 
of 52% (95% CI: 0.48–0.55). South America exhibited the lowest pooled prevalence at 36% (95% CI: 0.18–0.54), 
with Colombia and Ecuador contributing to this variation (Supplemental Fig. 4).

The prevalence of2MP B1 L1, as shown in Fig. 4a, varies significantly across different regions, with a total 
pooled prevalence of 53% (95% CI: 0.45–0.61) and substantial heterogeneity (I2 = 89.4%). Africa exhibited a 
pooled prevalence of 57% (95% CI: 0.49–0.65), but Asia demonstrated a slightly lower pooled prevalence of 
54% (95% CI: 0.41–0.66). In contrast, Australia reported a lower prevalence at 38% (95% CI: 0.34–0.41). Europe 
had considerable variability, with a pooled prevalence of 60% (95% CI: 0.46–0.74), ranging from 39% (95% 
CI: 0.35–0.42) in Spain to 89% (95% CI: 0.86–0.91) in Croatia. North America showed a prevalence of 52% 
(95% CI: 0.48–0.55), while South America reported the lowest pooled prevalence at 29% (95% CI: 0.19–0.40) 
(Supplemental Fig. 5).

The prevalence of 1MP2−1−1 shows notable variability across regions, with a total pooled prevalence of 7% and 
high heterogeneity (I2 = 97%) (Fig. 4b). In Africa, the pooled prevalence was 9% (95% CI: 0.04–0.15), with Egypt 
at 5% (95% CI: 0.03–0.07) and South Africa at 8% (95% CI: 0.06–0.10), reflecting moderate diversity within 
the region. Asia had a pooled prevalence of 5% (95% CI: 0.03–0.07). Australia reported a prevalence of 14% 
(95% CI: 0.11–0.17), while Europe displayed a pooled prevalence of 8% (95% CI: 0.04–0.11), with higher values 
observed in Germany (23% (95% CI: 0.19–0.26)) and lower rates in Croatia (2% (95% CI: 0.01–0.03)). North 
America showed a prevalence of 16% (95% CI: 0.13–0.19) and South America exhibited a pooled prevalence of 

Fig. 3.  (A) Distribution of configuration Vertucci Type III and 1MP1–2−1 prevalence by country, with shading 
to indicate prevalence percentage ranges. The associated forest plot shows overall prevalence by continent. (B) 
Prevalence rates of Vertucci Type IV 2MP B1P1 and  1MP2 by region, with a comparable layout to panel (A), 
including country-level data and a forest plot indicating distribution across continents. The maps were created 
using MapChart (https://www.mapchart.net/).

 

Scientific Reports |        (2025) 15:19290 8| https://doi.org/10.1038/s41598-025-02669-6

www.nature.com/scientificreports/

https://www.mapchart.net/
http://www.nature.com/scientificreports


6% (95% CI: -0.03–0.14) (Supplemental Fig. 6). Detailed analyses of the most common ten root configurations 
were presented in Supplemental Tables 3–4.

The prevalence of 2MP B1 P1 by gender shows that males have a pooled prevalence of 58% (95% CI: 0.50–
0.65), while females have a slightly lower pooled prevalence of 50% (95% CI: 0.42–0.58) (Fig. 5a, Supplemental 
Fig. 7). For individuals under 40 years, prevalence is stable at 54–55%, then levels at 54% for ages 40–50. It 
declines to 50% for ages 50–60 and 49% for those over 60. The overall pooled prevalence is 53% (95% CI: 
0.49–0.56) (Fig. 5b, Supplemental Fig. 8).

The prevalence of single root conditions was 38% (95% CI: 0.31–0.46) in males and 43% (95% CI: 0.37–0.49) 
in females, indicating a slightly higher, but not significant, prevalence in females (p > 0.05) (Fig. 5c, Supplemental 
Fig.  9, Table  3). Regionally, the prevalence varied: Africa had 39% (95% CI: 0.31–0.47), Asia 43% (95% CI: 
0.31–0.54), Australia 60% (95% CI: 0.56–0.64), Europe 38% (95% CI: 0.24–0.52), North America 37% (95% CI: 
0.33–0.41), and South America 69% (95% CI: 0.58–0.80), with particularly high values observed in Colombia 
and Ecuador, which contributed significantly to the overall prevalence in South America (Fig. 5d, Supplemental 
Fig. 10, Table 3).

The similarity between the left and right sides was 75.5% for Ahmed and 79.2% for Vertucci classifications, 
with strong associations (Cramer’s V > 0.53) (Supplemental Table 5). Root bifurcation was most commonly 
found in the middle region at approximately 46% while merging was most prevalent in the coronal (37.1%) and 
middle (27–31%) regions (Table 4).

The subgroup analysis evaluated the effect of voxel size on the prevalence of the most common configurations, 
specifically Vertucci Type I, II, III, IV, 2MP B1P1, and 1MP2−1−1. Despite high heterogeneity across all meta-
analyses, no significant difference was found between the ≤ 150 and > 150 voxel size subgroups (P > 0.05) 
(Supplemental Figs. 11–16).

Discussion
This study provides a detailed global assessment of M1P root and canal morphology, offering insights into 
anatomical variations across 22 countries. The findings highlight significant variability in root and canal 
configurations. While most M1Ps had two roots and two canals, consistent with previous studies16, variations 
such as three roots or additional canals further underscore their complexity. Geographical differences were also 

Fig. 4.  (A) Distribution of configuration 2MP B1P1 prevalence by country, with shading to indicate prevalence 
percentage ranges. The associated forest plot shows overall prevalence by continent. (B) Prevalence rates 
of 1MP2−1−1 by region, with a comparable layout to panel A, including country-level data and a forest plot 
indicating distribution across continents. The maps were created using MapChart ​(​​​h​t​t​p​s​:​/​/​w​w​w​.​m​a​p​c​h​a​r​t​.​n​e​t​/​​​​​
)​.​​​​
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noted, with three-rooted premolars more common in Asian populations compared to European and American 
groups10, suggesting ethnic and genetic influences on dental anatomy17–19.

The most common root canal morphologies for M1Ps were Type IV according to Vertucci’s classification and 
2MP B1 P1 according to Ahmed’s classification. Type IV was found in 60.3% of right and 56.8% of left premolars, 
while 2MP B1 P1 was noted in 54.6% of right and 51.6% of left premolars, consistent with previous studies20,21 
This pattern highlights a predominant root canal configuration. The present study also revealed differences 
in the coverage and comprehensiveness of the two classification systems. The modified/expanded Vertucci 
classification, which included 12 types, could not categorize a small percentage of premolars (1.8% right, 2.7% 
left), indicating its limitations in accounting for all anatomical variations22,23 However, the classification system 
proposed by Ahmed et al. in 2017, comprising 40 types, successfully classified all examined cases, demonstrating 
greater detail and inclusivity compared to other systems24,25 This comprehensive coverage is beneficial in clinical 
settings where precise anatomical identification is crucial26.

This study found significant regional variations in the four most common root canal morphologies. South 
America had a notably higher prevalence of the 1MP1 configuration (27%) compared to other continents, 
aligning with previous studies27 This may be due to environmental, evolutionary, or genetic factors unique 
to South American populations. The study also revealed distinct prevalence patterns in different countries: 
1MP1–2−1 was most prevalent in Ecuador (24%), while 1MP1–2−2 was common in Jordan (17%), Yemen (17%), 
and Australia (18%). Germany had a higher prevalence of 1MP2−1−1 (21%), and Syria showed a higher frequency 
of 1MP2−1−2 (8%). These findings highlight the importance of recognizing regional differences in dental anatomy 
for clinical practice. Additionally, significant intercontinental and regional differences were observed in the 
prevalence of the ten most common root canal morphologies in upper left M1Ps. Variations were noted in the 
seven most frequent morphologies across continents, except for 1MP2−1−2, 1MP2−2−1, and 1MP2. For instance, 
the1MP1 morphology was considerably more prevalent in South America (30%) compared to other continents. 
Similar migration routes from Asia might explain the resemblance in single-rooted configurations between the 
Americas, Oceania, and Asia28.

The study also found significant differences in the prevalence of the 2MP B1 P1 and 2MP B2 − 1 P1 morphologies. 
The 2MP B1 P1 Type was observed less frequently in South America (30%), particularly in Ecuador (23%), 
highlighting regional variations that could influence endodontic treatment strategies. In contrast, the 2MP B2 − 1 
P1 Type was more commonly seen in Asian countries (5%), especially in Uzbekistan (8%) and Kazakhstan (8%). 

Fig. 5.  (A) Comparison of prevalence for 2MP B1L1 by gender. (B) Prevalence comparison for the same 
configuration across different age ranges. (C) Gender-based comparison of single root prevalence, emphasizing 
male and female distributions. (D) Geographic comparison of single root prevalence by continent, showing 
regional differences with prevalence rates and confidence intervals.
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Root

Right first 
premolar Left first premolar

Counts % of Total Counts % of Total

Bifurcation

 Coronal
Double 1390 37.0% 1371 38.3%

Triple 38 1.0% 27 0.8%

 Middle
Double 1684 44.9% 1606 44.9%

Triple 55 1.5% 71 2.0%

 Apical
Double 573 15.3% 493 13.8%

Triple 13 0.3% 9 0.3%

Merging

 Coronal 1600 37.1% 1597 37.2%

 Coronal/coronal 10 0.2% 6 0.1%

 Coronal/middle 149 3.5% 140 3.3%

 Coronal/middle/apical 40 0.9% 71 1.7%

 Coronal/apical 137 3.2% 204 4.8%

 Middle 1324 30.7% 1161 27.1%

 Middle/middle 22 0.5% 22 0.5%

 Middle/apical 419 9.7% 437 10.2%

 Apical 596 13.8% 606 14.1%

 Apical/middle 5 0.1% 9 0.2%

 Apical/apical 11 0.3% 37 0.9%

Table 4.  The frequency of divergence/merging levels according to the tooth side.

 

Right first premolar Left first premolar

Single Double Triple Single Double Triple

Country

Egypt (N = 300) 133.0 (44.3%) 158.0 (52.7%) 9.0 (3.0%) 146.0 (48.7%) 154.0 (51.3%) 0.0 (0.0%)

Libya (N = 300) 113.0 (37.7%) 183.0 (61.0%) 4.0 (1.3%) 114.0 (38.0%) 182.0 (60.7%) 4.0 (1.3%)

South Africa (N = 300) 96.0 (32.0%) 195.0 (65.0%) 9.0 (3.0%) 100.0 (33.3%) 194.0 (64.7%) 6.0 (2.0%)

India (N = 300) 41.0 (13.7%) 256.0 (85.3%) 3.0 (1.0%) 34.0 (11.3%) 260.0 (86.7%) 6.0 (2.0%)

Jordan (N = 300) 131.0 (43.7%) 163.0 (54.3%) 6.0 (2.0%) 163.0 (54.3%) 133.0 (44.3%) 4.0 (1.3%)

Kazakhstan (N = 300) 149.0 (49.7%) 150.0 (50.0%) 1.0 (0.3%) 150.0 (50.0%) 149.0 (49.7%) 1.0 (0.3%)

Saudi Arabia (N = 300) 105.0 (35.0%) 187.0 (62.3%) 8.0 (2.7%) 108.0 (36.0%) 183.0 (61.0%) 9.0 (3.0%)

Singapore (N = 300) 147.0 (49.0%) 149.0 (49.7%) 4.0 (1.3%) 159.0 (53.0%) 138.0 (46.0%) 3.0 (1.0%)

Syria (N = 300) 115.0 (38.3%) 181.0 (60.3%) 4.0 (1.3%) 126.0 (42.0%) 172.0 (57.3%) 2.0 (0.7%)

Uzbekistan (N = 300) 149.0 (49.7%) 150.0 (50.0%) 1.0 (0.3%) 151.0 (50.3%) 148.0 (49.3%) 1.0 (0.3%)

Yemen (N = 300) 146.0 (48.7%) 150.0 (50.0%) 4.0 (1.3%) 169.0 (56.3%) 126.0 (42.0%) 5.0 (1.7%)

Australia (N = 300) 180.0 (60.0%) 117.0 (39.0%) 3.0 (1.0%) 181.0 (60.3%) 114.0 (38.0%) 5.0 (1.7%)

Croatia (N = 300) 30.0 (10.0%) 267.0 (89.0%) 3.0 (1.0%) 29.0 (9.7%) 265.0 (88.3%) 6.0 (2.0%)

Germany (N = 300) 125.0 (41.7%) 171.0 (57.0%) 4.0 (1.3%) 128.0 (42.7%) 164.0 (54.7%) 8.0 (2.7%)

Greece (N = 300) 93.0 (31.0%) 205.0 (68.3%) 2.0 (0.7%) 100.0 (33.3%) 197.0 (65.7%) 3.0 (1.0%)

Poland (N = 300) 128.0 (42.7%) 170.0 (56.7%) 2.0 (0.7%) 143.0 (47.7%) 155.0 (51.7%) 2.0 (0.7%)

Portugal (N = 300) 92.0 (30.7%) 199.0 (66.3%) 9.0 (3.0%) 87.0 (29.0%) 205.0 (68.3%) 8.0 (2.7%)

Spain (N = 300) 173.0 (57.7%) 124.0 (41.3%) 3.0 (1.0%) 185.0 (61.7%) 113.0 (37.7%) 2.0 (0.7%)

Turkiye (N = 300) 136.0 (45.3%) 160.0 (53.3%) 4.0 (1.3%) 138.0 (46.0%) 156.0 (52.0%) 6.0 (2.0%)

USA (N = 300) 100.0 (33.3%) 183.0 (61.0%) 17.0 (5.7%) 123.0 (41.0%) 156.0 (52.0%) 21.0 (7.0%)

Colombia (N = 300) 194.0 (64.7%) 101.0 (33.7%) 5.0 (1.7%) 188.0 (62.7%) 108.0 (36.0%) 4.0 (1.3%)

Ecuador (N = 300) 222.0 (74.0%) 75.0 (25.0%) 3.0 (1.0%) 227.0 (75.7%) 72.0 (24.0%) 1.0 (0.3%)

Gender

Female (N = 3677) 1678.0 (45.6%) 1957.0 (53.2%) 42.0 (1.1%) 1788.0 (48.6%) 1845.0 (50.2%) 44.0 (1.2%)

Male (N = 2923) 1120.0 (38.3%) 1737.0 (59.4%) 66.0 (2.3%) 1161.0 (39.7%) 1699.0 (58.1%) 63.0 (2.2%)

Total (N = 6600) 2798.0 (42.4%) 3694.0 (56.0%) 108.0 (1.6%) 2949.0 (44.7%) 3544.0 (53.7%) 107.0 (1.6%)

Table 3.  The number of roots in maxillary first premolars according to origin of country and gender.
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These findings are parallel with studies among Asian countries.29–31 3MP MB1 DB1 P1 morphology was more 
frequently observed in the USA (7%), which aligns with studies showing varied root canal configurations in 
North American populations32.

The study revealed relatively gender differences in the prevalence of the 2MP B1 P1 morphology in M1P teeth, 
with males showing a higher prevalence than females. This aligns with previous research suggesting that males 
often have more complex root canal systems due to differences in tooth size, root development, and hormonal 
influences5,33,34 These findings highlight the need to consider gender-specific anatomical characteristics in 
endodontic diagnosis and treatment planning. Contrary to some studies reporting age-related changes in root 
canal morphology due to secondary dentin deposition and pulp chamber calcification35–38, this study found no 
significant differences across age groups. The lack of age-related differences could be due to the narrow age range 
of participants or the specific morphology examined, which may be less affected by age-related changes.

The study found significant bilateral symmetry in dental anatomy, consistent with previous research39,40 
Similar patterns of root canal configurations on both sides of the maxillary arch were demonstrated by Diab, 
et al.41 and Allawi, et al.42, which have been attributed to mirrored developmental processes. Recognizing this 
symmetry is crucial for endodontic diagnosis and treatment planning, as it can help predict the canal morphology 
of the contralateral tooth and simplify procedures43.

The study found significant geographic variations in the prevalence of double and triple roots in maxillary 
premolars. Croatia exhibited the highest prevalence of double roots (88–89%), while Ecuador showed the 
lowest (24–25%). The higher prevalence of double roots in males and certain regions like Croatia suggests that 
endodontists should be particularly vigilant when treating these populations to ensure accurate diagnosis and 
avoid complications from missed or incomplete root canal treatments. These variations may be influenced by 
genetic, environmental, and dietary factors, as well as differences in dental care practices, access to healthcare, 
and socioeconomic status44,45.

Canal bifurcation presents a significant challenge, especially in the middle and apical sections of the root15,46 
This study found that bifurcation most commonly occurs in the middle third of the root, with an incidence 
of approximately 46%, consistent with previous research21,47 Ahmed, et al.46 noted the complexity of canal 
configurations in this region, complicating endodontic procedures. Clinicians should meticulously trace the 
lamina dura and periodontal ligament space on periapical radiographs with a mesial/distal shift or use CBCT if 
necessary to determine bifurcation levels accurately48,49 This is crucial for complete cleaning and shaping during 
root canal treatment. In addition, merging of root canals was most prevalent in the coronal (37.1%) and middle 
(27–31%) regions. This contrasts with previous studies indicating that merging frequently occurs in the middle 
third, forming a single canal extending toward the apex15 These findings underscore the importance of thorough 
radiographic assessment and careful instrumentation to address the anatomical variability and ensure successful 
endodontic treatment.

Despite its advanced capabilities, CBCT imaging may miss minute anatomical details due to resolution limits. 
The large sample size might not fully represent all populations, especially those underrepresented. Observer 
interpretation variations could introduce subjectivity in classifying root canal morphologies. The cross-sectional 
design also limits the ability to observe changes over time or to establish causal relationships. Additionally, 
potential confounding factors such as dental restorations or previous treatments were not accounted for. 
Future research should incorporate longitudinal designs, include more diverse populations, and utilize higher-
resolution imaging to address these limitations.

While the Ahmed classification system demonstrated superior comprehensiveness and inclusivity compared 
to Vertucci’s system, it is not without limitations. First, its complexity—featuring 40 different configurations—
may pose challenges for clinical practitioners and researchers, who may find it less practical for routine use. 
Furthermore, although our study demonstrated high inter- and intra-observer reliability, the intricate nature 
of the classification system may still lead to variability in interpretation, particularly among less experienced 
examiners. Finally, despite its inclusiveness, certain rare or region-specific morphologies might not be fully 
encompassed within the system, highlighting the need for potential updates to address global anatomical 
variations comprehensively.

In addition to the limitations of the classification system, the study’s multinational cross-sectional design also 
presents challenges that should be acknowledged. While this approach provides valuable insights by capturing 
a diverse range of populations and regional variations, variations in imaging protocols, observer expertise, and 
equipment across different countries—despite rigorous standardization efforts—may introduce potential biases 
or inconsistencies in data collection and analysis. Logistical challenges, such as ensuring uniform adherence 
to study protocols and addressing ethical and administrative requirements across multiple countries, may 
further impact the study’s efficiency. Finally, the inclusion of diverse populations increases the likelihood of 
heterogeneity, which, while offering a broader perspective, complicates the pooling of data for meta-analyses and 
reduces the precision of pooled estimates.

Conclusion
Within the limitations of this multinational study, root and canal morphology of M1Ps revealed significant 
anatomical variations across diverse populations. Notable findings include higher prevalence of double roots 
in Croatia, three-rooted premolars in the USA, and gender-specific differences with males exhibiting a greater 
frequency of double roots. These insights underscore the importance of considering demographic factors in 
endodontic diagnostics and treatment planning, particularly in globally diverse patient populations.

Our study specifically evaluated the effectiveness of two root canal classification systems—Vertucci’s and 
Ahmed et al.’s. The Ahmed classification, comprising 40 distinct canal configurations, was found to be more 
comprehensive, as it successfully classified all observed anatomical morphologies. In contrast, the expanded 
Vertucci classification (12 configurations) was unable to categorize approximately 2% of the analyzed cases, 
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leaving these rare morphologies unclassified. Therefore, the Ahmed system demonstrated superior performance 
in addressing the anatomical complexity observed across global populations.

Although our findings support the use of Ahmed’s classification in complex anatomical cases, its extensive 
nature may pose practical challenges in routine clinical practice. Therefore, further studies are recommended 
to refine existing classification systems, enhance diagnostic accuracy through improved imaging methods, and 
develop tailored endodontic treatment strategies based on the detailed anatomical insights gained from global 
data.

Data availability
The datasets generated and/or analyzed during the current study are not publicly available considering that we 
have not required consents to publish this data, but are available from the corresponding author on reasonable 
request.
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