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CLINICAL SIGNIFICANCE

Objective: To evaluate root canal isthmuses in maxillary and mandibular first molars of Black South Africans using
micro-computed tomography.

Methods: The prevalence, location (root third) and type of isthmuses were recorded on 93 maxillary and 84
mandibular first molars from 116 skeletonized individuals. Associations with arch side, sex and age were examined by
chi-squared test, with strength of association given as the bias-adjusted Cramér’s V and 95% confidence interval (CI).
Reliability used percentage agreement and Cohen’s kappa (x) coefficient.

Results: Intra- and inter-observer agreement were excellent: 96.73% (x = 0.90) and 97.78% (x = 0.95) for the
maxillary teeth and 94.12% (x = 0.75) and 96.08% (x = 0.94) for the mandibular teeth. Apical isthmuses in the
mandibular mesial root were more common in males (95.35%) compared to females (78.05%) (p = 0.003; adjusted
Cramér’s V = 0.351, 95% CI 0.151-1.000) Overall (p = 0.004) and apically (p = 0.027) distal root isthmuses appeared
to increase with age. In the maxilla, isthmuses were more prevalent in the mesio-buccal root of combined sexes. A
higher prevalence was noted in the disto-buccal root of males (p = 0.047). Generally, Fan Type III isthmuses and the
apical third region were more common.

Conclusion: These findings could strengthen endodontic treatment planning and diagnosis. Significant differences
should be interpreted cautiously given the exploratory, ex vivo design.

As isthmuses were commonly present throughout but
especially apically, it should be considered for
disinfection and case-selection purposes to prevent
persistent infection and endodontic failure.

1. Introduction

One possible common explanation for endodontic treatment failure is
the complexity of the root canal anatomy.! One such a feature that
increases this complexity is the presence of an isthmus within the root
canal complex. Observation of literature especially micro-computed
tomography (micro-CT)-focused studies has shown that even accessory
root canal features such as isthmuses differ between population groups,
which is not unexpected as human dental morphology reflects
underlying genetic structure.>* The high heterogeneity observed
suggests that population/ethnicity, together with differences in sample
selection and methodology, may contribute to the reported variability.
Evidence regarding intrigate root canal morphology (such as accessory
canals and complex configurations) in African populations remained
limited until the publication of the first Black South African micro-CT
study in 2024.°

An isthmus can be defined as a portal of communication connecting
two root canals and has also been described as a corridor or transverse
anastomosis.® These communicating portals may contain infected
pulpal tissue with causative microbes as long as ten years after
treatment in failed endodontic cases.” Because of their thin, often flat
appearance, isthmuses are among the most difficult areas to clean and
shape with current instruments. Mechanical preparation causes debris to
accumulate within them often rendering contemporary irrigation
regimes incomplete.'®

Conventional two-dimensional (2D) radiographs allow only a
limited view of canal complexity. As a result, fine details frequently
remain undetected. High resolution imaging such as micro-CT
enables a detailed, non-destructive investigation of complex internal
morphology. This modality is often regarded as the reference standard
for describing integrate root canal anatomy.>>%%10

The aim of this study is to evaluate root canal isthmuses considering
arch side, sex and age within the root canal system of Black South
African first molars.

2. Materials and Methods

2.1. Study design

Permission to conduct the study was granted by the Research Ethics
Committee of the Faculty of Health Sciences, University of Pretoria
(298/2020). The study followed a quantitative, descriptive, cross-
sectional and observational design, and the report followed the
Strengthening the Reporting of Observational studies in Epidemiology
(STROBE) guidelines'' (Figure 1).

2.2. Origin of scans

Human skulls were selected only where the age, sex and population
affinity of the individual were known. Individuals were sourced from
the Human Osteological Research Collection (HORC) at the Sefako
Makgatho Health Sciences University (SMU) and the Pretoria Bone
Collection (PBC) at the University of Pretoria (UP).!? Population
affinity in both collections is documented through self-identified
ancestry supplied with each donation. Only individuals documented as
Black South African were included. Family members consented to
research use of the remains, after which the bodies formed part of the
whole-body donation programme; where a third party donated, the
Director-General granted approval. All bodies are protected by the
National Health Act 61 of 2003.13

Scanning was completed at the South African Nuclear Energy
Corporation (Necsa, Pelindaba, South Africa) using a Nikon XTH 225L
industrial micro-focus X-ray CT system (Nikon Metrology, Leuven,
Belgium). The settings used were 100 kV voltage, 100 pA current and a
2.0 s exposure time per projection. The X-ray spot size ranged between
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Identification Scans excluded according to the exclusion
Scans examined for eligibility: n = 151 criteria: n =35

Non-black South African individuals: n =5
No first molars: n =25
Suboptimal quality: n=5

Exclusion Scans included: n =116 ‘

iy o

Analysis

‘ Scans Analysed: n=116 ‘

Figure 1. STROBE flow diagram showing the identification of eligible
maxillary and mandibular scans.

0.001 and 0.003 mm (1-3 um). The translation table has a rotational
accuracy of 1/1000™ of a degree and a pixel-size capability of 200 pm %
200 pm. The PerkinElmer detector field of view was 400 mm x 400
mm; approximately 200 mm X 200 mm was used per maxilla or
mandible. !

The 2D projections were reconstructed into three-dimensional (3D)
volumes using Nikon CT Pro version 4.4.3 (Nikon Metrology).
Isotropic voxel size ranged between 40.3 pm and 74.2 pm. Volumes
were imported into Avizo 2019 (Thermo Fisher Scientific, Waltham,
MA, USA) for post-acquisition processing.'®

2.3. Segmentation, alignment and image acquisition

Each scan was opened in 3D in Avizo 2019 using the isosurface module
within the software, and first molars were isolated through cropping
and segmentation. Landmarks were placed on each tooth using the
cemento-enamel junction (CEJ). The CEJ has been confirmed as a
readily identifiable point of reference.'® A single landmark was placed
at the highest occlusal point of each root on the buccal and palatal
surfaces by following the CEJ, so that each molar carried three or four
landmarks across the buccal and palatal/lingual surfaces.

The Avizo 2019 software was then able to compute a best-fit plane at
the CEJ from these landmarks and used it to re-align the image stacks:
applying identical steps to each scan minimised bias and oblique
sectioning. Enamel, dentine and pulp were differentiated by using
different colors within the watershed method (region-based semi-
automatic segmentation).!” A procedure known as Masking or multi-
slice editing’® corrected slices where minor dentinal cracks were noted
or where the pulpal space extended beyond the roots.

2.4. Scan analysis

A format like that described by Jonker et al.>!%!® was followed during
observation. Isthmus data were first collected by the main researcher,
experienced in Avizo and endodontics. Each scan was allocated a
unique code and data was captured anonymously, without knowledge of
sex, arch side or age. The pulp of each scan was isolated, magnified and
rotated for the best possible view of the pulpal complex. Brightness,
contrast and sharpness were fixed at predefined calibration values, and
the same parameters were used for every scan to allow standardisation.
Capturing of data included the number and location of isthmuses by
root third (coronal, midroot or apical) and isthmus type according to
Fan et al."” (Figure 2).

Table 1. Observer reliability expressed as percentage agreement and
Cohen’s kappa (k).

Arch and assessment Agreement (%) *K Strength
Maxilla: intra-observer 96.73 0.90 Almost perfect
Maxilla: inter-observer 97.78 0.95 Almost perfect
Mandible: intra-observer 94.12%* 0.75 Substantial
Mandible: inter-observer 96.08 0.94 Almost perfect

Note. *k interpretation according to Landis and Koch20: 0.61-0.80
substantial, 0.81-1.00 almost perfect. **The M-root isthmus item
(mandibula: 94.12% agreement, k = 0.00) was omitted from the mean
kappa due to a chance-correction artefact associated with its near-
universal presence.

Figure 2. Micro-computed tomographic illustrations of isthmus types
described by Fan et al.'” A: Type I (sheet-type connection); B: Type II
(separate connection); C: Type III (mixed connections); D: Type [V
(cannular connection).

After data capturing was completed by the main researcher, a second
researcher (a specialist in prosthodontics with endodontic experience)
participated in the inter-observer reliability test. Before the main test,
both researchers were calibrated on two micro-CT scans, unrelated to
the reliability sample, by jointly reviewing images against the Fan et
al.! criteria; during calibration, explicit diagnostic thresholds (what
constitutes as an isthmus, its region and its type) were agreed for a
positive finding and each isthmus type. Any disagreements during
calibration were resolved until a shared decision solution was
established. During the main test the researchers recorded results
independently. When results differed, the images of the tooth in
question were re-evaluated and discussed until consensus was reached.
The main researcher re-examined the same scans after approximately
one week for the intra-observer assessment. !>

2.5. Inclusion criteria

Only high-resolution scans (no blurring or double imaging) of teeth
from Black South Africans, with intact, fully developed roots and
where the pulpal space could be accurately isolated, were selected.

2.6. Exclusion criteria

Three-rooted mandibular and fused-rooted maxillary teeth, immature
apices (incomplete root formation), root fractures, coronal or radicular
resorption, existing root canal treatments, extensive decay obscuring
any root canal, metallic restorations, suboptimal-quality scans, and
population groups other than Black South Africans were not
considered.

2.7. Sample size

All available scans (n = 151) formed a convenience sample (Figure 1).
From these scans, a total of 93 maxillary and 84 mandibular first molars
(n =177 total) from 87 individuals (n = 48 males; n = 39 females) were
included after consideration of the inclusion and exclusion criteria.
Both antimeres were eligible and therefore analysed separately: some
individuals contributed only a single molar (» = 32) whilst the rest
contributed more than one (n = 84). The sample had more teeth on the
right side (n = 48 maxilla; n = 43 mandibula) compared to the left (n =
45 maxilla; » = 41 mandibula). More male molars (n = 47 maxillary; n
= 46 mandibula) than female ones (n = 46 maxilla; n = 37 mandibula)
were identified. The age of individuals ranged between 20 and 89 years.

2.8. Statistical analysis

Analysis was performed in R version 4.1.1 (R Core Team, Vienna,
Austria). Associations between arch side, sex, age and isthmus type and
the presence of isthmuses were tested with the chi-squared test of
association, with significance set at p < 0.05. Because several
subgroups, particularly the older age groups and rarer types such as
Type IV, contained low or zero counts, the expected-frequency
assumption was not met in every cell. As a result, the relevant p-values
are reported for completeness but should be interpreted with caution.

To convey practical importance rather than relying on the p-value
alone, the bias-adjusted Cramér’s V and its 95% confidence interval
were calculated for every comparison. Given the many subgroup
analyses across sex, age, arch side, root third and isthmus type, no
formal multiple-comparison correction was applied. Instead, isolated
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Table 2. Evaluation of isthmuses between sexes and arch sides in mandibular first molars (including chi-squared significance, bias-adjusted Cramér’s V

and its 95% confidence interval).

Root Parameter Male (n=  Female (n p-value Adjusted L95CI U95CI Right (n = Left (n = p-value Adjusted L95CI U95CI
47) =37) Cramér’s 43) 41) Cramér’s
v v
M root Teeth with 47 (100%) 34 0.094 0.188 0.000 1.000 42 39 0.625 0.000 0.000 1.000
isthmus — (91.89%) (97.67%) (95.12%)
Total
Region — 42 31 0.503 0.000 0.000 1.000 41 32 0.027 0.233 0.000 1.000
Coronal (89.36%) (83.78%) (95.35%) (78.05%)
Region — 36 25 0.479 0.000 0.000 1.000 32 29 0.785 0.000 0.000 1.000
Midroot (76.60%) (67.57%) (74.42%) (70.73%)
Region — 47 29 0.003 0.351 0.151 1.000 38 38 0.718 0.000 0.000 1.000
Apical (100.00%) (78.38%) (88.37%) (92.68%)
Type I 6(8.00%)  5(13.72%) 1.000 0.000 0.000 1.000 6(13.95%) 5 (12.20%) 1.000 0.000 0.000 1.000
Type I 7 (14.89%) 10 0.186 0.103 0.000 1.000 5(11.63%) 12 0.061 0.191 0.000 1.000
(27.03%) (29.27%)
Type 111 29 16 0.133 0.148 0.000 1.000 27 18 0.134 0.155 0.000 1.000
(61.70%) (47.06%) (62.79%) (43.90%)
Type IV 3(6.38%) 1(2.70%) 0.641 0.000 0.000 1.000 3(6.98%) 1 (2.44%) 0.628 0.000 0.000 1.000
D root Teeth with 36 26 0.602 0.000 0.000 1.000 30 32 0.479 0.000 0.000 1.000
isthmus — (76.60%) (70.27%) (69.77%) (78.05%)
Total
Region — 13 11 1.000 0.000 0.000 1.000 11 13 0.642 0.000 0.000 1.000
Coronal (27.66%) (29.73%) (25.58%) (31.71%)
Region — 13 10 1.000 0.000 0.000 1.000 10 13 0.484 0.000 0.000 1.000
Midroot (27.66%) (27.03%) (23.26%) (31.71%)
Region — 35 25 0.616 0.000 0.000 1.000 28 32 0.235 0.092 0.000 1.000
Apical (74.47%) (67.57%) (65.17%) (78.05%)
Type I 1(2.13%) 4 (10.81%) 1.000 0.146 0.000 1.000 1(2.33%)  4(9.76%) 0.197 0.113 0.000 1.000
Type IT - 2(5.41%) 1.000 0.138 0.000 1.000 1(2.33%) 1(2.44%) 1.000 0.000 0.000 1.000
Type 11T 13 5(13.51%) 1.000 0.132 0.000 1.000 9(20.93%) 9 (21.95%) 1.000 0.000 0.000 1.000
(27.66%)
Type IV - - - - - - - - 0.897 - - -

Note. V (adjusted) = bias-adjusted Cramér’s V; a confidence interval that includes zero indicates an association not distinguishable from none.
Significant p-values (< 0.05) are shown for the coronal third of the M root side comparison and the apical third for the M root for sex comparison.

significant p-values accompanied by small effect sizes and confidence
intervals spanning zero were considered for the purpose of generating
hypothesis. Reliability was calculated using percentage agreement and
Cohen’s kappa on approximately 20% of the sample (n = 20 randomly
selected scans).!%!8 Random selection ensured that the chosen reliability
sample reflected the anatomical variability present in the complete
dataset.

3. Results

3.1. Sample characteristics and examiner agreement

Of the 177 first molars studied, 91 were from the right side of the
mandible or maxilla (n = 91/177, 51.4%) and 86 from the left (n =
86/177, 48.6%). Ninety-four teeth belonged to males (n = 94/177,
53.1%) and 83 to females (n = 83/177, 46.9%). Ages ranged between
20 and 89 years. Intra- and inter-observer percentage agreement was
calculated as 96.73% and 97.78% respectively for maxillary teeth and
94.12% and 96.08% respectively for mandibular teeth. When chance
agreement was considered using Cohen’s kappa, the corresponding
overall values were ¥ = 0.90 and x = 0.95 for the maxillary teeth and x
=0.75 and x = 0.94 for the mandibular teeth, indicating substantial to
almost perfect agreement according to the Landis and Koch
classification2 (Table 1).

One item namely the mandibular mesial-root isthmus returned as x =
0.00 despite 94.12% agreement (a recognised kappa artefact arising
when a finding is almost universally present). As a result, the item was
excluded from the mean kappa. Importantly, the near-universal mesial-
root prevalence should be interpreted with this limitation in mind:
chance agreement is therefore a possibility rather than an observed
agreement.

3.2. Mandibular first molars

3.2.1. Sex, arch side and age

Isthmuses were more commonly found in the mesial (M) root than in
the distal (D) root. In the M root they were relatively evenly distributed
by arch side, being present in 97.67% of teeth on the right (n = 42/43)
and 95.12% on the left (n = 39/41). In the D root they were less
common, at 69.77% on the right (n = 30/43) and 78.05% on the left (n
= 32/41). By sex, M-root isthmuses were present in all male teeth (n =
47/47, 100%) and in most female teeth (n = 34/37, 91.89%), and Type
III was the most common type in both arches and both sexes (Table 2).
A similar pattern was seen in the D root (males n = 36/47, 76.60%;
females n = 26/37, 70.27%). The apical region was the most common
root third for isthmuses in both roots (Table 2).

Two statistically significant associations emerged for the M root, but
their effect sizes and confidence intervals qualify how they should be
interpreted. Coronal isthmuses in the M root were more prevalent on
the right (100.00%) than on the left (78.38%) (p = 0.027), although the
bias-adjusted Cramér’s V of 0.233 (95% CI 0.000—-1.000) indicates only
a small association (confidence interval includes zero). Apical
isthmuses in the M root were more prevalent in males (95.35%) than in
females (78.05%) (p = 0.003); this was the single most robust
association in the study, with an adjusted V of 0.351 (95% CI 0.151-
1.000) whose lower bound excluded zero, denoting a small-to-moderate
and reasonably stable effect. No statistically significant relationship
was noted for the D root by sex or side.

Across age groups, the total number of teeth with isthmuses, and
particularly apical isthmuses, tended to increase with age in both roots,
reaching significance in the D root. The overall presence of D-root
isthmuses differed significantly across age (p = 0.004; adjusted V =
0.390, 95% CI 0.000-1.000), as did the apical D-root subgroup (p =
0.027; adjusted V = 0.298, 95% CI 0.000—1.000). In the coronal region
of the M root the prevalence was more stable, at roughly 83-90% of
teeth across the age range.
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Table 3. Evaluation of isthmuses across age groups in mandibular first molars (group sizes in parentheses), with chi-squared significance and bias-

adjusted Cramér’s V (95% confidence interval).

52

Age distribution of molars considered 20-29(n= 30-39(n= 40-49(n= 50-59 (n= 60-69 (n= 70+ (n = p-value Cramers
15) 19) 24) 16) 7 3) v
M root Adjusted L95CI U95CI
Teeth with isthmus Total 14 19 23 15 7 3 0.850 0.000 0.000 1.000
(93.33%)  (100.00%)  (95.83%) (93.75%)  (100.00%)  (100.00%)
Region. Coronal 13 17 20 14 6 (85.71%) 3 0.994 0.000 0.000 1.000
(86.67%) (89.47%) (83.33%) (87.50%) (100.00%)
Midroot 13 9 (47.37%) 18 13 5(71.43%) 3 0.098 0.228 0.000 1.000
(86.67%) (75.00%) (81.25%) (100.00%)
Apical 12 18 21 15 7 3 0.588 0.000 0.000 1.000
(80.00%) (94.74%) (87.50%) (93.75%)  (100.00%)  (100.00%)
Type Type I 2(13.33%) 2(10.53%) 5(20.83%) 2 (12.50%) - 0.757 0.000 0.000 1.000
Type IT 5(33.33%) 5(26.32%) 4(16.67%) 3 (3.57%) - 0.453 0.000 0.000 1.000
Type III 6(40.00%) 8 (42.11%) 13 10 6(85.71%) 2 (66.67%) 0.359 0.091 0.000 1.000
(54.17%) (62.50%)
Type IV 1(6.67%) 2(10.53%) 1(33.33%) 0.113 0.225 0.000 1.000
D root
Teeth with isthmus Total 6 (40.00%) 19 18 12 4 (57.14%) 3 0.004 0.390 0.000 1.000
(100.00%)  (75.00%) (75.00%) (100.00%)
Region. Coronal 4(26.67%) 6(31.58%) 9(37.50%) 2(12.50%) 2(28.57%) 1(33.33%) 0.694 0.000 0.000 1.000
Midroot 4(26.67%) 5(26.32%) 9(37.50%) 2(12.50%) 2(28.57%) 1(33.33%) 0.686 0.000 0.000 1.000
Apical 6 (40.00%) 17 18 12 4 (57.14%) 3 0.027 0.298 0.000 1.000
(89.47%) (75.00%) (75.00%) (100.00%)
Type Type I 2(13.33%) - 2(8.33%) 1(14.29%) - 0.424 0.000 1.000 0.000
Type I - 2(10.53%) - 0.184 0.000 1.000 0.153
Type I1I 2(13.33%) 4(21.05%) 8(33.33%) 2(12.50%) 1(14.29%) 1(33.33%) 0.576 0.000 1.000 0.000
Type IV - - - 0.002 - -

Note. The D root age associations (overall p = 0.004; apical p = 0.027) were significant but had small effect sizes with confidence intervals reaching

zero. The Type IV (p = 0.002) is a statistical artefact of a zero-count table. Older group samples (60-69, 70+) are small and their comparisons are

exploratory.

Considering isthmus type, Type 11l became increasingly more prevalent
with age with the highest incidence in the 60—69-year group for the M
root and in the 40-49-year group for the D root. Also, Type II isthmuses
declined, and Type I disappeared in the older M-root groups. Both these
types were rarely found in the D root. Type IV was rare throughout both
roots. A statistically significance of p = 0.002 for Type IV in the D root
was noted (Table 3). However, this finding arises from a table in which
every cell count is zero. It can be speculated that this might be a
statistical artefact rather than a meaningful difference. Finally, it is
important to note that the older age groups (especially the 70+ group, n
= 3) contained very few teeth, all age-related comparisons should be
regarded as exploratory rather than statistical impact.

3.3. Maxillary first molars

3.3.1. Sex, arch side, root thirds and age

The highest prevalence of isthmuses was found in the mesio-buccal
(MB) root. By sex, MB-root findings were similar between males (n =
41/47, 87.23%) and females (n = 41/46, 89.13%), whereas the DB and
P roots showed a higher prevalence in males (DB: n = 29/47, 61.70%;
P: n =22/47, 46.80%) than in females (DB: n = 18/46, 39.13%; P: n =
15/46, 32.61%) (Table 4). As in the mandible, the most common type
was Type III in both arches and both sexes, and the apical region was
found to be the most common root third.

The prevalence was similar for both arches (right: n = 43/48,
89.58%; left: n = 39/45, 86.67%). In contrast, in the disto-buccal (DB)
root, isthmuses were more commonly found on the right (n = 28/48,
58.33%) than on the left (n = 19/45, 42.22%), with an overall
prevalence of 50.54% (47/93) for the DB root. The palatal (P) root
showed a higher prevalence on the left (n = 22/45, 48.89%) than on the
right (n = 15/48, 31.25%).

No statistically significant difference was noted between arch sides
in the maxilla. Considering the effect of sex, a significant difference
was found in the DB root. Isthmuses were more prevalent in males (p =
0.047). However, the adjusted Cramér’s V of 0.201 (95% CI 0.000—
1.000) indicates a small association whose confidence interval includes

zero. As a result, this finding could perhaps be considered suggestive at
most.

Within age groups, the midroot region of the DB root was more
likely to contain an isthmus in the 40-49-year range (p = 0.015;
adjusted V = 0.334, 95% CI 0.000-1.000), and a Type IV isthmus in the
MB root also reached significance across age (p = 0.026; adjusted V =
0.271, 95% CI 0.000—1.000). Same as before, the tables had several
empty or single-observation cells possibly impacting the analysis
outcome (Table 5). For the maxillary roots (Table 5), isthmus
prevalence in the apical region tended to increase slightly in older
individuals in particular 50-59 years of age, while coronal and midroot
isthmuses were comparatively uncommon and, in the MB root,
decreased with age.

4. Discussion

Without adequate knowledge of the root canal complex, clinical
outcomes and long-term tooth survival may be jeopardised,' and the
root canal isthmus is among the factors contributing to endodontic
failure. Over the years, researchers have investigated root and canal
morphology using either conventional 2D radiographs,?' in vitro
macroscopic and clinical investigations,”> clearing and staining
techniques,” and 3D modalities such as cone-beam computed
tomography (CBCT)?** and micro-CT,*!* the last often considered by
many as the gold standard because of its high ex vivo resolution.256.
As no previous study on root canal isthmuses in the first molars of
Black South Africans was identified, the present study aimed to address
this gap and contribute towards the limited micro-CT literature pool
describing isthmus morphology across populations.

Reported isthmus prevalences vary widely between populations
ranging between approximately 10%2° to 100%?2°. For mandibular first
molars, the present study calculated values between 91.89% and 100%
in the M root and 70.27% to 76.60% in the D root. These values are
within range, they are on the higher end of the scale. The near-universal
occurrence of mesial-root isthmuses compared with the considerably
lower prevalence in distal roots represents one of the principal
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Table 4. Evaluation of isthmuses between sexes and arch sides in maxillary first molars (with chi-squared significance, bias-adjusted Cramér’s V and its

95% confidence interval).

Root Parameter Male (n=  Female (n p-value Adjusted LI95CI U95CI Right (n = Left (n= p-value Adjusted L95CI1 U95CI
47) =46) Cramér’s 48) 45) Cramér’s
v v
MB root Teeth with 41 41 1.000 0.000 0.000 1.000 43 39 0.746 0.000 0.000 1.000
isthmus — (87.23%) (89.13%) (89.58%) (86.67%)
Total
Region — 23 27 0.410 0.000 0.000 1.000 27 23 0.689 0.000 0.000 1.000
Coronal (48.94%) (58.69%) (56.25%) (51.11%)
Region — 25 26 0.810 0.000 0.000 1.000 28 23 0.548 0.000 0.000 1.000
Midroot (53.19%) (56.21%) (58.33%) (51.11%)
Region — 39 38 1.000 0.000 0.000 1.000 42 35 0.280 0.076 0.000 1.000
Apical (82.98%) (82.61%) (87.50%) (77.78%)
Type I 5(10.64%) 5 (10.87%) 1.000 0.000 0.000 1.000 6(12.50%) 4 (8.89%) 0.735 0.000 0.000 1.000
Type II 4(8.51%) - 0.127 0.183 0.000 1.000 2 (4.17%) 2 (4.44%) 1.000 0.000 0.000 1.000
Type III 15 19 0.393 0.000 0.000 1.000 19 15 0.678 0.000 0.000 1.000
(31.91%) (41.30%) (39.58%) (33.33%)
Type IV 2 (4.26%) 3(6.52%) 0.687 0.000 0.000 1.000 2 (4.17%) 3 (6.67%) 0.681 0.000 0.000 1.000
DB root Teeth with 29 18 0.047 0.201 0.000 1.000 28 19 0.156 0.123 0.000 1.000
isthmus — (61.70%) (39.13%) (58.33%) (42.22%)
Total
Region — 3(6.38%) 1(2.17%) 0.629 0.000 0.000 1.000 2 (4.17%) 2 (4.44%) 1.000 0.000 0.000 1.000
Coronal
Region — 4(8.51%) - 0.127 0.183 0.000 1.000 2 (4.17%) 2 (4.44%) 1.000 0.000 0.000 1.000
Midroot
Region — 28 18 0.067 0.177 0.000 1.000 18 28 0.109 0.152 0.000 1.000
Apical (59.57%) (39.13%) (37.50%) (62.22%)
Type - - 1.000 - - - - - 0.823 - - -
Type I - - 1.000 - - - - - 0.823 - - -
Type 111 3(6.38%) - 0.251 0.148 0.000 1.000 3 (6.25%) - 0.245 0.144 0.000 1.000
Type IV 1(2.13%) - 1.000 0.000 0.000 1.000 1(2.08%) - 0.500 0.027 0.000 1.000
P root Teeth with 22 15 0.215 0.101 0.000 1.000 15 22 0.092 0.148 0.000 1.000
isthmus — (46.81%) (32.61%) (31.25%) (48.89%)
Total
Region — 2 (4.26%) - 0.507 0.104 0.000 1.000 1 (2.08%) 1(2.22%) 1.000 0.000 0.000 1.000
Coronal
Region — 3(6.38%) - 0.251 0.148 0.000 1.000 2 (4.17%) 1(2.22%) 0.621 0.000 0.000 1.000
Midroot
Region — 21 15 0.295 0.067 0.000 1.000 15 21 0.149 0.120 0.000 1.000
Apical (44.68%) (32.61%) (31.25%) (46.67%)
Type I 2 (4.26%) - 0.507 0.104 0.000 1.000 1(2.08%) 1(2.22%) 1.000 0.000 0.000 1.000
Type IT - - 1.000 - - - - - 0.823 - - -
Type 111 1(2.13%) - 1.000 0.000 0.000 1.000 1(2.08%) - 1.000 0.000 0.000 1.000
Type IV - - 1.000 - - - - - 0.823 - - -

Note. The DB root sex comparison reached significance (p = 0.047) but with a small effect size (V = 0.201) whose confidence interval included zero.

anatomical findings of this study and highlights the substantially greater
complexity of the mesial root canal system. In comparison, Estrela et
al.”’ reported 87.9% in Brazilians but arch side or sex were not
investigated. Also, the investigators used CBCT whose lower resolution
may hamper the identification of finer communications.’ This could in
part explain the slightly lower value reported by these authors.
Importantly, a methodological rather than purely population-based
explanation is plausible.

In the current study, isthmus prevalence was found to be generally
higher in males compared to females and higher on the right arch than
the left. Shakeri et al.,”® using CBCT to investigate mandibular first
molars of Iranians also found a higher prevalence in males, though their
comparisons were not statistically significant and not specified by root
region. In contrast, male predominance of isthmuses in the apical third
of the M root reached significance (p = 0.003) in the present study. The
effect-size confidence interval excluded zero (adjusted V = 0.351, 95%
CI 0.151-1.000) illustrating higher significance compared to other
findings. A functional explanation has been proposed: greater
masticatory forces in males, and on the preferred (often right) chewing
side, might result in higher rates of adaptive dentine deposition and root
canal structural change.”*** However, this reasoning remains
speculative, as no biomechanical measurements were made and a
hypothesis was suggested for future research.

M-root isthmuses in the mandibular sample of teeth of the current
study were most prevalent apically (males n = 47/47, 100.00%; females
n=129/37, 78.38%; right n = 38/43, 88.37%; left n = 38/41, 92.68%). A
similar finding was reported by Fan et al.!” in the same root of Chinese
individuals (86%; n = 60/70). However, an accurate comparison cannot
be made as these authors did not report on sex or arch side.

Findings from the current investigation would suggest that isthmuses
can be present in any root and at any level. Looking at maxillary first
molars, the MB root had the highest prevalence (88.13%) which is
comparable to the findings of Estrela et al.2’ (93.5% reported in the
same teeth of Brazilians) where the authors also used micro-CT. In
contrast, a lower prevalence of 68.18% was reported by Spagnuolo and
co-workers?! in an Italian sample but this finding should be interpreted
with caution due to small sample size (n = 22).%2

The markedly higher DB- and P-root prevalences found in the
present investigation (approximately 50.5% and 39.7% respectively)
compared to some earlier reports deserve further comment. In
particular, the relatively high prevalence of palatal-root isthmuses
deserves attention because the palatal root has traditionally been
regarded as anatomically less complex than the buccal roots. Findings
from available literature on the prevalence of isthmuses in the DB and
P roots of maxillary first molars are scarce but in one Japanese study,
the authors recorded only 6-10% (DB root) and 3-6% (P root).3?
Importantly, these Japanese investigators only evaluated the apical 6
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Table 5. Evaluation of isthmuses across age groups in maxillary first molars (group sizes in parentheses; no teeth were available in the 70+ group), with
chi-squared significance and bias-adjusted Cramér’s V (95% confidence interval). Only rows with recorded findings are shown.

Age distribution of molars considered 20-29(n= 30-39(n= 40-49(n= 50-59(n= 60-69 (n= 70+ p-value Cramers
21) 22) 21) 18) 11) v
Mesio-buccal root Adjusted L95CI U95CI
Teeth with isthmus Total: 17 20 18 17 10 - 0.746 0.000 0.000 1.000
(80.95%)  (90.91%)  (85.71%)  (94.44%)  (90.91%)
Region. Coronal 11 15 13 7 4 - 0.271 0.120 0.000 1.000
(52.38%)  (68.18%)  (61.90%)  (38.89%)  (36.36%)
Midroot 10 15 13 8 5 - 0.480 0.000 0.000 1.000
(47.62%)  (68.18%)  (61.90%)  (44.44%)  (45.45%)
Apical 16 16 18 17 10 - 0.356 0.075 0.000 1.000
(76.19%)  (72.73%)  (85.71%)  (94.44%)  (90.91%)
Type Type I 2(9.52%) 3 3 1(5.56%) 1(9.09%) - 0.933 0.000 0.000 1.000
(13.64%)  (14.29%)
Type II - 2(9.09%)  2(9.52%) - - - 0.296 0.095 0.000 1.000
Type III 9 10 5 7 3 - 0.585 0.000 0.000 1.000
(42.86%)  (45.45%)  (23.81%)  (38.89%)  (27.27%)
Type IV - - 4 1(5.56%) - - 0.026 0.271 0.000 1.000
(19.05%)
Disto-buccal.root
Teeth with isthmus Total: 7 12 10 13 5 - 0.203 0.153 0.000 1.000
(33.33%)  (54.55%)  (47.62%)  (72.22%)  (45.45%)
Region. Coronal - - 2(9.52%) 2 - - 0.232 0.140 0.000 1.000
(11.11%)
Midroot - - 4 - - - 0.015 0.334 0.000 1.000
(19.05%)
Apical 7 12 9 13 5 - 0.165 0.166 0.000 1.000
(33.33%)  (54.55%)  (42.86%)  (72.22%)  (45.45%)
Type Type I - - - - - - 0.364 - - -
Type II - - - - - - 0.364 -- - -
Type 111 1(4.76%) - 1(4.76%) 1(5.56%) - - 0.797 0.000 0.000 1.000
Type IV - - 1(4.76%) - - - 0.749 0.000 0.000 1.000
Palatal.root
Teeth with isthmus Total: 8 10 4 10 5 - 0.196 0.150 0.000 1.000
(38.10%)  (45.45%)  (19.05%)  (55.56%)  (45.45%)
Region. Coronal - - - 2 - - 0.051 0.221 0.000 1.000
(11.11%)
Midroot - - 1(4.76%) 2 - - 0.200 0.128 0.000 1.000
(11.11%)
Apical 8 10 3 10 5 - 0.090 0.209 0.000 1.000
(38.10%)  (45.45%)  (14.29%)  (55.56%)  (45.45%)
Type Type I - - - 2 - - 0.051 0.221 0.000 1.000
(11.11%)
Type 11 - - - - - - 0.364 -- - -
Type III - - - 1(5.56%) - - 0.316 0.043 0.000 1.000
Type IV - - - - - - 0.364 -- - -

Note. The DB root midroot region of the 40—49 years group (p = 0.015) and the MB root Type IV (p = 0.026) associations were significant but rested on

small sample sizes with confidence intervals reaching zero.

mm in comparison to the present study where the entire root was
assessed. This important difference in root lengths that were examined
between the two studies highlight the difference between
methodologies rather than a true population difference. Also, isthmuses
are not distributed uniformly along the root, restricting observations to
the apical portion inevitably excludes coronal and mid-root
communications, particularly in the DB and palatal roots where
isthmuses may occur at multiple levels. Consequently, whole-root
analysis is expected to produce higher overall prevalence estimates.

The consistent dominance of the Type III (mixed) isthmus
configuration across nearly all categories and roots was seen in the
present study. This type of isthmus is one where separate and partial
communications co-exist along the root (Figure 2). The predominance
supports the view this type of isthmus is not a single discrete structure
but rather a longitudinally variable web of connections whose
completeness changes along the length of the root. Naturally, such a
configuration would become more common when, for example, two
main root canals in a root converge apically. This phenomenon would
explain the higher observed apical concentration of Type III isthmuses.
Similarly, earlier work found a similarly high Type III prevalence.>* The

Type II isthmus was also relatively common in mesial roots of the
current investigation in comparison to other work, a difference that may
again reflect classification thresholds and root length examined rather
than true biological divergence.

The age-related increase in D-root isthmuses (p = 0.004 overall; p =
0.027 apically) is biologically plausible but should be interpreted with
care. Continued secondary dentine deposition and canal narrowing with
age can alter internal morphology.?® Therefore, classifying an isthmus
in older individuals may reflect age-related remodelling rather than a
genuinely higher developmental prevalence. Also, a cross-sectional
sample derived from skeletal remains cannot clearly separate a true
cohort difference from this remodelling effect. In addition, the modest
statistically significant effect sizes (adjusted V 0.29-0.39, both with
confidence intervals reaching zero) and small older-age subgroups
reinforce the fact that results should be interpreted with caution. The
age-related finding of this paper should be best framed as a suggested
hypothesis about age-related morphological changes to be further
explored in longitudinal or larger samples.

The current study revealed several results that reached nominal
significance while carrying only small effect sizes, and no multiple-
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comparison correction was applied across the many subgroup analyses.
In incidences where the adjusted Cramér’s V confidence interval
spanned zero (for all apart from the male apical M-root association) the
difference should be treated as exploratory considering the ex vivo
design, a single population group and sparse cells in several tables. In
summary, the data formulated from this investigation support an
interpretation centred on anatomical awareness and treatment planning
rather than direct, quantified improvements in outcome.

Accurate comparison with some earlier studies proved difficult. For
example, in one Brazilian sample the canal’s exact point of origin for
evaluating isthmuses was not specified, allowing the possibility of
subjectivity during assessment, whereas the present study used defined
landmarks as described by Jonker et al.5 Other variation stems from
methodology, geographical setting and population.'82328 Micro-CT
literature on isthmus prevalence across adult age groups is particularly
scarce. Liu et al.’ studied maxillary first molars in nine- to twelve-
year-old individuals and, similar to the present study, the highest
prevalence was noted in the MB root. These authors used CBCT, a
younger age range of individuals and only the MB root was considered.
Once again, these variables make accurate comparison challenging.

The present study has several limitations. Firstly, dried skulls were
used, and the presence of micro-cracks though preservation-related
change could potentially interfere with observations. However, accurate
identification of isthmuses was maximised using multi-slice editing.®
Secondly whole skeletonised maxillae and mandibulae were scanned to
preserve the natural anatomical relationships and avoid extraction-
induced damage to the roots, thereby providing a more representative
assessment of root canal anatomy for instance to allow inter-arch
comparison. However, scanning intact jaws may require a larger field
of view than isolated teeth, which can influence achievable image
resolution (40-74 pum voxel size) and the detection of very fine
anatomical structures. Although even 75-80 pum is reported to give
sufficient diagnostic accuracy,’’ individually extracted teeth can be
scanned at much smaller voxel sizes (<10-30 um).” These
methodological differences should be considered when comparing the
present findings with studies based on individually scanned extracted
teeth. It is also important to note that because of the relatively wide
range of voxel sizes used in the current investigation, its influence on
detection was examined by comparing the highest- against the lowest-
resolution scans. No systematic difference was noted. Thirdly, potential
clustering is possible where one individual contributed teeth to more
than one subgroup. Also, the fact that within each arch most individuals
contributed a single molar of the relevant type can limit but not entirely
remove statistical non-independence. By analysing arches separately
and unanimously the effect of clustering was reduced to a minimum.
Finally, as a convenience sampling method was used on a single South
African population without direct comparison to others, this sample
may not fully represent the wider population. Black South Africans are
a heterogeneous group consisting of several ethnic groups and where
admixture may be present but is not recorded in the metadata.® Caution
should therefore be exercised when generalising the reported
prevalence estimates beyond the sampled collections, despite similar or
smaller samples having been used elsewhere.*’

5. Conclusion

Root canal isthmuses were found in all roots of the mandibular and
maxillary first molars examined in this Black South African sample.
Prevalence varied between teeth and roots, but isthmuses occurred in
every region (coronal, midroot and apical), most commonly apically.
Prevalence was higher in males in the mandibular molars, whereas the
maxillary distribution between sexes was more even except in the DB
root. The Type III isthmus was the most common type across arch side,
sex and age, and prevalence showed a variable, generally increasing
trend with age. Except for the male apical M-root association, the
significant differences were of small magnitude and should be regarded
as a calculated hypothesis for future investigations.

Rather than claiming a direct outcome improvement when these
individuals are endodontically treated, the findings of this study serve
as anatomical evidence that may support case assessment, disinfection
strategies and endodontic education within the South African context.

Black South Africans is the largest population group in South Africa
(approximately 79%).%° The findings can, although more cautiously,
contribute towards a wider global context given increasing population
mobility.* As micro-CT studies across populations remain scarce and
few report prevalence separately by arch, sex and age, future work
might include multicentre studies comparing matched samples using a
common protocol and root length; longitudinal or age-related designs
distinguishing developmental prevalence from age-related remodelling;
scanning of individually extracted teeth at the highest possible
resolution and studies linking isthmus presence to measurable treatment
outcomes.
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