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Abstract

Purpose To investigate the three-dimensional morphology of isthmuses in molars according to their boundary characteristics
using micro-computed tomography (micro-CT).

Methods Micro-CT reconstructed images of 248 molars were evaluated. Isthmuses were classified into four types based on
the boundary characteristics: isthmus with roof, isthmus with floor, band-shaped isthmus, and isthmus without boundary.
The tooth and root with isthmuses, the number and location of the isthmuses in the root, and the canal configurations were
recorded. The maximum of the major diameter of all canal cross-sections in one isthmus (d,,,,), the minor diameter of the
canal in same cross-section (d,), the distance between the d,,, cross-section and apex (D,,_,), isthmus length (L;), and
distance from the isthmus ending cross-section to apex (D,_,) were measured and analysed with a significance threshold
set to 5%.

Results Isthmuses were present in 75.4% specimens. The four types of isthmuses were found in various molars and roots.
Their distribution in different root locations and canal configurations was significantly different. The d,,,, din» Li» and D, _,
were analysed according to different molars and different isthmus types; their respective median values were 2.508 mm,
0.07 mm, 3.09 mm, and 3.96 mm.

Conclusion The three-dimensional classification of isthmuses according to the boundary characteristics provides a compre-
hensive picture of the isthmus in molars. Their corresponding distributions in different molars, location in roots, and canal
configurations will be helpful in predicting the type of isthmus based on the tooth position and canal configurations.
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Introduction

Eradication of endodontic infection by instrumentation and
irrigation is considered the most important factor in the
prevention and treatment of endodontic diseases [9]. How-
ever, anatomical complexities of the root canal system, such
as isthmus, apical ramification, and other morphological
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irregularities compromise the accessibility of instruments
and irrigants to effectively debride the canal of pathogenic
microbes and infected/necrotic pulp tissues, which are
among the major causative factors that contribute to failure
of root canal therapy [11, 12].

The isthmus is a common anatomic complexity of per-
manent teeth [2, 3, 7], defined as a narrow, ribbon-shaped
communication between two root canals that contains a fair
amount of pulp tissue [19]. Most studies in the last century
or in the first few years of this century were using in vitro
tooth sections or transparent tooth to expose and understand
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isthmic morphology. Thus, the classic isthmic classifica-
tions, such as Weller’s and Hsu and Kim’s, are all based on
the configuration of root sections [4, 19]. These classifica-
tions were widely used in many research studies, including
those using micro-CT [8, 10], and they have more practical
clinical value for apical root surgery [18]. However, the two-
dimensional classifications cannot fully reflect the actual
three-dimensional morphologic features of the isthmuses.
Fan et al. first proposed a three-dimensional classification of
isthmus in 2010 [3]. However, their study only observed the
apical 5-mm canal system of the mesial root of mandibular
molars. Since isthmus exists in the apical portion as well as
the middle and cervical portions of the root canal system,
it is important to evaluate the morphology of the isthmus
within the entire root canal system instead of focussing only
on the apical 5-mm canal.

Thus, on the basis of previous studies, we attempted to
investigate the morphology of the isthmus in human maxil-
lary and mandibular molars, classified isthmuses according
to the three-dimensional morphology and analysed some
measurements of the isthmus quantitatively and qualitatively
using micro-CT. We believe these findings may provide a
comprehensive picture of the isthmus in molars, and useful
data for further study.

Materials and methods
Specimen selection

The present study was approved by the Ethics Committee of
the Peking University School of Stomatology (No. PKUS-
SIRB-201840196). The molar teeth were collected from a
pool of teeth that were extracted because of periodontal dis-
ease. All teeth were intact with fully formed apices, no res-
torations, cracks, fractures, or endodontic treatment. Teeth
that had a C-shaped canal as seen in micro-CT images were
excluded. A total of 103 maxillary molars and 145 mandibu-
lar molars were included in this study.

Fig. 1 Classification of isth-

muses. a Type I, isthmus with ’
a roof; b Type II, isthmus with A
a floor; ¢ Type III, band-shaped f

isthmus; d Type 1V, isthmus

without boundaries. The blue

arrow indicates the boundary of

the isthmus
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Micro-CT scanning and three-dimensional
reconstruction

The teeth were mounted in a 7-mm-diameter plastic con-
tainer on the scanning platform with the root oriented ver-
tically and then scanned using a micro-CT scanner (Sky-
Scan 1172 Desktop X-ray microtomograph, Aartselaar,
Belgium) at an isotropic resolution of 26.73 pm. The X-ray
was tube operated at 80 kV/100 pA. Transmission X-ray
images were recorded at two rotational steps for 360° rota-
tion. Images of each specimen were reconstructed using
dedicated software (NRecon v. 1.6.9.18 Bruker-microCT),
providing axial cross-section images. Three-dimensional
reconstruction models were rendered for inspection
of the canal systems using CTAn software (v1.10.1.0,
Bruker-microCT) and CT Vol software (v2.1.1.2, Bruker-
microCT). To enhance the visualisation of the fine root
canal structure, segmented volumes of the canal structure
were represented by an opaque red colour, and the external
morphology of the root was rendered as grey translucency.

Classifications and measurements of the isthmuses

Three-dimensional reconstructions of root canal morphol-
ogy were observed from different angles using CT Vol
Software (v2.1.1.2, Bruker-microCT). According to the
boundary characteristics, each isthmus was assigned to
one of four categories (Fig. 1):

Type I, isthmus with a roof: isthmus between two canals
with a coronal boundary only; the rest was connected with
the main root canal or open to the apex.

Type 11, isthmus with a floor: isthmus between two
canals with an apical boundary only; the rest was con-
nected with the main root canal or open to the pulp
chamber.

Type III, band-shaped isthmus: isthmus between the
two canals with both coronal and apical boundaries; it
appeared like a band connected to the two canals.
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Type IV, isthmus without a boundary: a complete con-
nection between the two canals from the pulp chamber
to the apex.

The teeth and roots with isthmus, the number and posi-
tion of isthmus in the root, and root canal configuration
were recorded. Each isthmus was observed cross-section-
ally using CTAn software (v1.10.1.0, Bruker-microCT),
and the following measurements were taken (Fig. 2):
do. Was taken as the maximum of the major diameter
of all canal cross-sections in one isthmus; then in the
same cross-section, the minor diameter of the canal was
recorded as d;,; and the distance from this cross-section
to the anatomical apex was recorded as D,,_,; L; was the
axially continuing length of the isthmus, which was the
length from the cementoenamel junction (CEJ) or isthmus
roof to isthmus floor or isthmus ending cross-section;
and D,_, was the distance from the isthmus floor or isth-
mus ending cross-section to the anatomical apex. The
isthmus roof was located by the cross-section where the
two canals merged, and the isthmus floor was located
by the cross-section where the two canals redivided, as
described by Keles and Keskin [5]. For isthmuses with-
out apical boundary (such as Type I and IV), the isthmus
ending cross-section was located when the ratio of major
diameter to minor diameter of the canal cross-section was
less than 2, which the two root canals converge in one at
that level. And based on the measured position (D,,_,) of
cross-section of d,,,, in root, the data of the d,, and d,;,
were divided into three groups, which were apical portion
(D,,_, <4 mm), middle portion (4 mm<D,,_,<8 mm)
and cervical portion (D,,_,> 8 mm), for analysis.

Fig.2 The measurement method of the measured value of the isth-

mus. d,,,: the maximum of the major diameter of all canal cross-

sections in one isthmus; d;,: the minor diameter of the canal in the

same cross-section; D,,_,: the distance from the cross-section, which

Statistical analysis

Statistical analysis was performed using SPSS software
(v.24, IBM Corporation, Armonk, NY, USA). Differences
in the distribution of types of isthmuses according to tooth
position, location in the root, and canal configuration were
compared using chi-square test. Nonparametric tests were
used to analyse the difference in value of measurements of
the isthmuses except the data of d,,, according to isthmus
classifications. General linear model univariate analysis and
one-way ANOVA test were used due to the data of d,, are

normally distributed. Differences were considered statisti-
cally significant when P <0.05.

Results

The incidence, distribution and measurements
of isthmuses according to tooth position

In all, 253 isthmuses were found in 187 teeth, accounting for
75.4% of all specimens. Overall, 216 roots were identified
with isthmuses; 182 (84.3%) had one isthmus, 31 (14.4%)
had two isthmuses, and 3 (1.4%) had three isthmuses.

The incidence and distribution of isthmuses in molars
are shown in Table 1. In maxillary molars, Type II and III
isthmuses were observed more frequently, whereas mandibu-
lar molars had more Type I and IV isthmuses. There was
a significant difference in the isthmus types among tooth
positions (Pearson’s chi-square test, P =0.003).

The measurements of isthmus in different molars are
presented in Table 2. The measured values of d,, and L;

max
in mandibular molars were greater than those in maxillary

the d,,
axially continuing length of the isthmus; D,_,: the distance from the

isthmus floor or isthmus ending cross-section to the anatomical apex

and d;, were taken from, to the anatomical apex; L;: the
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Table 1 Incidence and

o= . . Tooth N N@) (%) N@i)  Types of isthmus n (%)*
distribution of isthmuses in
molars Type 1 Type I Type 111 Type IV
Maxillary first molar 42 27 (64.3) 34 7 (20.6) 7 (20.6) 13 (38.2) 7 (20.6)
Maxillary second molar 61 33 (54.1) 38 2(5.3) 19 (50.0) 10 (26.3) 7(18.4)
Mandibular first molar 67  57(85.1) 90 24 (26.7) 23 (25.6) 16 (17.8) 27 (30.0)
Mandibular second molar 78 70 (89.7) 91 21 (23.1) 28 (30.8) 11 (12.1) 31 (34.1)

N number of samples; N(f) number of teeth with isthmuses, the percentages showed the incidence of isth-

muses; N(i) number of isthmuses

#Pearson’s chi-square test: P=0.003

Table 2 Median values for d,,, d,.i,, L; and D,_, in molars
Tooth N d,y (Mm)? dy;, (mm)P L; (mm)? D,_, (mm)°

Median (Q1, Q3) Median (Q1, Q3) Median (Q1, Q3) Median (Q1, Q3)
Macxillary first molar 34 2.014 (1.601, 2.421) 0.069 (0.047, 0.114) 1.994 (0.997, 4.424) 3.944 (2.175, 5.651)
Maxillary second molar 38 1.731 (1.422, 2.352) 0.073 (0.053, 0.138) 1.966 (1.343, 4.251) 4.024 (2.099, 5.561)
Mandibular first molar 90 2.697 (2.224, 3.131) 0.073 (0.050, 0.153) 3.472 (1.858, 6.156) 3.596 (1.898, 5.388)
Mandibular second molar 91 2.725 (2.181, 3.204) 0.070 (0.050, 0.113) 3.075 (1.310, 5.668) 3.583 (2.139, 6.176)

N number of isthmuses; d,./d,;,

the major and minor diameters of the canal in the isthmus; L; the length of the isthmus; D,_, the distance from

the isthmus floor or isthmus ending cross-section to the anatomical apex; Q1 first quartile; Q3 third quartile

4Kruskal-Wallis test P <0.05
"Kruskal-Wallis test P> 0.05

molars, and the differences were statistically significant
(Kruskal-Wallis test, P <0.05). There was no significant
difference in d,,;, and D,_, according to different tooth posi-

tions (Kruskal-Wallis test, P > 0.05).

The distribution and measurements of isthmuses
according to isthmus classifications

Different types of isthmuses were present in different loca-
tions of roots or in different canal configurations (Pearson’s
chi-squared test, P <0.001). Type I isthmuses appeared
more in the apical region and were all found in the root
with merged or intersected canals, while Type II isthmuses
occurred more in the cervical third of the root with canals
divided from one. The detailed distribution is shown in
Fig. 3.

The d,, and d,;, of different types of isthmuses were
marked and analysed in three groups (Fig. 4a, b). The
mean of d,, were significantly different when in differ-
ent root portion group (General Linear Model Univariate
Analysis and Bonferroni’s test, P <0.001), but there was
no difference in isthmus types within same group (one-way
ANOVA, P>0.05). For d_;,, there was no statistically dif-
ference among root portion groups (Scheirer-Ray-Hare test,
P =0.456), while there were significant differences between
some isthmus types in middle portion and cervical portion
group (Kruskal-Wallis test, P <0.001).

@ Springer

The median L, for Types I-IV were 2.11 mm, 2.09 mm,
1.54 mm, and 6.22 mm, respectively. There was a significant
difference between Type IV and other types (Kruskal-Wallis
test, P <0.001) (Fig. 4c¢).

Of the 253 isthmuses, the D, of 104 (41.1%) isthmuses
was within 3 mm. Additionally, the median D, _, for Types
I-IV were 2.49 mm, 7.06 mm, 3.49 mm, and 3.60 mm,
respectively (Fig. 4d).

Discussion

Successful root canal therapy requires thorough knowl-
edge of the root canal anatomy and conceivable anatomi-
cal variations. Isthmuses are some of the most common but
complicated anatomical variations in the root canal system,
presenting a formidable challenge for root canal shaping,
cleaning, and obturation [1, 16]. It has been reported that
any tooth root with more than one root canal is likely to con-
tain an isthmus [14]. In this study, the incidence of isthmus
was 64.3%, 54.1%, 85.1%, and 89.7% in the maxillary first
molars, maxillary second molars, mandibular first molars,
and mandibular second molars, respectively. These results
are similar to those of previous studies on maxillary and
mandibular first molars [2, 3, 13, 15, 18, 21], and slightly
higher than those reported on maxillary and mandibular sec-
ond molars [2, 3, 7, 20]. These differences may be because
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of the smaller number of samples and the different methods
used in previous studies on maxillary and mandibular second
molars.

Terms like ‘isthmus roof’, ‘isthmus floor’, and ‘band-
shaped isthmus’ have been used to describe isthmic bounda-
ries or morphology in previous studies [5, 6]. On this basis,
after observing and comparing 253 three-dimensional
reconstructed isthmus configurations, four types of isthmus
were classified according to the boundary characteristics
in this study. Different from the previous classifications,
which were focussed on the morphological description of
the root canal section or local intercanal connection, grasp-
ing the characteristics of the number and location of the
isthmus boundary can not only get rid of the dilemma of
describing the ever-changing isthmus morphology but also
show some relationship between the isthmus type and canal
configuration.

The Vertucci classification is widely used to record canal
configuration [17]. In the present study, the canal configura-
tions were recorded as paralleled, converged, divided, and
converged and divided. The paralleled canal could also be
described as Vertucci type IV or VIII; converged canal,
as Vertucci type I or II; divided canal, as Vertucci type V;
and converged and divided as Vertucci type III, VI, or VII.
According to the results shown in Fig. 3b, Type I isthmuses
were all found in canal configurations of Vertucci types II,
111, VI, or VII. Further, 87.0% Type Il isthmuses were found
in Vertucci types V or VII; Type III isthmuses most likely
appeared in Vertucci type IV, VI, and VIII; and most Type
IV isthmuses were of Vertucci type I. Sample size and het-
erogeneity limit the in-depth exploration of the relationship
between the isthmus type and the canal configuration in this
study. However, these results may still help dentists esti-
mate the occurrence and type of isthmus, when the canal
configuration is identified clinically through preoperative
radiography or intraoperative exploration.

Three- and two-dimensional measurements have been taken
to reveal the complex shapes of the isthmuses in previous stud-
ies [3, 5]. The measurements in the present study also show
some characteristics. Such as, the d,,, of the cervical por-
tion of the root was significantly larger than that in the apical
portion, which was consistent with the root shape narrowing
apically, but the difference in d,;, was more related to isth-
mus type than the portion of the root, and Type IV isthmuses
were significantly wider and longer than those in other types.
However, it’s important to emphasize that, the value of d,,,
and d,;, were taken in the same cross-section in the present
study, as it is almost impossible to visually identify the most
minor diameter of the canal of all layers in one isthmus. And
the measurement values were also affected by many other fac-
tors, such as the angle of the tooth placement during the scan,
the curvature of the root, the setting of the threshold during
the three-dimensional reconstruction, the human error of the
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selected point during the measurement, and so on. Therefore,
all measurement values are recommended as a reference to
assist dentists in understanding the order of magnitude of isth-
mus size and characteristics of each type of isthmus.

Conclusions

The three-dimensional classification of isthmuses accord-
ing to the boundary characteristics provide a new perspec-
tive and a comprehensive picture of the isthmus in molars.
Their corresponding distributions in different teeth, location
in roots, and canal configurations will be helpful in predict-
ing the type of isthmus based on the tooth position and canal
configurations.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00276-021-02796-5.
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