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Abstract

Objectives This study aimed to assess the use of different

voxel sizes of a cone-beam computed tomography (CBCT)

unit for detecting root perforations of different sizes and

locations ex vivo and to compare the diagnostic possibili-

ties of CBCT with those of periapical radiography (PR).

Methods The study included 36 recently extracted intact

human mandibular one-rooted teeth with developed apices.

Root perforations of 0.2, 0.3, or 0.4 mm in diameter were

drilled on the buccal and lingual sides at the cervical,

middle, and apical thirds. A total of 216 portions were

obtained. One tooth at a time was placed in a dry human

mandible in an artificially created alveolus. Cross-sectional

CBCT images were obtained using voxel resolutions of 0.4,

0.3, 0.25, and 0.2 mm. PRs were obtained using the par-

alleling technique in three directions in the horizontal

plane: direct view, mesial angulation, and distal angulation

with a 20� angle.

Results There were no significant differences in sensi-

tivity between 0.4/0.3 and 0.25/0.2-mm voxel resolutions.

Significant differences were found between voxel sizes of

0.4/0.25, 0.4/0.2, 0.3/0.25, and 0.3/0.2 mm. The observers

failed to diagnose any of the perforations using PR.

Conclusions CBCT is a reliable imaging system for

detecting root perforations that are not detectable with PR.

A 0.2-mm voxel resolution was the best choice for diag-

nostic use in this study. Neither perforation location nor

size influenced the diagnostic abilities of CBCT, except

that it was harder to detect a root perforation in the apical

part of the root.

Keywords X-ray diagnosis � Endodontics �
Root canal therapy � Cone-beam computed tomography �
Dental radiography

Introduction

Radiographic examination is an essential component of the

management of endodontic problems. Radiographic

detection of periapical alterations affects the diagnosis,

prognosis, and planning of root canal therapy [1, 2]. Root

perforations are one of the most serious complications in

dental practice and pose a number of diagnostic and

management problems [3]. A root perforation is a

mechanical or pathological communication between the

supporting periodontal apparatus of the tooth and the root

canal system [4]. This communication compromises the

health of the periradicular tissues and threatens the viability

of the tooth [5, 6].

Until recently, radiographic assessments in endodontic

treatment have been limited to intraoral and panoramic

radiography. However, such images have inherent limita-

tions owing to their two-dimensional (2D) view of three-

dimensional (3D) structures, which somewhat restricts the

information regarding size, extension, and location of root/

periapical lesions [7]. The lack of 3D information and

masking of areas of interest by overlying anatomy
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(anatomic noise) are of particular relevance in endodontics.

These problems may be overcome using small-volume

cone-beam computed tomography (CBCT) imaging tech-

niques, which can produce 3D images of individual teeth

and their surrounding tissues. Early CBCT scanners for

dental use were developed by Mozzo et al. [8] and Arai

et al. [9] in the late 1990s.

CBCT is currently an important imaging method for

diagnosis, treatment planning, and evaluation of treatment

outcomes in modern dentistry including endodontics.

CBCT was found to be more sensitive than panoramic

imaging in the detection of simulated canine-induced

external root resorption [10]. A recent in vivo study also

found CBCT to be superior to intraoral radiography in the

detection and management of external cervical and internal

resorption [11] and root perforation [12].

Voxel size is one of the most important factors in terms

of the quality, scanning, and reconstruction times of CBCT

images. Liedke et al. [13] assessed the influence of voxel

size on the diagnostic ability of a CBCT unit (i-CAT;

Imaging Sciences International, Hatfield, PA, USA) for

evaluating simulated external root resorption in a labora-

tory study.

However, no data exist for the effects of voxel size on

the detection of root perforations depending on the defect

size and location. This study aimed to assess the use of

different voxel sizes of a CBCT unit in the detection of root

perforations of different sizes and locations ex vivo and to

compare the diagnostic possibilities of CBCT with those of

periapical radiography (PR).

Materials and methods

The experimental group consisted of 36 recently extrac-

ted intact human mandibular one-rooted teeth with

developed apices. They were stored in distilled water

containing 10 % formalin and kept refrigerated until use.

The teeth were examined visually and with a dental

microscope (OPMI pico; Carl Zeiss, Oberkochen, Ger-

many). Exclusion criteria were root fracture, crack, and

root resorption.

Standard access cavity preparations were completed in

the selected teeth, and the coronal pulp was excavated. If

root canal fillings were found or a canal was not accessible

with a number 10 K-file (Dentsply Maillefer, Ballaigues,

Switzerland) owing to calcification, the tooth was exclu-

ded. The root canals were irrigated with 0.2 % chlorhexi-

dine (Imperial Chemical Industries Ltd., Macclesfield, UK)

using a 27-gauge needle and dried with cotton pellets. Root

canals were prepared with Protaper instruments (Dentsply

Maillefer) according to the manufacturer’s protocol up

until the F3 instrument.

The root lengths and diameters in the buccolingual and

mesiodistal planes were measured for all selected teeth and

numbered from 1 to 36 according to increasing length

primarily and diameter secondarily. The root diameters in

the buccolingual and mesiodistal planes were measured in

coronal (in the cemento-enamel junction) and apical (3 mm

coronally from the apex) sections of the roots. The length

of the root was measured from the apex to the cemento-

enamel junction line. The highest values were registered.

Root perforation

The teeth were not sectioned, but their root portions were

divided into thirds (cervical, middle, and apical) and sides

(buccal and lingual). A total of 216 portions were thus

obtained (Fig. 1).

There were four possibilities for each root portion: small

perforation (0.2 mm), medium perforation (0.3 mm), large

perforation (0.4 mm), or no perforation. To simulate root

perforations, which can occur during root canal treatment

with endodontic instruments, the teeth were placed in a

vice and perforations of 0.2, 0.3, or 0.4 mm in diameter

were drilled until the canal on the buccal and lingual sides

was reached at an angle of approximate 40� to the long axis

Fig. 1 Sections of a root. Files are inserted in the perforations.

L lingual side, B buccal side

152 Oral Radiol (2013) 29:151–159

123



of the root (Fig. 2). In clinical practice, the angle to the

long axis of the root can vary from 0� to 90�. According to

the authors’ experience, perforations are usually at angles

of less than 90�, but it was technically complicated to drill

perforations closer than 40�. Round burs of 0.2, 0.3, and

0.4 mm in diameter (Edenta AG, Basel, Switzerland) and a

micromotor (Marathon 3; Saeyang, Daegu, South Korea)

adapted to a parallelometer were used for the drilling.

Twelve combinations were made (Table 1), and three teeth

were randomly selected for each combination.

Radiographic scan and data treatment

One tooth at a time was placed in a dry human mandible in

an artificially created alveolus. The human dry mandible

was on loan from the Institute of Anatomy, Lithuanian

University of Health Sciences (Kaunas, Lithuania). To

simulate soft tissues, the mandible was covered with cus-

tom-made simulated soft tissue consisting of a melted

paraffin wax, Mix D, with similar attenuation properties to

human soft tissues [14]. The cadaver mandible was fixed

with a horizontal plate to a 3D i-CAT CBCT device

(Imaging Sciences International Inc., Hatfield, PA;

120 kVp, 3–8 mA) for image acquisition (Fig. 3). Each

specimen was scanned with four voxel resolutions

according to the following protocols: 0.4-mm voxel reso-

lution [6 9 16-cm field of view (6-cm FOV), 8.9-s acqui-

sition time]; 0.3-mm voxel resolution (6-cm FOV, 8.9-s

acquisition time); 0.25-mm voxel resolution (6-cm FOV,

26.9-s acquisition time); 0.2-mm voxel resolution (6-cm

FOV, 26.9-s acquisition time).

Two external observers (one endodontist and one gen-

eral dentist), who were not involved in the preparation of

the study, calibrated and examined the images separately.

They were instructed to look at perforations and grade their

observations as specified below. The overall Cohen’s

kappa coefficient for inter-observer agreement was calcu-

lated using Cohen’s kappa values.

Cross-sectional CBCT images were analyzed with the

i-CAT viewing software (Imaging Sciences International

Inc.). The filters were set to normal, and only brightness

and contrast were adjusted. The images were analyzed in

three planes (sagittal, coronal, and axial) and two projec-

tions (mesiodistal and buccolingual). The presence or

absence of a perforation was scored using a 3-point scale:

0, no perforation visible; 1, uncertain/unable to identify,

additional means needed; 2, perforation visible. If a per-

foration was present but the observers’ scores were 0 or 1,

the perforation was considered to be undiagnosed.

For PR, an X-ray cone was used with the paralleling

technique in three directions in the horizontal plane (direct

view, mesial angulation, and distal angulation with a 20�
angle) using an X-ray unit (Elitys; Trophy Radiologie SA,

Marne La Vallee, France) with an exposure time of 0.7 s

and settings of 70 kV and 7 mA. PRs were analyzed with

Fig. 2 Simulated root perforation with an angle of 40� to the long

axis of the root

Table 1 Root perforation

locations

S small perforation, M medium

perforation, L large perforation

Combination number Tooth root third and side

Cervical Middle Apical

Buccal Lingual Buccal Lingual Buccal Lingual

1 M L S

2 M L S

3 L M S

4 S M L

5 S M L

6 M L S

7 M S L

8 L S M

9 S M L

10 S L M

11 L S M

12 L S M
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Kodak dental imaging software version 6.12.11.0 (Care-

stream Dental LLC, Atlanta, GA, USA). Only brightness

and contrast were adjusted. The presence or absence of a

perforation was scored using the same 3-point scale

described above. The CBCT and PR images were analyzed

on a 27-inch flat panel display screen with a pixel resolu-

tion of 2560 9 1440 in a dimly lit room without time

restrictions.

Statistical analyses were performed with SPSS version

19.0 software (SPSS Inc., Chicago, IL, USA). Significance

was recognized for values of p B 0.05. All parametric data

were expressed as the mean ± standard error (SE) or mean

and 95 % confidence interval. The Chi-square (v2) test was

used to compare the frequencies of qualitative variables.

Agreement between the measurements was evaluated by

Cohen’s kappa coefficient.

The study was approved by the Local Ethics Committee

of Kaunas.

Results

The observers failed to diagnose any of the perforations

using PR (Fig. 4). Therefore, the PR data were excluded,

and the statistical analyses were only performed for the

CBCT data. The overall Cohen’s kappa inter-observer

agreement was 0.72 ± 0.02.

The root lengths varied from 11 to 14 mm, with a mean

(SE) of 12.61 (0.83) mm. The root diameters in the buc-

colingual and mesiodistal planes in the coronal sections

varied from 4.5 to 6.0 mm and from 3.0 to 5.0 mm, with

mean (SE) values of 5.43 (0.56) and 3.72 (0.80) mm,

respectively. The root diameters in the buccolingual and

mesiodistal planes in the apical parts varied from 3.0 to

5.0 mm and from 2.0 to 3.5 mm, with mean (SE) values of

3.94 (0.63) and 2.78 (0.55) mm, respectively.

Figure 5 shows images of tomographic sections for each

voxel resolution. The perforations are best observed on the

images with voxel sizes of 0.25 and 0.2 mm and in the

coronal and middle thirds. Table 2 shows the results of

diagnostic performance tests according to the voxel reso-

lutions. The results indicated that all CBCT specificity

values were the same (100 %) and did not depend on the

voxel resolutions.

The sensitivity values were dependent on the voxel

resolutions. There were no significant differences inFig. 3 Positioning of the mandible on the 3D i-CAT CBCT device

Fig. 4 Periapical radiograph at three horizontal projections (from the left direct view, mesial angulation, and distal angulation). Tooth number:

21; perforation combination number: 6
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sensitivity between 0.4/0.3-mm and between 0.25/0.2-mm

voxel resolutions. Significant differences were found

between all other voxel sizes of 0.4/0.25, 0.4/0.2, 0.3/0.25,

and 0.3/0.2 mm.

The inter-observer Cohen’s kappa coefficients showed

that the best results for detecting a simulated root perfo-

ration were obtained with 0.2-mm voxel resolution

(p \ 0.01). The lowest kappa coefficients (0.38 ± 0.04)

were obtained using 0.4-mm voxel resolution (Table 3).

Furthermore, the diagnostic ability of CBCT to diagnose

simulated root perforations was significantly lower in the

apical third (0.59 ± 0.03) and on the buccal side

(0.71 ± 0.02) (p \ 0.004) in comparison with the other

locations. The diagnostic ability was better in the cervical

Fig. 5 Root sections showing

the presence of simulated root

perforations (arrows) visualized

in a buccolingual projection at

different voxel resolutions:

1 0.4-mm voxel resolution (slice

thickness, 0.4); 2 0.3-mm voxel

resolution (slice thickness, 0.3);

3 0.25-mm voxel resolution

(slice thickness, 0.25); 4

0.2-mm voxel resolution (slice

thickness, 0.2). Tooth number:

21; perforation combination

number: 6
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(0.80 ± 0.03) and middle (0.84 ± 0.03) thirds, with no

significant difference (p = 0.051) between these thirds

(Table 4). There was a peak in the kappa coefficient for the

middle third on the lingual side (0.91 ± 0.03) compared

with the middle third on the buccal side (0.76 ± 0.04).

Table 5 shows the associations between the perforation

locations on the root and the voxel resolutions. There were

significant differences between all groups (abcdep \ 0.01

for the thirds; abcdep \ 0.03 for the sides), except for 0.25

vs. 0.2-mm voxel resolutions (p [ 0.05). The associations

between the tomographic planes and the voxel resolutions

are shown in Table 6. The 0.25- and 0.2-mm voxel reso-

lutions performed significantly better in the sagittal, fron-

tal, and buccolingual planes (p \ 0.001). The best

resolution in the axial plane was 0.2 mm (bcdefp \ 0.03).

There were no significant differences between the voxel

resolutions in the mesiodistal plane (p = 0.196).

The defect size did not influence the diagnostic capa-

bilities of the different voxel resolutions (p [ 0.05), except

that a 0.2-mm defect was more difficult to detect than a

0.4-mm at the voxel resolutions of 0.4 and 0.3 mm

(ap = 0.017; bp = 0.034) (Table 7). The worst diagnostic

results were registered in the apical third of the roots

independently of the defect size. However, no significant

difference (p [ 0.05) was found (Table 8).

Discussion

The prevalence of root perforation is high. In previous

studies, it was found to range from 2.3 to 10 % of end-

odontically treated teeth [15–23]. Early diagnosis is a key

factor in the treatment of perforations [24]. Clinical prac-

tice often still relies on PR for diagnosis. The inaccuracy of

PR for detecting perforations was previously discussed

Table 2 Results of diagnostic performance tests [sensitivity, speci-

ficity, positive predictive value (PPV), and negative predictive value

(NPV)], according to four voxel resolutions

Voxel

resolution

(mm)

Sensitivity

(%)

95 %

Confidence

interval

Specificity

(%)

PPV

(%)

NPV

(%)

0.4 34.8 25.7–51.2 100 100 61.9

0.3 59.3 46.4–72.1 100 100 71.1

0.25 94 87.8–100 100 100 94.3

0.2 96.8 92.1–101.4 100 100 96.9

Table 3 Inter-observer kappa coefficients calculated by voxel

resolutions

Voxel resolution (mm) Cohen’s kappa (mean ± SE)

0.4 0.38 ± 0.04

0.3 0.59 ± 0.04

0.25 0.94 ± 0.02

0.2 0.97 ± 0.01

SE standard error

Table 4 Inter-observer kappa coefficients calculated by tooth root

thirds and sides

Tooth root

third

Kappa

(mean ± SE)

Root

side

Kappa

(mean ± SE)

Cervical 0.80 ± 0.03 Buccal 0.71 ± 0.02

Middle 0.84 ± 0.03 Lingual 0.77 ± 0.02

Apical 0.59 ± 0.03

p value \0.001* p value \0.004

SE standard error

*p = 0.051 for cervical third versus middle third

Table 5 Simulated root perforations identified with consideration of the location on the root and the significance (p value) of the respective

Chi-square test for each association (abcde)

Voxel size (mm) Association

Root third Root side

Cervical Middle Apical Buccal Lingual

0.4 37abc 41abc 14abc 29abc 54abc

0.3 52ade 56ade 27ade 51ade 77de

0.25 70bd 72bd 62bd 103bd 100bd

0.2 71ce 72ce 67ce 106ce 103ce

v2 68.136 67.608 116.751 91.649 30.554

df 3 3 3 3 3

p value \0.001 \0.001 \0.001 \0.01 \0.03
abcdep \ 0.001 abcdep \ 0.001 abcdep \ 0.001 abcdep \ 0.01 abcdep \ 0.03

df degree of freedom
abcde p \ 0.001 for multiple comparisons (a–a, b–b, c–c, etc.)
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[23]. When the perforation site is located on the buccal or

lingual aspect of the root, the diagnostic value of PR is

limited [24].

This study investigated the diagnostic abilities of CBCT

and PR for detecting root perforations in different locations

on the buccal and lingual sides. The PRs failed to provide a

diagnostically useful tool for root perforations, mainly

because of the superimposition of the mandibular struc-

tures. Changing the horizontal angulation of the radiation

source should improve the diagnostic ability of the PRs

[12, 25, 26]. However, in the present study, the perforation

diameters were small (similar to endodontic instrument

diameters) and located on the buccal and lingual sides.

Moreover, no radiopaque materials were placed inside the

canals. Consequently, it was impossible to diagnose root

perforations on PRs in this study.

It is interesting that Shemesh et al. [12] found CBCT to

be superior to PR in detecting strip perforations, while

there was no difference in detecting root perforations,

mainly because the perforations were made on the mesial

side and filled with AH 26 and gutta-percha. Similarly,

D’Addazio et al. [27] found no significant difference

between PR and CBCT in the detection of root perfora-

tions. However, they used large perforations (1 mm) that

were located on the mesial or distal sides of the root wall.

It is easier to detect such defects with PR, even though

CBCT still tended to be superior in the identification

of perforations.

Kamburoğlu et al. [28] used different voxel sizes (0.1,

0.2, and 0.3 mm) to detect occlusal caries with an i-CAT

machine, but found no influence of these sizes. In contrast,

Liedke et al. [13] used an i-CAT machine to assess the

diagnostic ability for the detection of simulated external

root resorption with different voxel resolutions (0.2, 0.3,

and 0.4 mm) and found that the best results were achieved

with a voxel size of 0.2 or 0.3 mm. Özer [29] found that

four voxel resolutions (0.4, 0.3, 0.2, and 0.125 mm)

showed similar results for detecting simulated vertical root

fractures. However, the accuracy was higher and the

decision-making was easier with 0.125- and 0.2-mm voxel

resolutions. The i-Cat device is also capable of scanning at

0.125-mm voxel resolution. However, according to Özer

[29], there was no perceptible difference between 0.2- and

0.125-mm voxel resolutions for detecting root perforations,

and this was the reason why we used 0.2-mm voxel

Table 6 Simulated root perforations identified with consideration of the tomographic plane and significance (p value) of the respective

Chi-square test for each association (abcde)

Voxel size (mm) Association

Tomographic plane

Sagittal Frontal Axial Buccolingual Mesiodistal

0.4 49abc 11bc 1bc 82abc 3

0.3 80ade 22de 1de 120ade 0

0.25 180bd 69bd 27bdf 200bd 5

0.2 195ce 92ce 46cef 202ce 4

v2 112.017 88.981 77.113 57.907 4.687

df 3 3 3 3 3

p value \0.001 \0.001 \0.001 \0.001 0.196
abcdep \ 0.001 bcdep \ 0.001 bcdefp \ 0.001 abcdep \ 0.001

df degree of freedom
abcde p \ 0.001 for multiple comparisons (a–a, b–b, c–c, etc.)

Table 7 Influence of defects size on diagnostic capabilities of dif-

ferent voxel resolutions

Defect size Association

Voxel size (mm)

0.4 0.3 0.25 0.2

0.4 mm 47a 60b 70 72

0.3 mm 27 48 72 72

0.2 mm 18a 27b 62 66

Chi-square test v2 = 14.350; df = 6; ap = 0.017; bp = 0.034

Table 8 Influence of the perforation location on the tooth root sides

and thirds on the detectability of different defect sizes

Defect size Association

Root side Root third

Buccal Lingual Cervical Middle Apical

0.4 mm 120 129 91 88 70

0.3 mm 104 115 77 82 60

0.2 mm 83 90 62 71 40

Chi-square test v2 = 0.24; df = 2;

p = 0.988

v2 = 2.002; df = 4;

p = 0.735
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resolution in the present study. Furthermore, the authors

confirmed the above finding in a pilot study. From the

present study, it was concluded that 0.2-mm voxel reso-

lution was better than 0.25-, 0.3-, and 0.4-mm voxel res-

olutions for the detection of artificially created root

perforations. The highest sensitivity and kappa values were

obtained for 0.2-mm voxel resolution images. Specificity

did not depend on the voxel size. Lesion size had no sig-

nificant influence on the performance of the different voxel

resolutions. However, the worst diagnostic results tended to

be registered in the apical third and for 0.2-mm defects.

The perforations were best seen when the reconstruction

projection was parallel to the perforation, comprising the

buccolingual projection in our study.

In clinical situations, many additional factors affect the

detection of root perforations using CBCT, such as obser-

ver’s performance, viewing conditions, CBCT software

and hardware specifications, patient-related factors, and

beam-hardening artifacts [30–38]. In the present study, the

soft tissue simulation did not provide the same image

quality levels as in clinical situations. Therefore, the

diagnostic ability might have been overrated because of the

well-distinguished features of the artificially created

defects, lack of patient movement, higher detector signal

levels, and lower scatter and beam-hardening levels.

To obtain different voxel sizes, low and high exposure

scanning modes were used in the present study. Each of

these modes was reconstructed at two different voxel sizes.

The change in the mA levels between the two low-expo-

sure modes and the two high-exposure modes would

influence the image quality, and therefore voxel size was

not the only relevant factor [39]. The results of the present

study revealed that high exposure at 0.25- and 0.2-mm

voxel resolutions was superior to low exposure at 0.4- and

0.3-mm voxel resolutions. In a phantom study, Pauwels

et al. [39] showed that lowering the voxel size at equal

exposure levels can lead to improved diagnostic ability and

suggested that it is not justified or optimal to reconstruct a

CBCT data set at a larger voxel size simply to reduce the

reconstruction time and obtain a smaller file size (to save

disk space). If a CBCT image is sharper at a lower voxel

size, that voxel size should be used. This was the case in

our study, in which the equal exposure levels of 0.2- and

0.25-mm voxel resolutions produced better diagnostic

results at 0.2-mm voxel resolution.

To obtain a more random distribution and achieve more

realistic sensitivity and specificity values in future studies,

it would have been better to have: (1) teeth with more or

less than three lesions, as the observers (even if they were

not told) will have started to look for three lesions once it

has become clear to them that there were three on each

tooth; (2) tooth sections with no or two lesions instead of

one lesion on each section, as the observers will again have

had either prior or acquired knowledge that they needed to

look at each tooth section and find the lesion on either the

buccal or lingual side; and (3) to have control teeth with no

lesions at all.

CBCT is still a radiographic method, and therefore

radiation exposure should be taken into consideration.

CBCT produces less radiation than conventional CT [42,

43], but more than PR or panoramic imaging [44, 45].

Reducing the FOV decreases the radiation [40, 41]. Con-

sequently, in diagnostic tasks related to root perforations

where it is not possible to detect the perforation based only

on PR or clinical information, use of CBCT with a small

FOV is favorable and ensures good image quality with low

radiation exposure.

In conclusion, the results of this study suggest that

simulated perforations with diameters of 0.2, 0.3, and

0.4 mm are not detectable by means of PR in an ex vivo

model. CBCT is a reliable imaging system for detecting

root perforations that are not detectable by PR. A 0.2-mm

voxel resolution was the best choice for diagnostic use in

the present study. Neither perforation location nor size

influenced the diagnostic abilities of CBCT, except that it

was harder to detect a root perforation in the apical part of

the root.
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