Influence of CBCT parameters on image quality and the diagnosis of vertical root fractures in teeth with metallic posts: an ex vivo study
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Abstract
Objectives
The aim of this study was to evaluate the influence of peak kilovoltage (kVp) and a metal artifact reduction (MAR) tool on image quality and the diagnosis of vertical root fracture (VRF) in cone-beam computed tomography (CBCT).

Materials and Methods
Twenty single-rooted human teeth filled with an intracanal metal post were divided into 2 groups: control (n = 10) and VRF (n = 10). Each tooth was placed into the socket of a dry mandible, and CBCT scans were acquired using a Picasso Trio varying the kVp (70, 80, 90, or 99), and the use of MAR (with or without). The examinations were assessed by 5 examiners for the diagnosis of VRF using a 5-point scale. A subjective evaluation of the expression of artifacts was done by comparing random axial images of the studied protocols. The results of the diagnoses were analyzed using 2-way analysis of variance and the Tukey post hoc test, the subjective evaluations were compared using the Friedman test, and intra-examiner reproducibility was evaluated using the weighted kappa test (α = 5%).

Results
The kVp and MAR did not influence the diagnosis of VRF (p > 0.05). According to the subjective classification, the 99 kVp protocol with MAR demonstrated the least expression of artifacts, while the 70 kVp protocol without MAR led to the most artifacts.

Conclusions
Protocols with higher kVp combined with MAR improved the image quality of CBCT examinations. However, those factors did not lead to an improvement in the diagnosis of VRF.
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INTRODUCTION
A vertical root fracture (VRF) is defined as an interruption of the dental tissue that extends longitudinally along the root of a tooth [1]. The diagnosis of VRF can often be complex because it presents with nonspecific clinical findings. However, a proper diagnosis is crucial to avoid unnecessary extraction of an otherwise treatable tooth [23].
Imaging examinations are essential for the diagnosis of VRF. Cone-beam computed tomography (CBCT) is particularly useful for this purpose since it eliminates the anatomical overlap present on radiographs, preventing the fracture from being masked by the tooth and adjacent structures, which occurs when the X-ray beam is not parallel to the fracture line [14].
However, despite the several advantages of CBCT, when metallic materials are present in the oral cavity, such as intracanal posts, the diagnosis of VRF becomes complicated due to the formation of artifacts in the image [3]. Artifacts are errors in recording the data that produce distorted images, which do not correspond to the real object and consequently degrade the image quality [5]. Artifacts occur due to the interaction of the X-ray beam with materials of high density and atomic number, and appear as streaks and shadows that arise from the metallic material and overlap with the tooth root; thus, artifacts can make it difficult to visualize a fracture, which can lead to a false-negative result, or even mimic a fracture, which can lead to a false-positive finding [46].
Some features have been tested to minimize or even eliminate the negative impact of artifacts on the detection of VRF. One of them is the metal artifact reduction (MAR) algorithm available in some CBCT units. MAR works by reducing the variability of gray values, increasing the contrast-to-noise ratio, and improving image quality when objectively evaluated [6789]. However, it has not yet been determined that MAR improves the accuracy of VRF diagnoses in clinical settings [91011], suggesting that other methods to improve diagnostic accuracy are needed.
In addition to the MAR tool, increasing the peak kilovoltage (kVp) can also reduce the expression of metal artifacts [12], as has been shown in objective analyses [131415]. However, this evidence obtained through objective assessments does not directly correspond to practical clinical circumstances. Further investigations are needed to understand whether this reduction in metal artifacts is significantly relevant to the diagnosis of VRF. Considering the limited clinical information on the influence of kVp on the reduction of metal artifacts, this study aimed to evaluate the impact of kVp, with or without the MAR tool, on image quality and the diagnosis of VRF in teeth with metallic intracanal posts. The null hypothesis was that kVp and the MAR tool would not influence image quality or the diagnosis of VRF.

MATERIALS AND METHODS
Sample
This study was approved by the local institutional review board (protocol #3268885) and followed the guidelines of the Helsinki Declaration.
Twenty single-rooted human teeth (mandibular canines and premolars) extracted for reasons unrelated to the study were disinfected with 70% alcohol and subjected to scaling and root planning treatment to remove dental calculus and soft tissues. Subsequently, the crowns were sectioned at the cementoenamel junction to eliminate the identification of coronary fractures. The roots were instrumented using the Mtwo NiTi® rotary system (VDW, Munich, Germany). VRFs were induced using a universal testing machine (Instron 4411; Instron Corporation, Canton, MA, USA) in half of the sampled roots (n = 10). For this, each tooth was temporarily placed in an acrylic block with a central opening of 10 mm in diameter. A tapered metal tip was introduced at the entrance of the root canal and, after the fracture occurred, the machine automatically stopped its operation, which produced incomplete fractures (without fragment separation). The absence or presence of fractures was confirmed using transillumination and microscopy.
The samples were divided into 2 groups: without VRF (control; n = 10), and with VRF (n = 10). In the apical third, a gutta-percha cone with the same diameter and taper as the instrumentation (Dentsply Maillefer, Ballaigues, Switzerland) was added so that the canal was filled in its entire length, but without the use of any endodontic cement so that it would not penetrate the fracture line and facilitate its identification. In the middle and cervical thirds, a cast metal post composed of a cobalt-chromium metal alloy was inserted. The adaptation of the post and gutta-percha cone was confirmed using periapical radiographs.

Image acquisition
For image acquisition, each tooth was inserted into the socket of a missing canine in a dry human mandible, which was enlarged with the aid of a cylindrical bur (KG Sorensen, São Paulo, Brazil). The mandible was fully covered by a 10-mm-thick layer of wax to simulate the attenuation of X-rays by the soft tissues of the maxillofacial region. The exams were acquired using a Picasso Trio unit (Vatech, E-WOO Technology Co, Ltd., Yongin, Korea), which has a pulsating beam and adjustable energy parameters. Thus, each tooth was scanned 8 times, changing the kVp between 70, 80, 90, and 99, with or without the MAR tool. The milliamperage (3.8 mA), the size of the field of view (FOV; 5 × 5 cm), the voxel size (0.2 mm), and the scanning mode (high resolution, exposure time = 24 seconds; rotation = 360º; basis images = 720) were fixed in all acquisitions. These acquisition parameters were selected according to the protocol indicated by the device manufacturer for an adult patient using the smallest voxel size. The mandible was positioned in the unit with the occlusal plane parallel to the ground, the mid-sagittal plane perpendicular to the ground, and the FOV centered in the canine region with the aid of the device’s aligning guiding lights. In total, 160 scans were acquired (20 teeth × 4 kVp conditions × 2 MAR conditions).

Image evaluation
The images were evaluated individually by 5 oral and maxillofacial radiologists with more than 5 years of experience in CBCT after a training session, without prior knowledge of the root condition or the scanning/reconstruction protocols, in a dimmed and quiet room. A 15" FullHD monitor (1,920 × 1,080) was used, and the examiners were allowed to adjust the brightness, contrast, and zoom settings during the evaluations. The examiners were instructed on how to perform all evaluations.
1. Diagnosis of VRF
The examiners assessed the presence of VRF based on a 5-point scale—1) definitely absent, 2) probably absent, 3) uncertain, 4) probably present, and 5) definitely present—on the OnDemand3D™ software (CyberMed, Seoul, Korea) using a dynamic evaluation of the volume.

2. Image quality
The image quality was assessed in 2 ways. First, the 5 examiners rated each exam using a 5-point scale—1) very poor, 2) poor, 3) acceptable, 4) good, and 5) excellent—in the same sessions in which they performed the diagnosis of VRF on the OnDemand3D™ software (CyberMed) using a dynamic evaluation of the volume.
In other sessions, the examiners received 20 templates made in PowerPoint (Microsoft Corp., Redmond, WA, USA) without compression of the images, and the templates were evaluated in the same software for subjective assessment of the quantity of artifacts. Each template included 8 corrected axial reconstructions, one of each protocol for the same tooth, arranged in a random order. They were instructed to sort the images in an increasing order according to artifact expression, assigning 1 to the image with the least expression of artifacts, and 8 to the image with the most artifacts. The images used in the templates were standardized to be the axial slice corresponding to a distance of 3 mm from the superior limit of the root of each tooth evaluated and to be perpendicular to the root (Figure 1). Figure 2 shows an example of a template. After 15 days, all evaluations were repeated for 20% of the sample under the same conditions to assess intra-examiner reproducibility.
[image: Figure 1]
Figure 1 Obtaining the axial images used in the qualitative assessment of artifacts in all protocols. (A) Axial orientation line positioned 3 mm from the superior limit of the root and perpendicular to the root in an adjusted coronal reconstruction. (B) Axial reconstruction used in the template.

[image: Figure 2]
Figure 2 Example of the template used in the qualitative evaluation of artifacts. The images correspond to the axial reconstructions of the same tooth (of the group with vertical root fracture) obtained with all the studied protocols. (A) 70 kVp with MAR. (B) 80 kVp without MAR. (C) 99 kVp with MAR. (D) 90 kVp with MAR. (E) 99 kVp without MAR. (F) 80 kVp with MAR. (G) 70 kVp without MAR. (H) 90 kVp without MAR. The arrows indicate the fracture.kVp, peak kilovoltage; MAR, metal artifact reduction.



Statistical analysis
All analyses were performed using SPSS version 23.0 (IBM Corp., Armonk, NY, USA) and GraphPad Prism 6.0 (GraphPad Software, La Jolla, CA, USA), with a significance level of 5%. The power of the analyses was 80%, considering a minimal difference among the groups, the mean and standard deviation, and the number of repetitions per group. The effect size was moderate.
For the diagnosis of VRF, the diagnostic performance (area under the receiver operating characteristic [ROC] curve, sensitivity, and specificity) for each protocol and each examiner were calculated, and the results were compared using 2-way analysis of variance and the Tukey post hoc test to evaluate the influence of kVp, MAR, and the interaction between them on the detection of VRF. The results were expressed as mean and standard deviation values for each protocol.
For the image quality evaluation scores (from 1 to 5), the median, mode, minimum, and maximum were calculated to express the results. The mode values of each protocol were used to compare the protocols using the Friedman test. The mode was chosen because it represented the response of the most examiners.
For the subjective assessment of the quantity of artifacts, when examiners assigned scores from 1 to 8 by comparing the axial images, all examiners’ responses were analyzed descriptively and used to construct a graph to show the sum of responses for each protocol.
To evaluate intra- and inter-examiner reproducibility, the weighted kappa test was used, and the results were analyzed according to Landis and Koch [16].


RESULTS

Table 1 shows the mean values of the area under the ROC curve, sensitivity, and specificity of the VRF diagnosis. Neither kVp nor MAR influenced the diagnosis of VRF (p > 0.05).
Table 1 Mean values (and standard deviation) for the area under the receiver operating characteristic curve (AUC), sensitivity, and specificity for the diagnosis of vertical root fracture

[image: ]	Diagnostic test	kVp	Without MAR	With MAR	p value for kVp	p value for MAR	p value for interaction
	AUC	70	0.634 (0.023)	0.692 (0.132)	0.053	0.856	0.458
	80	0.582 (0.057)	0.537 (0.130)
	90	0.565 (0.081)	0.585 (0.051)
	99	0.658 (0.108)	0.605 (0.074)
	Sensitivity	70	0.340 (0.219)	0.420 (0.164)	0.817	0.367	0.974
	80	0.280 (0.192)	0.375 (0.222)
	90	0.320 (0.192)	0.340 (0.114)
	99	0.380 (0.295)	0.420 (0.179)
	Specificity	70	0.780 (0.249)	0.880 (0.164)	0.936	0.094	0.237
	80	0.880 (0.130)	0.700 (0.216)
	90	0.860 (0.152)	0.740 (0.134)
	99	0.920 (0.179)	0.740 (0.114)

kVp, peak kilovoltage; MAR, metal artifact reduction.



Table 2 shows the median, mode, minimum, and maximum of the scores attributed by the examiners in the evaluation of image quality. In general, increasing the kVp and using MAR improved image scores. The Friedman test showed that scans acquired with 70 kVp without MAR received worse scores than those acquired with MAR regardless of the kVp, and scans of 99 kVp with MAR received higher scores than scans without MAR regardless of the kVp (p < 0.05).
Table 2 Scores assigned in the evaluation of image quality

[image: ]	MAR	kVp	Median	Mode	Minimum	Maximum
	Without	70*
	2	2	1	4
	80	2	2	1	4
	90	3	2	1	4
	99	3	2	1	5
	With	70	3	3	1	5
	80	3	3	1	5
	90	3	4	2	5
	99†
	3	4	2	5

*70 kVp without MAR significantly differed from those protocols with MAR regardless of the kVp.
†99 kVp with MAR significantly differed from those protocols without MAR regardless of the kVp.
1, very poor; 2, poor; 3, acceptable; 4, good; 5, excellent.
kVp, peak kilovoltage; MAR, metal artifact reduction.


In the subjective assessment of the artifact expression, the images obtained from the protocol with 99 kVp were scored as the best (i.e., the fewest artifacts) in most cases; conversely, the protocol with 70 kVp was the worst, especially in the absence of MAR. All protocols obtained with the MAR tool received better scores than those obtained without MAR, regardless of kVp (Figure 3, left). Furthermore, the examiners’ scores showed an increase in the artifact expression with a decrease in kVp in protocols with and without MAR.
[image: Figure 3]
Figure 3 Distribution of the responses of the examiners for artifact expression in all protocols.kVp, peak kilovoltage; MAR, metal artifact reduction.

The weighted kappa test demonstrated that the intra-examiner agreement varied from slight to moderate for the diagnosis of VRF (0.094–0.464) and image quality (0.105–0.521), and from moderate to almost perfect for artifact expression (0.556–0.920). Inter–examiner agreement varied from slight to fair for the diagnosis of VRF (0.067–0.383) and image quality (0.042–0.385), and from moderate to almost perfect for artifact expression (0.549–0.913).

DISCUSSION
The detection of VRF in CBCT images is a challenge in clinical practice and becomes even more complex when the tooth has a high-atomic-number intracanal material, such as a metal post, due to the formation of artifacts [3]. Artifacts degrade the image quality, compromising the VRF diagnosis [14171819]. Thus, the objective of this study was to evaluate the influence of 2 parameters that directly affect the production of artifacts (kVp and the MAR tool) on the VRF diagnosis. Previous studies have already demonstrated the positive effect of these parameters on the reduction of artifacts when objectively assessed. Our hypothesis was that increasing the kVp in combination with the MAR tool could improve the diagnosis of VRF. However, no such effect was observed; therefore, the null hypothesis was accepted.
In fact, there is low scientific evidence regarding the impact of kVp in the diagnosis of VRF. Only 2 studies were found; however, one did not use intracanal metallic posts as a source of artifacts [4], precluding a direct comparison, and the other one used minimal kVp variation (70 and 74 kVp) [19]. Similarly to the present study, the last study found no influence of kVp on the diagnosis of VRF [19]; however, that could have been a result of the small variation in kVp in the protocols, hiding the real effect of kVp on VRF diagnosis. Conversely, in the present study, 4 levels of kVp were used. We expected that the larger difference among kVp levels would lead to different results from those observed in the previous study. Contrary to our expectations, we found that increasing the kVp did not improve the diagnostic accuracy, even with a larger kVp change. Therefore, these results reflect the negative impact of artifacts on VRF diagnosis, masking fracture lines and preventing fractures from being detected, which affects the sensitivity [20], without a positive effect of an increase in kVp.
It would be difficult to recommend a specific level of kVp to be used, since the choice should be based on the characteristics of the patient and CBCT device, as well as on the diagnostic task. Furthermore, kVp levels vary considerably among CBCT devices, ranging from 50 to 120 kVp [21], which also hinders a single recommendation. However, it is important that professionals be aware that increasing the kVp level up to 99 kVp did not improve the diagnostic accuracy of VRF.
It was observed that at all kVp levels, the specificity was higher than the sensitivity; therefore, we infer that the examiners assumed that most cases were free of VRF when the evaluation was complicated by the presence of artifacts. This result is significant because the reduction of false-positive results can prevent unnecessary extractions [22]. Another factor to be considered is the fracture configuration, which had no fragment separation [18232425].
The MAR tool was included in this study since it is an alternative method to reduce the expression of artifacts without increasing the radiation dose for the patient, as well as offering positive results for objective image quality [68926]. In the present study, the subjective assessment of artifact expression showed better results for the images obtained with the MAR tool than for those obtained without MAR. This indicates that the improvement in image quality found in studies that used objective analyses [813] was also observed subjectively. The graph showed a more significant influence of MAR than kVp on the scores assigned by the examiners.
However, this improvement seems to have had little or no influence on the VRF diagnosis, as observed in this and previous studies [1627]. Bechara et al. [10] and Bezerra et al. [9] observed a negative impact of the MAR algorithm, once the accuracy and sensitivity decreased with the use of the algorithm. In contrast, Freitas et al. [4] observed an increase in specificity when using MAR; this difference can be attributed to the source of the artifacts studied being an implant close to the tooth instead of being caused by a filling material in the evaluated tooth.
The number of roots was based on previous studies with similar methodology [491118], as it was considered sufficient to reach the diagnostic values. It is important to point out that in studies with this design, the most important factor is the number of examiners, since the dependent variables for the diagnosis of FRV are the diagnostic values (area under the ROC curve, sensitivity, and specificity) of each examiner, and not the number of roots. Furthermore, in the subjective analysis, the dependent variables were the scores attributed to each image by each examiner regarding the quality and expression of artifacts, totaling 100 responses for each protocol.

Ex vivo studies have the limitation of not considering all maxillofacial structures that influence the gray values on CBCT [9]. In addition, ex vivo studies do not allow the correlation of fractures with clinical findings, which can support the diagnosis [1]. However, an in vivo study would be impractical, as it would be unethical to acquire multiple CBCT examinations from the same patient. In this way, we simulated X-ray attenuation by soft tissues using utility wax covering the entire mandible, enabling images comparable to real scans. It should also be considered that only 1 CBCT device and 1 root filling material were used, which prohibits generalization of the results. The device was chosen because it allowed variation of the kVp level and MAR activation, independently of the other CBCT parameters. However, considering the variety of available CBCT devices and filling materials, further studies should be conducted.
The low intra- and inter-examiner agreement rates also deserve attention, as they could indicate doubts about the consistency of the evaluations and be considered as a limitation. However, these rates tend to be low in fracture studies, especially in the presence of metallic materials on CBCT [141718], and our findings were similar to those previously reported. In the subjective evaluation of artifacts, the reproducibility was better because it did not include a diagnosis, but rather the examiners’ opinion; this result showed that the examiners were consistent and well-trained.
Even though the diagnosis of VRF on CBCT is challenging, the American Association of Endodontics/ American Academy of Oral and Maxillofacial Radiology and European Society of Endodontology recommend CBCT examinations in cases of suspected VRF if a clinical examination and 2-dimensional radiography are inconclusive [2829]. Since the kVp influences the radiation dose to the patient and its increase did not improve the diagnosis of VRF, increasing the kVp is not supported. Regarding MAR, although it has not shown clinical relevance for this diagnostic task, it made the images more subjectively acceptable without changing the radiation dose. Considering that the activation of MAR increases the examination reconstruction time but does not change the radiation dose, it can be used according to the professional’s preference.

CONCLUSIONS
Protocols with higher kVp combined with MAR improved the image quality in CBCT scans when subjectively analyzed. However, these factors did not improve the diagnosis of VRF. Professionals should be aware of these factors when selecting a CBCT protocol.
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