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Abstract: Clinical magnetic resonance imaging (MRI) aims for the highest possible image quality,
while balancing the need for acceptable examination time, reasonable signal-to-noise ratio (SNR),
and lowest artifact burden. With a recently introduced imaging acceleration technique, compressed
sensing, the acquisition speed and image quality of pediatric brain tumor exams can be improved.
However, little attention has been paid to its impact on method-related artifacts in pediatric brain MRI.
This study assessed the overall artifact burden and artifact appearances in a standardized pediatric
brain tumor MRI by comparing conventional parallel imaging acceleration with compressed sensing.
This showed that compressed sensing resulted in fewer physiological artifacts in the FLAIR sequence,
and a reduction in technical artifacts in the 3D T1 TFE sequences. Only a slight difference was
noted in the T2 TSE sequence. A relatively new range of artifacts, which are likely technique-related,
was noted in the 3D T1 TFE sequences. In conclusion, by equipping a basic pediatric brain tumor
protocol for 3T MRI with compressed sensing, the overall burden of common artifacts can be reduced.
However, attention should be paid to novel compressed-sensing-specific artifacts.

Keywords: compressed SENSE; acceleration technique; image quality; brain neoplasms; children

1. Introduction

Magnetic resonance imaging (MRI) is considered the gold standard for neuro-oncologic
brain imaging [1,2]. Recent technical advances in imaging acceleration have shown clear
clinical benefits in a reduction of scan times and improvement of image quality [3–5]. In
children, shorter examination times are particularly desired to keep sedation duration at a
minimum, to minimize the exposure time to radiofrequency-induced energy deposition,
and to ensure maximum patient compliance [6–9].

In this context, different imaging strategies have been integrated into various pe-
diatric imaging schemes over the last several years, demonstrating promising results in
children [10–13]. A common approach is the use of compressed sensing (CS) as an imaging
acceleration technique based on variable density sampling, sparsifying transformation, and
iterative reconstruction [14]. Since CS was made available for clinical use, little attention
has been paid to its effects on common image artifacts so far [15], which are known to have
a high impact on image quality and diagnostic confidence.

In the process of equipping our brain tumor protocol with compressed sensing, and
assessing image quality during and after implementation, we found that there was a
noticeable change in the artifact burden and appearance. Recognition of artifacts related to
compressed sensing seemed important in order to avoid misinterpretation.

J. Clin. Med. 2023, 12, 5732. https://doi.org/10.3390/jcm12175732 https://www.mdpi.com/journal/jcm1
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This study aimed to assess the overall artifact burden and artifact appearances in
a standardized pediatric brain tumor MRI by comparing conventional parallel imaging
acceleration with CS.

2. Materials and Methods

Study population: All children with brain tumors who underwent a brain MRI exami-
nation with compressed sensing at our institution between October and December 2019
and who had undergone at least one previous examination using the standard protocol
without compressed sensing were retrospectively identified. Of 60 patients, 38 were ex-
cluded as one of their two protocols had been modified regarding the number of acquired
sequences and overall length of the protocol beyond purely introducing CS. The study co-
hort included 22 patients, aged 2.3–18.8 years at the time of their CS MRI examination [13].
All children had been diagnosed with varying brain tumor entities (mainly astrocytoma,
medulloblastoma, and ependymoma) and had undergone different therapeutic pathways at
the time of imaging (surgery, radiation therapy, chemotherapy, or multimodality therapy).
Five patients below the age of five years were examined under general anesthesia. For
details regarding patient data see Supplementary Materials [13].

MRI Protocol: MRI examinations were performed on a 3.0 Tesla whole-body clinical
MRI system (Ingenia, software release R5.6, Philips, Best, The Netherlands). A standard
32-channel receiver head coil (Philips) was used. Ear plugs and noise canceling headphones
were given to all patients. Foam pads were used to minimize head motion. Some children
preferred to listen to music or watch a movie during their examination. All unsedated
patients were instructed to keep still during examinations to avoid movement artifacts.

The pediatric brain tumor MR protocol included both unenhanced and contrast en-
hanced 3D T1-weighted turbo-field-echo (TFE) sequences with similar technical parameters
acquired in the sagittal plane with reconstructions in the axial and coronal planes; an
axial fluid-attenuated inversion recovery (FLAIR) sequence; and an axial T2-weighted
turbo-spin-echo (TSE) sequence [13,16]. Gadolinium was used as an intravenous contrast
agent with a dosage of 0.2 mL Gadoteric Acid (DotagrafR, Jenapharm, Germany)/kg body
weight, and enhanced 3D T1 TFE sequences were obtained 3 min after contrast injection.

Sensitivity encoding (SENSE) was applied for conventional parallel imaging accelera-
tion and was combined with the CS principle for ‘Compressed SENSE’ acceleration, the
latter employing L1 regularization after wavelet sparsifying transformation and iterative
reconstruction. Both acceleration techniques (SENSE and CS) were implemented in the
vendor software. Imaging parameters for adaptation of the basic MRI brain tumor protocol
to compressed sensing were optimized according to visual observation to ensure best
diagnostic image quality, the comparative results of which were published elsewhere [13].
Key imaging parameters are given in Table 1 [13].

Table 1. Comparison of sequence data for the SENSE and compressed sensing (CS) pediatric brain
tumor protocols.

3D T1 TFE T2 TSE FLAIR

SENSE CS SENSE CS SENSE CS

Scan time (min:sec) 03:38 03:00 03:36 02:07 03:51 02:38
Acceleration SENSE 1.2 × 2.2 3.3 - 1.3 SENSE 1.8 × 1.3 4.5
TR/TE (ms) 8.3/3.8 8.6/4.0 3000/80 3954/80 11,000/125 4800/396

TI delay (ms) 956.8 989.9 - - 2800 1650
SNRa (arbitrary) 167.0 145.7 155.3 189.3 205.3 222.3

FOV (mm3) 240 × 240 × 175 240 × 240 × 175 230 × 182 × 152 230 × 182 × 152 230 × 183 × 138 230 × 179 × 152
Voxel size [ACQ] (mm3) 1.0 × 1.0 × 1.0 0.85 × 0.85 × 0.85 0.55 × 0.65 × 3.0 0.55 × 0.65 × 3.0 0.65 × 0.87 × 3.0 0.75 × 0.75 × 3.3
Voxel size [REC] (mm3) 0.9 × 0.9 × 1.0 0.43 × 0.43 × 0.43 0.4 × 0.4 × 3.0 0.4 × 0.4 × 3.0 0.34 × 0.34 × 3.0 0.34 × 0.34 × 3.3

SENSE sensitivity encoding, CS compressed sensing sensitivity encoding, 3D three-dimensional, TFE turbo
field echo, TSE turbo spin echo, FLAIR fluid-attenuated inversion recovery, TR repetition time, TE echo time,
TI inversion time, SNR signal-to-noise ratio, FOV field of view, ACQ voxel acquisition voxel size, REC voxel
reconstruction voxel size. SNRa (in arbitrary units) measurements were conducted in a standard phantom with
separate noise maps (for details, see text).
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Image analysis: Two pediatric radiologists, with 16 years (JH) and 13 years (MG)
of experience, evaluated artifact burden and strength of artifacts during a consensus
reading. Readers were blinded for clinical information and technical parameters. In total,
176 sequences were viewed in random order via Centricity PACS Universal Viewer (GE
Web Client Version 6.0, Chicago, IL, USA).

Image artifacts were categorized as either physiology-related (motion, ringing, CSF
flow, pulsation/ghosting), physics-related (chemical shift, susceptibility effects), or technique-
related [17–19]. The latter included acceleration technique (e.g., compressed sensing)-
specific artifacts that have been described in the literature [15].

Detailed description of artifact types is given in Supplementary Table S2 [15,17,18,20].
Using a 3-point scale, artifacts were rated according to their strength. The scale incorpo-
rated information regarding the amount of regional extension and diagnostic disturbance
(0 points, no artifacts; 1 point, light artifacts with most underlying or adjacent structures vis-
ible, small or focal appearance, only slight diagnostic impairment; 2 points, strong artifacts,
underlying or adjacent structures not clearly visible, extensive or multifocal appearance,
substantial impairment of diagnostic assessment). For each of the four sequences and for
both acceleration protocols (SENSE vs. CS), artifact frequency and artifact strength were
determined. For each artifact type, the artifact frequency and the mean artifact strength
were calculated. To assure comparable quantitative image quality between both protocols,
separate phantom data-based noise maps were acquired for each of the sequences [21],
with comparable measured signal-to-noise-ratio (SNR) values.

Statistical Analysis: Statistical analyses were computed with Excel (Version 16.44,
2020, Microsoft Corporation, Redmond, WA, USA), using a paired Wilcoxon test for nu-
meric variables of artifact strength and summarized artifact strength scores to compare
corresponding data sets of each of the sequences for both protocols under the assumption
that there was no statistical difference (H0) [11–13,22]. A p-value < 0.05 was considered
statistically significant. Data of scores are given as categorical values with n = absolute
number of affected scans of all 22 patients including percentage, artifact strength scores
given as sum of absolute values with mean ± 1 standard deviation, and summarized
artifact strength scores given as mean value ± 1 standard deviation.

3. Results

In total, an overall reduction in artifact burden was noted for the compressed sensing
(CS) protocol, with the four sequences benefiting to different extents with respect to the
various artifacts. Results are summarized in Tables 2–5.

A significant decrease in disruptive artifacts was noted for CS 3D T1 TFE pre-contrast
(overall p < 0.001) and post-contrast (overall p < 0.001) images, which is mainly attributable
to a reduction in physiological and technical artifacts over the basal ganglia and the cortex.
Ghosting and pulsation artifacts of vascular structures were eliminated (p = 0.002 for pre-
contrast, p < 0.001 for post-contrast 3D T1 TFE; see Figure 1), followed by a reduction in
grid-like reconstruction artifacts (p = 0.008 and p = 0.029, respectively; see Figure 2).

In addition, CS-specific artifacts were noted in both unenhanced and enhanced CS 3D
T1 TFE sequences. A “Wavy-lines” artifact occurred in two examinations in CS 3D T1 TFE
post-contrast with a broad, wavy pattern of distortion in the horizontal direction over the
rostral frontal lobes (Figure 3). Similar but considerably smaller artifacts were seen next to
typical susceptibility artifacts caused by a shunt device.

The “Starry-sky” artifact occurred in all of the unenhanced CS 3D T1 TFE sequences,
but only occasionally in the enhanced equivalents. It presented as dotted salt-and-pepper-
like noise, mainly at the center of the k-space, but with no preference for specific tissue
types or anatomical structures (Figure 4).
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Table 2. Evaluation of artifact occurrence and strength in 3D T1 TFE.

Artifact
Category

Type of Artifact

SENSE Compressed Sensing (CS) p

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Physiology-
related

Motion 2 (9%) 2 (0.09 ± 0.29) 0 0 0.180
Ringing 11 (50%) 14 (0.64 ± 0.73) 10 (45%) 10 (0.45 ± 0.61) 0.010

CSF flow 0 0 0 0 0
Pulsation/ghosting 12 (55%) 15 (0.68 ± 0.72) 0 0 0.002

Physics-related Chemical shift 22 (100%) 30 (1.36 ± 0.49) 22 (100%) 36 (1.64 ± 0.49) 0.030
Susceptibility effects 21 (95%) 35 (1.59 ± 0.59) 21 (95%) 34 (1.55 ± 0.60) 0.285

Technique-
related

Straight bands 10 (45%) 10 (0.45 ± 0.51) 1 (5%) 1 (0.05 ± 0.21) 0.008
Starry sky 0 0 22 (100%) 33 (1.50 ± 0.51)
Wax layer 0 0 1 (5%) 1 (0.05 ± 0.21)
Wavy lines 0 0 1 (5%) 1 (0.05 ± 0.21)

Overall 4.82 ± 1.50 3.68 ± 1.04 * <0.001

SENSE sensitivity encoding, CS compressed sensing sensitivity encoding, 3D three-dimensional, TFE turbo field
echo, CSF cerebro-spinal fluid. Scans affected are given as absolute number of scans (n) and percentage of scans.
Artifact strength given as numeric score summarizing all 22 scans with mean ± SD (artifact strength 0–2 points
per scan; maximum artifact strength sum score per sequence and artifact 44 points; see Table S2). The mean overall
score summarizes the artifact burden from all artifact types’ strength scores with values given as mean ± SD.
* The CS-specific artifacts are not included in the mean overall score as they did not occur in the SENSE protocol.

Table 3. Evaluation of artifact occurrence and strength in 3D T1 TFE post-contrast.

Artifact
Category

Type of Artifact

SENSE Compressed Sensing (CS) p

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Physiology-
related

Motion 4 (18%) 6 (0.27 ± 0.63) 1 (5%) 1 (0.05 ± 0.21) 0.066
Ringing 14 (64%) 19 (0.64 ± 0.73) 11 (55%) 14 (0.45 ± 0.51) 0.060

CSF flow 0 0 1 (5%) 2 (0.09 ± 0.43) 0.317
Pulsation/ghosting 17 (77%) 23 (1.05 ± 0.72) 0 0 <0.001

Physics-related Chemical shift 22 (100%) 31 (1.41 ± 0.50) 22 (100%) 31 (1.41 ± 0.50) 0.354
Susceptibility effects 21 (95%) 37 (1.68 ± 0.57) 21 (95%) 35 (1.59 ± 0.59) 0.180

Technique-
related

Straight bands 9 (41%) 10 (0.45 ± 0.60) 2 (9%) 2 (0.09 ± 0.29) 0.029
Starry sky 0 0 12 (55%) 14 (0.45 ± 0.51)
Wax layer 0 0 11 (50%) 11 (0.50 ± 0.51)
Wavy lines 0 0 2 (9%) 2 (0.09 ± 0.43)

Overall 5.73 ± 1.72 3.86 ± 1.21 * <0.001

SENSE sensitivity encoding, CS compressed sensing sensitivity encoding, 3D three-dimensional, TFE turbo field
echo, CSF cerebro-spinal fluid. Scans affected are given as absolute number of scans (n) and percentage of scans.
Artifact strength given as numeric score summarizing all 22 scans with mean ± SD (artifact strength 0–2 points
per scan; maximum artifact strength sum score per sequence and artifact 44 points; see Table S2). The mean overall
score summarizes the artifact burden from all artifact types’ strength scores with values given as mean ± SD.
* The CS-specific artifacts are not included in the mean overall score as they did not occur in the SENSE protocol.

Table 4. Evaluation of artifact occurrence and strength in T2 TSE.

Artifact
Category

Type of Artifact

SENSE Compressed Sensing (CS) p

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Physiology-
related

Motion 3 (14%) 4 (0.18 ± 0.50) 3 (14%) 3 (0.14 ± 0.35) 0.423
Ringing 9 (41%) 12 (0.55 ± 0.74) 10 (45%) 12 (0.55 ± 0.67) 0.192

CSF flow 22 (100%) 38 (1.73 ± 0.46) 22 (100%) 41 (1.86 ± 0.35) 0.080
Pulsation/ghosting 17 (77% 22 (1.00 ± 0.69) 20 (91%) 26 (1.18 ± 0.59) 0.041
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Table 4. Cont.

Artifact
Category

Type of Artifact

SENSE Compressed Sensing (CS) p

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Physics-related Chemical shift 1 (5%) 1 (0.05 ± 0.21) 1 (5%) 1 (0.05 ± 0.21) 0
Susceptibility effects 19 (86%) 23 (1.05 ± 0.58) 19 (86%) 23 (1.05 ± 0.58) 0

Technique-
related Straight bands 0 0 0 0

Starry sky 0 0 0 0
Wax layer 0 0 0 0
Wavy lines 0 0 0 0

Overall 4.55 ± 1.53 4.82 ± 1.10 * 0.018

SENSE sensitivity encoding, CS compressed sensing sensitivity encoding, 3D three-dimensional, TFE turbo field
echo, CSF cerebro-spinal fluid. Scans affected are given as absolute number of scans (n) and percentage of scans.
Artifact strength given as numeric score summarizing all 22 scans with mean ± SD (artifact strength 0–2 points
per scan; maximum artifact strength sum score per sequence and artifact 44 points; see Table S2). The mean overall
score summarizes the artifact burden from all artifact types’ strength scores with values given as mean ± SD.
* The CS-specific artifacts are not included in the mean overall score as they did not occur in the SENSE protocol.

Table 5. Evaluation of artifact occurrence and strength in FLAIR.

Artifact
Category

Type of Artifact

SENSE Compressed Sensing (CS) p

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Scans
Affected

n (%)

Artifact Strength
Sum Score

(Mean ± SD)

Physiology-
related

Motion 10 (45%) 11 (0.50 ± 0.60) 0 0 0.005
Ringing 21 (95%) 24 (1.09 ± 0.43) 6 (27%) 6 (0.27 ± 0.46) <0.001

CSF flow 22 (100%) 43 (1.95 ± 0.21) 8 (36%) 8 (0.36 ± 0.49) <0.001
Pulsation/ghosting 18 (82%) 30 (1.36 ± 0.79) 0 0 <0.001

Physics-related Chemical shift 6 (27%) (0.27 ± 0.46) 0 0 0.028
Susceptibility effects 19 (86%) 20 (0.91 ± 0.43) 19 (86%) 23 (1.05 ± 0.58) 0.109

Technique-
related Straight bands 0 0 0 0

Starry sky 0 0 0 0
Wax layer 0 0 0 0
Wavy lines 0 0 0 0

Overall 6.09 ± 1.72 1.68 ± 0.72 * <0.001

SENSE sensitivity encoding, CS compressed sensing sensitivity encoding, 3D three-dimensional, TFE turbo field
echo, CSF cerebro-spinal fluid. Scans affected are given as absolute number of scans (n) and percentage of scans.
Artifact strength given as numeric score summarizing all 22 scans with mean ± SD (artifact strength 0–2 points
per scan; maximum artifact strength sum score per sequence and artifact 44 points; see Table S2). The mean overall
score summarizes the artifact burden from all artifact types’ strength scores with values given as mean ± SD.
* The CS-specific artifacts are not included in the mean overall score as they did not occur in the SENSE protocol.

Figure 1. Cont.
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Figure 1. Enhanced 3D T1 TFE images of a 12-year-old male patient with non-germinomatous germ
cell tumor (not shown). Pulsation artifact of anterior cerebral artery in phase-encoding direction
noted in SENSE 3D T1 TFE ((a), arrow); not seen in follow-up imaging with CS 3D T1 TFE (b).

Figure 2. Enhanced 3D T1 TFE images of an 18-year-old male patient with ganglioglioma (not
shown). Reconstruction artifact with thin oblique geometrical streaks is seen in SENSE 3D T1 TFE
((a), post-surgery); not present in CS 3D T1 TFE (b). White box indicates magnification.

Figure 3. Cont.
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Figure 3. Enhanced 3D T1 TFE images of a 13-year-old female patient with astrocytoma (not shown).
“Wavy-lines” artifact with prominent wavy signal distortion over frontal lobes in CS 3D T1 TFE (b)
was not seen in SENSE 3D T1 TFE (a) study prior.

 

Figure 4. Unenhanced 3D T1 TFE images of a 6-year-old male patient with astrocytoma (not shown).
“Starry-sky” artifact presenting as subtle salt-and-pepper-like noisiness in central structures of the
acquired volume in CS (b); not present in previous SENSE imaging (a). White circle indicates artifact.

The “Wax-layer” artifact presented as patchy inhomogeneous blurring of brain struc-
ture mainly in post-contrast CS 3D T1 TFE (Figure 5).

The CS FLAIR benefited mostly from a reduction in physiological artifacts (overall
p < 0.001), namely, an improved suppression of cerebro-spinal fluid flow artifacts (p < 0.001)
and elimination of the dependent ghosting artifacts (p < 0.001; see Figure 6). CS FLAIR
was the only sequence to demonstrate a significant decrease in motion artifacts (p = 0.005)
caused by head or eye movement. However, CS FLAIR images were deemed slightly
noisier than standard images on visual inspection.

The CS T2 TSE, on the other hand, showed less subjective noising, but the remainder
of the artifacts, including CSF-related phenomena, were deemed comparable.

Ringing or truncation artifacts occurred in SENSE and CS 3D T1 TFE and T2 TSE. In
CS 3D T1 TFE, ringing became less intense (p = 0.010), while it remained comparable in
T2 TSE.

No significant differences were noticed for susceptibility effects and chemical shift
artifacts between the two groups.
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Figure 5. Enhanced 3D T1 TFE images of a 12-year-old male patient with non-germinomatous germ
cell tumor (not shown). Wax-layer artifact presenting as patchy to blurred signal inhomogeneity in
the pons and cerebellum in CS (b); not present in previous SENSE study (a).

Figure 6. FLAIR images of a 5-year-old male patient with astrocytoma (post-resection). Bright
CSF-flow-related enhancement (FRE, arrowheads) in fourth ventricle and prepontine cisterns is seen
in SENSE FLAIR (a), not present in CS FLAIR (b). As a consequence, the CSF-dependent ghosting
artifacts (arrow) did not occur.
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4. Discussion

Our study on pediatric brain tumor MR imaging showed that overall artifact bur-
den can be reduced using CS acceleration in comparison to standard parallel imaging
acceleration. To the best of our knowledge, the effects of compressed sensing on artifact
types and artifact load have not been systematically studied in pediatric brain tumor MR
imaging before.

While a number of other studies have described challenges and potential artifacts
arising from neuroimaging with 3 Tesla MRI and implementation of compressed sensing
and/or SENSE [11,15,23,24], the potential effect of acceleration techniques on artifact
appearance in pediatric MR imaging protocols has only been investigated to a limited
extent and mainly with regards to abdominal imaging [9,25].

MR brain tumor imaging relies on the best possible image quality in order to maximize
diagnostic confidence, but pediatric neuroimaging is often challenging in patients with
small body volumes. Acceleration techniques that maintain or even improve image quality
are therefore highly desired [14]. Also, pathologic findings often are of millimeter size
and can be found in areas which are frequently altered by artifacts, e.g., in periventricular
localization, adjacent to surgical sites, or next to surgical material and shunt devices [26,27].
Thus, the appearance of artifacts in these particular areas has the potential to affect diag-
nostic confidence.

Some neuro-oncologic patients might show limited compliance due to their altered
state of consciousness, or physical impairment caused by the primary disease or treatment,
resulting in motion artifacts, as patients are not able to keep their head still for a long period
of time. The same problem is seen in young children, who often are anxious or bored during
an MR examination, and in sedated children who present with uncontrolled movement
of head or limbs. This challenge in oncologic and pediatric MR imaging can be addressed
by the choice of movement-robust sequences and a reduction of scan time; however, these
effects might be observed best in examination protocols with longer duration. In our study,
a significant reduction in motion artifacts was seen in the CS FLAIR sequence, which was
shortened most significantly by compressed sensing implementation [13].

Especially younger pediatric patients often demonstrate pronounced CSF flow artifacts.
Their CSF circulation can differ from that of adult patients as it is affected by physiological
parameters such as respiratory rate, arterial pulsation, and blood pressure [28,29]. Ghosting
of these artifacts, as frequently seen in the posterior fossa, heavily disguises the detectability
of local pathologic findings. In children, pathologic findings in the posterior fossa also occur
often due to the statistically high likelihood of pediatric primary CNS tumors originating
around the fourth ventricle.

With adequate suppression of the CSF signal by reduced TR and TI, such ghosting
artifacts and signal loss [17] that occurred at basal cisterns, the third ventricle, and the
foramen of Monro were dramatically reduced in the CS FLAIR sequence, whereas there
was no apparent difference in T2 sequences under comparable parameter settings.

Interestingly, in 3D T1 gradient echo sequences, ghosting artifacts not related to CSF
flow but to pulsation of the arteries of the circle of Willis were also eliminated in the CS
protocol. This can be explained by the incoherent sampling pattern used in compressed
sensing instead of the regular periodic undersampling in conventional SENSE [4,30,31].
The decrease in reconstruction artifacts in CS 3D T1 TFE sequences might be caused by
the CS-specific L1 reconstruction algorithm in combination with the incoherent sampling
pattern, which is designed to minimize disruptive signals.

A higher spatial resolution in CS 3D T1 TFE also contributed to a reduction in ringing
artifacts that occurred at anatomical borders where signal intensity changed abruptly. The
significant decrease in ringing artifacts in CS FLAIR may be due to better fat suppression.

The technical foundation of the CS 3D T1 TFE sequence serves as a potential expla-
nation for CS-specific artifacts as well. Again, the mathematical random varying density
undersampling scheme in CS could explain the frequently occurring “Starry-sky” artifact,
as the center of the k-space might be too sparsely represented, resulting in too few coeffi-
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cients during the mathematical iterative image reconstruction process [30,32]. Its strength
of occurrence showed no correlation with the field of view or head volume, as it was ob-
served in examinations of all patients with different body sizes. Although the “Starry-sky”
artifact was found to be only slightly disruptive and therefore not deemed diagnostically
impactful, further careful adjustment of the CS factor in accordance with the SNR might
help to reduce the strength of this artifact. A potential cause of the wax-layer artifact could
be a strong denoising level, where large sparsity in general is assumed in the algorithm.
Still, as the CS denoising settings remained unchanged for all patients over the period of
the study, and the artifact appeared only sporadically within our population, subtle patient
motion could also have caused this particular artifact, as it typically creates blurring or
smearing in compressed sensing imaging. The “Wavy-lines” artifact’s close anatomical
relation to the air-filled paranasal sinuses and shunt devices indicates a correlation with
larger gradients between different types of tissue, contributing to field inhomogeneity.
Although Sartoretti et al. described a strong correlation between a similar streaky linear
artifact and having a smaller reconstruction voxel size than acquisition voxel size [15],
the “Wavy-lines” artifact does not appear to be caused by this, as voxel sizes remained
comparable during our study.

The balance between image quality and noise depends on coil sensitivity and the
acceleration factor [32–34]. With regards to subjective noisiness, it aims for the most bene-
ficial compromise during the compressed sensing implementation process, with the aim
of optimizing general image quality and examination time for overall protocol improve-
ment [13]. As quantitative noise evaluation did not show significant differences between
the two protocols but the subjective noisiness of T2 TSE and FLAIR sequences differed,
there is still space for further adjustment of the denoising factor, acceleration factor, and TR.

There were limitations to our study that need to be outlined. The small study cohort
with n = 22 patients might not cover the full extent of potential artifacts in brain MRI. Total
blinding of protocols was not possible due to the distinct image impression of conventional
parallel imaging and CS usage, which could easily be identified by an experienced reader.
Additional adjustments of the CS FLAIR sequence parameters regarding CSF suppression
might disguise the effects of CS on CSF artifact appearance; however, these amendments
were deemed necessary in the context of compressed sensing implementation in order to
achieve superior image quality [13]. Prior to the study, an optimization of sequences was
conducted during a pilot phase based on the previous experience of other centers and the
recent literature [3,5,9,12,22,35–39].

5. Conclusions

In conclusion, CS contributes to a reduction in overall artifact burden and even the
elimination of certain physiology-related artifacts in dedicated pediatric brain tumor MRI.
However, to a lesser extent, the introduction of CS can also add new artifacts. Readers
not familiar with CS therefore need to become accustomed to CS-specific artifacts to avoid
pitfalls in interpretation. The artifact burden observed while utilizing iterative reconstruc-
tion algorithms should be monitored and regularly addressed during the optimization
process. Future studies are needed to further investigate the artifact impact on diagnostic
performance.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm12175732/s1, Table S1: Patient demographics; Table S2: Description of
artifacts assessed in this study.
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Abstract: Autotransplantation of a mature tooth usually leads to pulpal necrosis. Root canal treatment
is recommended to prevent related inflammatory complications a few weeks after surgery. Extraoral
root-end resection may facilitate reperfusion and obviate root canal treatment, but cannot be pictured
with conventional dental radiography at this point in time. In the case of a lower mature transplanted
molar, contrast-enhanced magnetic resonance imaging proved to be a feasible method for visualizing
pulp revascularization just 4 weeks after autotransplantation. Consequently, root canal treatment
was obviated. Nevertheless, the tooth had to be extracted 18 months postoperatively due to external
cervical root resorption, probably caused by the extraction trauma. This allowed the histological
processing and examination of the newly generated intracanal tissue. Uninflamed fibrovascular
connective tissue was found, while odontoblasts or cementoblast-like cells were absent. These
findings indicated that it was most likely stem cells from the bone marrow and the periodontal
ligament that drove the regeneration.

Keywords: autotransplantation; magnetic resonance imaging; cone-beam computed tomography;
histopathology

1. Introduction

Tooth autotransplantation (AT) is defined as repositioning of a tooth or tooth germ
in the same patient’s mouth. It has been an accepted method since the 1980s. Success is
defined by two main aspects: Periodontal and endodontic healing of the transplant at the
recipient site.

A prerequisite for periodontal healing is a gentle surgical technique. Especially, dam-
age of the root cementum has to be avoided. Thorough preoperative planning and the
application of surgical templates have proven to be beneficial [1]. Endodontic healing
after AT is defined as an ingrowth of new tissue through the apical foramen into the pulp
canal and pulp chamber of the transplant (pulp revascularization, PRV). PRV in immature
transplanted teeth with a developing root is common and is probably facilitated by the
large diameter of the apical foramen and the high number of apical stem cells [2,3]. A
small diameter of 0.2–0.4 mm however, as found in the apical constrictions of mature
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premolars, reduces the chances of PRV to almost zero [4]. As a failed PRV is mostly com-
bined with endodontic infection, rapid external infection-related root resorption can follow.
Consequently, in mature teeth root canal treatment is recommended within 7–14 days after
AT [5,6].

Assessment and evidence of successful PRV is therefore a critical issue for further
treatment of autotransplanted teeth. Two aspects have to be considered: First, successful
PRV should not be disturbed by an unnecessary endodontic intervention and second, root
resorption has to be avoided in cases of failed PRV. Traditionally, PRV is assessed indirectly.
First by ruling out necrosis (i.e., lack of signs indicating infection related root resorption)
and later by pulp canal obliteration (PCO) on intraoral radiographs and/or clinically by
the regained sensitivity of the tooth.

A more recent approach aims to show PRV directly via magnetic resonance imaging
(MRI) with or without the use of a contrast agent [7–10]. In mature teeth, with a high risk of
pulp necrosis, this verification may obviate the need for prophylactic root canal treatment
several weeks after surgery.

Several case reports [11,12] and recent studies [13,14] indicated that extra-oral root
end resection (EORER) might promote PRV in autotransplanted teeth and thus prevent
endodontic complications. We hereby report for the first time on histological findings that
might help to understand the biological process underlying the PRV of autotransplanted
apically resected mature teeth (ATMT-EORER). Contrast-enhanced MRI was applied for
non-invasive success control.

2. Report

The PRICE reporting guidelines were followed in the preparation of this report [15].
A 28-year-old male white patient was referred by his orthodontist with pericoronitis

at the partially impacted lower right third molar. Removal of tooth 48 (FDI (World Dental
Federation)) and orthodontic therapy to resolve crowding was intended. In his past medical
history, he had lost the left lower first molar three years prior to admission due to apical
periodontitis. Due to aplasia of tooth 45, the deciduous tooth 85 was still present but
its roots were severely resorbed (Figure 1). In the course of the treatment planning, the
decision was made to transplant the partially impacted tooth 48 in the position of the
missing second premolar as an alternative to implant placement.

 

Figure 1. Initial panoramic radiograph; * Signs for pericoronitis tooth 48 as indication for tooth
removal; # Deciduous tooth 85 with heavy restoration and severely resorbed roots and a poor
long-term prognosis.
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The patient was in good general health but was a smoker. He gave informed consent to
autotransplantation, knowing that prognosis was reduced due to the mature multi-rooted
donor tooth.

In the preoperative analysis, a CBCT (Cone beam computed tomography) scan was
obtained using Planmeca ProMax 3D Max (Planmeca OY, Helsinki, Finland), with a voxel
size of 0.2 mm and standard settings to confirm the integrity of the donor tooth and
adequate dimensions of the recipient site. CBCT data were then segmented using the
coDiagnostiXTM software (Version 9.0, Dental Wings GmbH, Chemnitz, Germany) to create
a virtual 3D replica of the tooth transplant. This model was 3D printed to serve as a
reference for recipient-site preparation (Figure 2).

 

Figure 2. (A,B) Segmentation of the tooth transplant (blue) (C) segmented donor (blue) and planned
transplant after EORER (pink) (D,E) Planned transplant at the recipient site (pink).

The surgery was performed under local anesthesia (Ultracain Dental Forte 1:100,000;
Sanofi-Aventis GmbH, Vienna, Austria). Tooth 85 was removed and a local mucoperiosteal
flap was raised at the recipient site. The recipient socket was prepared using an implant
drill kit (Frialit II, Dentsply Sirona Austria GmbH, Vienna, Austria). Sufficient enlargement
was verified using the printed graft replica. (Figure 3A) Thereafter, pericoronal osteotomy
was performed (Figure 3C) and tooth 48 was extracted as gently as possible. Care was
taken not to damage the root cement, but because of the impaction elevators had to be used
as well. The root tip was resected (EORER, Figure 3C) with 40,000 rpm under water cooling
with a diamond disc. As a result, the apical opening increased to >1 mm. (Figure 3D) There
was no additional extracorporeal treatment of either pulp or cementum. Subsequently, the
graft was gently inserted into its new socket. (Figures 3E and 4) After insertion, the flap
was closed and the transplant was fixed in the socket using sutures (Figure 3F).

 

Figure 3. Autotransplantation (A) Tooth replica fitted in the prepared new socket (B) Osteotomy
to remove the graft tooth 48 (C) Root-end resection of the transplant (D) Enlarged apical opening
(E) Re-insertion of the graft into the new socket (F) Wound closure.
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Figure 4. Postoperative panoramic radiograph. After removal of the deciduous tooth 85 the wisdom
tooth and surgical preparation of the recipient socket tooth 48 had been transplanted (Yellow arrow).
Note the shorter roots of the transplant after EORER.

A flexible wire-composite splint was bonded to the vestibular enamel of the transplant
and the neighboring teeth. The metallic component of the splint was a twistflex wire (GAC
Wildcat Wire 0.0175-inch, Ortho-Care, Shipley, UK).

The patient received perioperative antibiotic prophylaxis for 4 days (cephalexin ad-
ministered thrice daily for 4 days; Ospexin® 1000 mg, Sandoz GmbH, Kundl, Austria) and
antiphlogistic therapy was prescribed for 2–5 days (dexibuprofen administered thrice daily
for 2–3 days; Seractil® forte 400 mg, Gebro Pharma GmbH, Fieberbrunn, Austria). Sutures
were removed after 1 week, the wire splint after 4 weeks.

The patient was recalled every three months during the first year. The endodontic sta-
tus of the transplant was assessed during each follow-up. The following clinical endodontic
data were obtained:

• Presence/absence of local swelling or sinus tract
• Sensitivity to percussion
• Pulpal sensitivity to an electric pulp tester (Digitest®, Parkell, NY, USA).

Intraoral radiographs were obtained using the rectangular technique with appropriate
film holders. The presence of pulp obliteration (a sign of revascularization), external
infection-related root resorption, or apical radiolucency (signs of infected pulp necrosis)
were investigated (Figure 5).

Contrast-enhanced magnetic resonance imaging (MRI) was performed immediately
after splint removal to assess revascularization using a contrast medium (Gadobutrol,
Gadovist®, Bayer, Leverkusen, Germany; Figure 6 right). 3D T1 and T2 sequences were
obtained with and without contrast agent to detect the accumulation of the contrast agent
(Siemens Magnetom Prismafit, T1 Starvibe 0.7 mm 3D with contrast agent). The good
local resolution allowed a significant magnification of the transplanted teeth and thus, an
assessment of the small volume pulp in all three dimensions. A head and neck radiologist
with more than 10 years of experience was responsible for the interpretation of the images.
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Figure 5. Radiographic follow-up with intraoral radiographs. (A) postop (B) 3 months postop begin-
ning formation of the periodontal ligament space, no signs for external root resorption (C) 12 months
postop, visible obliteration of the pulp chamber (D) 18 months postop radiolucent lesion in the pulp
chamber.

 

Figure 6. Radiographic control 4 weeks postoperatively. (Left), intraoral radiograph with still-missing
signs of PDL regeneration or reperfusion. (Right), contrast-enhanced MRI with uptake of the contrast
medium in the pulp chamber (arrow) already confirming reperfusion.

Electromechanical tapping (Periotest®, Medizintechnik Gulden, Modautal, Germany)
was performed to assess tooth mobility and values were compared to neighboring corre-
sponding teeth, respectively. Periotest values were similar and were slightly positive after
12 months (+3).

The postoperative course was uneventful. The MRI showed enhancement of the
contrast agent in the pulp chamber four weeks postoperatively (Figure 2B) and sensitivity
was restored three months after surgery. Orthodontic therapy was initiated after the
9-month-recall with the transplanted tooth engaged in tooth movement.

After 18 months, the patient presented with a buccal swelling with purulent drainage
(Figure 7A) over the cervical aspect of the transplant. The CBCT scan revealed external
resorption in the subgingival part of the crown, especially the dental neck (Figure 7C). As a
consequence of its reduced prognosis, the tooth was extracted with the patient’s consent.

The extracted tooth was fixed in 4% phosphate-buffered formaldehyde pH 7 imme-
diately after extraction. After this, the tooth was rinsed in tap water then dehydrated in
ascending grades of ethanol (40%, 70%, 80% 96% 3 times absolute for analysis). Infiltration
with a light curing resin (Technovit 7200, Kulzer, Hanaus, Germany) was performed in
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ascending grades mixed with ethanol absolute for analysis (30:70, 50:50, 70:30, 3 times pure
Technovit 7200). Finally, the tooth was embedded in the same resin and processed into
undecalcified thin ground sections with a thickness of about 100 μm, according to the Karl
Donath method [16], using machines from EXAKT (EXAKT Apparatebau, Norderstedt,
Germany) and Walter Messner (Walter Messner GmbH, Oststeinbek, Germany). A section
was stained with basic fuchsin methylene blue and Azur II [17].

 

Figure 7. 18-month follow-up. (A). Clinical picture with signs of inflammation (bleeding and
suppuration from the gingival margin) (B). Intraoral radiograph with suspect radiolucency in the
crown of the transplant (white arrow) (C). Native CBCT (resolution 0.2 mm) The arrow shows the
buccal resorption in the subgingival part of the crown of the transplanted tooth, but otherwise a
regular periodontal ligament space and no further signs of external root resorption.

A specialist in pathology assessed the stained section. Histology confirmed the pres-
ence of fibrovascular connective tissue in the root canal (Figures 8 and 9). Resorptive
lacunae and cementum damage were observed on the root surface (Figure 9A,B). At the
apical section of the root, a layer of bone-like tissue was directly deposited on the canal
dentin walls (Figure 9C,D) with focal dentin resorption (also known as replacement resorp-
tion, Figure 9D,E). In addition, osteocytes with slender cytoplasmic processes extending
in all directions were present in the bone-like tissue (Figure 9E). In contrast, odontoblasts
(Figure 9E) and cementoblast-like cells were absent.

Figure 8. Low power image of an explanted/extracted tooth 18 months after transplantation. The
enamel is ulcerated. Resorptive lacunae and cementum damage are visible at the root surface. The
canal lumen is composed of vascularized fibro-connective tissue. Bony islands are also present.
Details marked with rectangles A–F are shown in Figure 9.
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Figure 9. Higher power image of an explanted/extracted tooth 18 months after transplantation.
(A,B) Resorptive lacunae and cementum damage on the root surface. (C,D) A layer of bone-like tissue
is directly deposited on the canal dentin walls at the apical section of the root. (E) Dentin resorption.
Osteocytes with slender, cytoplasmic processes radiating in all direction are present in the bone-like
tissue. (F) Odontoblast-like cells are not found in the canal dentin walls.

3. Discussion

Revascularization occurred in a transplanted mature third molar after ATMT-EORER,
proven by contrast-enhanced MRI 4 weeks after surgery. MRI brought immediate clarity on
the PRV process in the tooth and could eliminate the risk of missing the early radiological
signs of root resorption.

The application of the modern possibilities of cross-sectional imaging data is essential
for a high success rate of the autotransplantation of teeth. CBCT- or MSCT-derived dicom
data is used to create replicas of the transplant. The use of these replicas for recipient site
preparation ensures two key factors for successful periodontal healing: minimal extraoral
time and optimal fitting of the transplant, hence minimal damage of the active cells of the
root surface. MRI on the other hand, has proven capable of showing revascularization
and endodontic healing at an early stage, which is decisive for the further therapeutic
procedure.

Display of pulpal perfusion with MRI has already been described in 2001 by Ploder
et al. [7] using a 1.0 Tesla unit. Shortly after, Kress et al. [18] demonstrated that it was
possible to produce MR images showing the perfusion of dental pulp in vivo, but that
the analysis solely composed of non-contrast-enhanced sequences was not conclusive.
They reported that the comparison of signal intensities before and after contrast agent
administration showed the most significant difference between vital and avital teeth.

Assaf et al. [10] concluded that by application of 3T, PRV can be adequately visualized
using fsT1w and fsT2w sequences, even without the use of contrast media, with scanning
times of up to 20 min. They applied this protocol after replantation of avulsed teeth in
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children. There is a considerable risk that the pulp of the transplanted teeth may necrotize
without adequate blood supply, therefore the MRI without contrast was able to detect avital
teeth well. In our daily clinical setting, patients are examined in 30-min slots, limiting
the maximum duration of the examination. For this reason, it was not feasible to perform
native, high-resolution sequences lasting up to 20 min. Another consideration is that the
longer the image acquisition time, the greater the chance that there will be motion artefacts.

Furthermore, MRI does not provide interpretable results if artefact causing elements
are present. Especially orthodontic devices and dental implants cause major distortions. [19]
Allergy to the contrast agent and claustrophobia are further contraindications. The appli-
cation of contrast agents in children especially might raise concerns. In our facility, only
macrocyclic gadolinium-based MRI contrast agents in single doses are used. Usually, pa-
tients are only examined once. In the MRI machines for pediatric examinations, Gadobutrol
(Gadovist®; Bayer Healthcare, Leverkusen, Germany) is applied. So far, patients have
experienced solely mild (mild itching) but no severe side effects.

All children are informed about the examination and possible side effects of MRI
and MRI contrast media effects in the presence of their parents or guardians. In addition,
known allergies and kidney disease are considered as contraindications. Several recent
studies are consistent with our findings regarding the high safety of gadolinium-based
macrocyclic MRI contrast agents [20–22].

In future studies, it would be interesting to evaluate the extent to which the vascular
supply of the pulp can be determined using arterial spin labelling (ASL). This method
would theoretically allow the measurement of local blood perfusion/supply without the
need for intravenous contrast administration. A major limitation in imaging transplanted
teeth is the small volume of the area examined at submillimeter resolution and, conse-
quently, the length of the sequences applied. This is compounded by the small amount of
signaling tissue in the oral area, especially in the pulp.

In our case, each motion reduced 3D T1 sequence took about 6:52 min, despite a
64-channel head coil and a 3T MRI machine. In patients with avital pulp, there was
no measurable signal enhancement in the T1 sequence after gadolinium administration
(Figure 10). In comparison, vital re-implanted teeth showed significant contrast uptake,
similar to the other healthy teeth (Figure 11). It is to be expected that older and 1.5T
machines with non-optimized coils will take significantly longer to produce reasonably
good images with a good signal-to-noise ratio. Nevertheless, it is a good method for
examining the vitality of the transplanted teeth and is well tolerated by our patients.

 

Figure 10. T1-weighted MRI on our 3T scanner, left without contrast and right with contrast. There is
no significant T1 signal enhancement in the pulp in both native and post-contrast imaging. Note:
Healthy teeth show clear and measurable contrast enhancement after magnification. The black arrow
shows the region of interest with the image below magnified.
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Figure 11. T1-weighted 3T MRI left, without, right, with contrast enhancement in the same patient at
our hospital. The enhancement is clearly visible as a white spot in the pulp area after magnification
on the right image. The black arrow shows the region of interest, the red arrow on the magnified
image shows the pulp without and with contrast enhancement.

The transplanted tooth developed a resorptive lesion beneath the buccal cervical
margin. Given the configuration of this lesion, it was obviously caused by trauma to
the root cementum through the use of luxators during extraction and it worsened the
prognosis for this case. In consultation with the patient, it was decided to remove the tooth.
Consequently, the opportunity arose to have the transplant examined histologically.

ATMT-EORER has been described in animal studies [23,24] and was first implemented
in humans by Jakse et al. [11]. To date, there have been only few reports regarding similar
procedures and the mechanisms underlying pulpal healing have not been clarified yet. The
histological assessment of an autotransplanted mature human tooth demonstrating these
mechanisms is unique. Revascularization is mostly studied in animal trials, predominantly
in studies addressing regenerative endodontics (RET). A review by Fang et al. [1] identified
only two studies with histological examinations of intracanal tissues after RET [25,26].
Nevertheless, revascularization is a critical issue after transplantation, as its failure usually
leads to endodontic infection and rapid external root resorption and possibly loss of the
transplant.

Tooth germs with open apices have a greater ability to revascularize. This is clearly
demonstrated by the consistently high success rates of pulpal healing in the autotransplan-
tation of immature teeth with 2/3–3/4 developed roots [24,27–29].

Three mechanisms have to be considered to explain the highly predictable endodontic
healing in immature transplants:

(a) A larger diameter of the apical foramen facilitates cell migration and ingrowth of new
vessels into the ischemic pulp space.

(b) Immature teeth display a shorter root; therefore, the migration distance for the in-
grown tissue is short.

(c) Immature teeth are endowed with more and a larger spectrum of stem cells.

The influence of stem/progenitor cells has been widely discussed in regenerative
endodontic treatment (RET), where the term revascularization refers to the ingrowth of
new tissue into a formerly infected root canal. Therefore, bleeding is provoked from the
periapical tissue by introducing instruments below the apical constriction. The technique
delivers undifferentiated mesenchymal stem cells into the root canal systems of adult
patients with mature teeth [30].

In RET, these stem/progenitor cells might be derived from the periodontal ligament
(PDL), apical papilla, Hertwig epithelial root sheath, or may be bone marrow mesenchymal
stem cells or even surviving dental pulp stem cells [31].
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After autotransplantation with root-end resection and hence the removal of the apical
papilla, bone marrow stem cells, possibly triggered by the preparation of the recipient site,
and stem cells from the PDL most likely drove the intracanal repair process in the present
study. The use of tooth replicas for recipient site preparation significantly reduces the
extraoral time of the transplant; as a consequence, it may be a key factor in the preservation
of vital PDL cells for revascularization. Axin2 expressing cells have been identified in
PDL [32]. Axin2+ mesenchymal PDL cells were described as key progenitor cell sources
and might play a vital role in postnatal cementogenesis [33].

The mechanism of cell homing [3,34,35] addresses the availability of feasible stem cells
beyond local availability. This aspect needs to be investigated in future studies.

The extracted molar subjected to histologic evaluation showed no cementum-like
tissue in the revascularized root canals, but bone-like tissue with osteocytes in lacunae.
This finding is consistent with the literature [36]. In our case, intracanal cementum was not
observed. However, studies on the histologic features of revascularized teeth are rare, with
animal trials predominantly animal trials addressing RET [2].

An early study by Skoglund and Tronstad [37] showed that the odontoblastic layer
rarely survived in transplanted dog teeth, which was corroborated by Yamauchi et al. [38]
after investigating RET in dog teeth. The mineralized tissue inside the canal was charac-
terized by intracanal cement (IC) and bony islands. Wang et al. [39] identified IC, bony
islands, and fibrous connective tissue (intracanal periodontal ligament) and hypothesized
that different tissue types co-exist in the canal lumen. Furthermore, they reported the
presence of lymphocyte infiltration next to IC and concluded that inflammation might
stimulate the differentiation of stem/progenitor cells into cementoblasts.

The presented histology indicates that in cases of ATMT- EORER, pulp canal oblitera-
tion is presumably caused by the ingrowth of IC and not by reparative dentin. Still, the
result is a functional tooth entailing no need for root canal treatment. Pulp canal obliteration
is a sure sign of revascularization. Still, it takes several months until it can be proofed on
radiographs. By then an endodontic infection may already have destroyed the transplant
through rapid external infection-related root resorption. As contrast-enhanced-MRI can
bring immediate clarity as soon as four weeks after surgery, it represents a preferable
method that does not involve any additional harm to the patient. With an examination
time of about 7 min for the T1 sequence, it can be easily integrated into clinical routine and
evidence of reperfusion can reduce the number of check-ups required. Nevertheless, the
application of MRI for dental purposes is confined by the limited availability of modern
machines and highly skilled staff. For this reason, the routine application of the method can
currently only be carried out at specialized facilities. Picturing the vascular supply of the
pulp with other methods like arterial spin labelling (ASL) to avoid the need for intravenous
contrast administration may be a matter of future research and developments.

A further shortcoming of the presented study is its limited perspective of the histolog-
ical investigation, as only one case is assessed. In addition, relevant details may have been
lost during cutting.

4. Conclusions

If applicable, contrast-enhanced MRI is a feasible method to demonstrate PRV of
transplanted teeth and thus to ensure a good prognosis, even of mature transplanted teeth.
Histologically, the intracanal tissue of the presented tooth showed no odontoblasts, but
fibrovascular connective tissue. These results indicate that PRV in transplanted root-end
resected teeth is driven by bone marrow stem cells and stem cells from the periodontal
ligament. Likewise, pulp canal obliteration is presumably caused by the ingrowth of
intracanal cementum or bone and not by reparative dentin.
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Abstract: This study aimed to estimate scattered radiation and its spatial distribution around three
cone-beam computed tomography (CBCT) devices, in order to determine potential positions for an
operator to stand if they needed to be inside the CBCT room. The following devices were tested:
Morita Accuitomo (CBCT1), Newtom Giano HR (CBCT2), Newtom VGi (CBCT3). Scattered radiation
measurements were performed using different kVp, mA, and Field of View (FOV) options. An
anthropomorphic phantom (NATHANIA) was placed inside the X-ray gantry to simulate clinical
conditions. Scattered measurements were taken with the Inovision model 451P Victoreen ionization
chamber once placed at fixed distances from each irradiation isocenter, away from the primary beam.
A statistically significant (p < 0.001) difference was found in the mean value of the scattered radiation
estimations between the CBCT devices. Scattered radiation was reduced with a different rate for each
CBCT device as distance was increased. For CBCT1 the reduction was 0.047 μGy, for CBCT2 it was
0.036 μGy, and for CBCT3 it was 0.079 μGy, for every one meter from the X-ray gantry. Therefore, at
certain distances from the central X-ray, the scattered radiation was below the critical level of 1 mGy,
which is defined by the radiation protection guidelines as the exposure radiation limit of the general
population. Consequently, an operator could stay inside the room accompanying the patient being
scanned, if necessary.

Keywords: cone-beam computed tomography; dosimetry; radiation protection; scattered radiation

1. Introduction

Cone-beam computed tomography (CBCT) is one of the most important technological
achievements in oral and maxillofacial radiology in the last forty years. In time, this has
found numerous applications, from diagnostic applications to pre-implant assessment and
surgical guidance using specialized software [1]. The main parameter that determines
CBCT image quality is image resolution, which refers to the overall detail of the acquired
image and is described by the maximum frequency that can be perceived [2]. Resolution
is distinguished between spatial resolution and contrast resolution. Spatial resolution is
a key intrinsic parameter that characterizes imaging systems and is widely used for their
evaluation. It expresses the ability of the imaging system (in mm) to distinguish between
two small objects that are very close to each other, in a high-contrast environment, and for
this reason it is also called high-contrast discrimination ability [3,4]. Contrast resolution is
the parameter that describes the ability of a system to distinguish between small differences

J. Clin. Med. 2023, 12, 6199. https://doi.org/10.3390/jcm12196199 https://www.mdpi.com/journal/jcm25



J. Clin. Med. 2023, 12, 6199

in the intensity of the recorded signal and to be able to image anatomical structures with
approximately linear attenuation coefficients. Factors affecting resolution are mA, kV, Field
of View (FOV), and image reconstruction algorithms. Moreover, general image degradation
factors such as noise, radiation scatter, and artifacts may compromise resolution [5].

The X-ray beam of the CBCT machine consists of primary radiation, which yields
useful imaging information through the patient, and secondary radiation which is scattered
radiation [1]. The primary radiation is produced within the X-ray tube, enters the patient,
interacts with human tissues, and attenuates variably in the area under examination, con-
veying the useful information about the structures to be imaged [1,2]. Scattered radiation is
a secondary radiation generated during the interaction of the primary beam with the patient
tissues [6]. The scattered photons are of a lower energy and show an altered direction
in comparison with that of the primary beam. Thus, scattered radiation has a negative
effect on image quality [7] and essentially stands as the main factor contributing to reduced
spatial resolution, reduced contrast resolution, and increased noise in CBCT [8–10].

The health risks associated with occupational radiation exposure are either of a de-
terministic or stochastic nature [11]. Stochastic effects occur by chance and include cancer
risk. The stochastic effect risk is considered to increase with dose according to the linear-
no-threshold model. The International Commission on Radiological Protection has rec-
ommended an annual occupational exposure limit of 20 mSv/year, averaged over 5 years,
in both effective dose and equivalent eye lens dose [12,13]. These effects can develop
independently of the radiation dose, and no threshold effect can be defined. Therefore,
added exposures of the patient increase the chance of occurrence of a stochastic effect [14].
Although radiation doses are low during dental practice, there is always a concern in the
dental community about radiation exposure [15–18]. Deterministic effects are limited to a
certain threshold dose, and are thus unlikely to appear with a range of dental examination
exposures [11].

Our hypothesis assumes that in some exceptional occasions the dentist or the staff
(dental assistant, radiology technologist) may need to be present in the X-ray room during
the CBCT examination, to visually and verbally direct and encourage the patient to place
themselves correctly. Thus, we wanted to determine if there is a safe distance from the
CBCT device to stand, so to receive the lowest possible scattered radiation [6,11].

This original research study specifically aims to estimate the patterns of scattered
radiation and its spatial distribution around three CBCT devices, in order to determine
potential positions for an operator to stand if they need to be present in the X-ray room
during the CBCT examination for maxillofacial diagnostics.

2. Materials and Methods

2.1. Study Material

The following devices were tested in this research study: Morita Accuitomo (CBCT1)
(J. Morita Corp., Osaka, Japan), Newtom Giano HR (CBCT2) (Cefla s.c., Bologna, Italy), and
Newtom VGi (CBCT3) (Cefla s.c., Bologna, Italy). Exposure measurements were performed
for different kVp, mA, and Field of View (FOV) values ((CBCT1; exposure time: 9 s, kVp:
90 kV, mA: 7 mA, voxel size: 0.125 mm), (CBCT2; exposure time: 3.6 s, kVp: 90 kV, mA:
3.66 mA, voxel size: 0.125 mm), (CBCT3; exposure time: 3.6 s, kVp: 110 kV, mA: 3.66 mA,
voxel size: 0.3 mm)). An anthropomorphic phantom (NATHANIA) (Computerized Imaging
Reference Systems, CIRS, Inc., Norfolk, VA, USA) was placed in the X-ray gantry to imitate
clinical conditions (Figure 1).

In terms of ambient dose equivalent H*(10), scattered radiation measurements were taken
with a Victoreen ionization chamber (Inovision 451P), with dimensions 10 cm × 20 cm × 15 cm
(451P) (Fluke Biomedical Radiation Management Services, Cleveland, Ohio, USA). Calibra-
tion of ionization chambers provides traceability to Physikalisch-Technische Bundesanstalt
(PTB) through the Ionizing Radiation Calibration Laboratory of the Greek Atomic En-
ergy Commission (Secondary Standard Dosimetry Laboratory, (SSDL)). The survey meter
was placed at fixed distances from each irradiation isocenter, away from the primary
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beam [11,19]. The ionization chamber (451P) exhibited a direct response for measuring
scattered radiation dose and showed a high detection capability for very small radiation
doses, including radiation present in the natural environment and stable energy depen-
dence in the 40–100 keV range. Scattered radiation measurements were performed at the
same distances from the CBCT devices (Figure 2).

 

Figure 1. Anthropomorphic phantom (NATHANIA) was placed in the X-ray gantry of the cone-beam
computed tomography (CBCT) device to imitate clinical conditions.

The placement positions of 451P were determined in each CBCT room based on point
“0”, which represented the fixed position of each CBCT device [20]. More specifically,
two reference axes were drawn in the floor: the first (x-axis) represented the distance
(in m) of the 451P to the right and left of the CBCT device, showing positive (right) and
negative (left) values, respectively. The second (y-axis) represented the distance (in m) of
the 451P from the CBCT device, in front of the CBCT device, perpendicular to the x-axis
(Figure 2) [20].

A total of 191 (CBCT1) and 32 (CBCT2) measurements of scattered radiation at two
different heights (1 m or 1.3 m from the floor) were carried out in the rooms of CBCT1 and
CBCT2 devices at each point of intersection of the x and y axes (yellow points) (Figure 2).
The measurement at the height of 1 m from the floor represented the anatomical location
of the gonads and the height of 1.3 m from the floor represented the anatomical location
of the thyroid gland [21]. It is of importance that in the CBCT3 room, all measurements
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(36 measurements) were carried out at the same height (1.3 m) due to technical difficulties
(room and device restrictions).

 

Figure 2. Topographic drawing of the placement positions of the Victoreen ionization chamber,
Inovision model 451P (451P). Point “0” represented the fixed position of the cone-beam computed
tomography (CBCT) device in each room. The x-axis (in m) (thin black horizontal line) represented
the distance of the 451P to the right and left from the CBCT device. The y-axis (in m) (thin black
vertical line) represented the distance of 451P from the CBCT device, in front of the CBCT device,
perpendicular to the x-axis. The yellow points represented the fixed positions of the 451P at the same
distances from the CBCT device (1 m or 1.3 m from the floor).

Measurements of scattered radiation from different Fields of View (FOVs) were also
performed. More specifically, measurements of scattered radiation were carried out in the
CBCT1 device in three different FOVs ((4 × 4), (6 × 6), (8 × 8)), in the CBCT2 device in two
different FOVs ((8 × 8), (11 × 8)), and in the CBCT3 device in two different FOVs ((8 × 8),
(15 × 15)).

2.2. Statistical Analysis

Data were described using mean values and standard deviation (SD) for the scattered
radiation dose measurements (μGy) in the ionization chamber (451P) at three different
rooms of CBCT devices (CBCT1, CBCT2, CBCT3). One-way analysis of variance (ANOVA)
and independent samples t-test were used to assess the mean difference of 451P measure-
ments between the three rooms and between the FOVs in each room. Then, Bonferroni
tests for multiple comparison corrections were applied. In order to investigate whether the
position of CBCT device, in the three rooms, was related to 451P, the Euclidean distance of
each measurement point was calculated as the distance in meters (m). Generalized additive
models (GAMs) were applied to assess the relationship between 451P (dependent variable)
and distance (m) from the CBCT device (independent variable), in each room. Mixed effect
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linear regression models were used to assess the relationship between 451P and the FOV, in
each room. All models were adjusted for the height (m) that the measurement was carried
out and for the coordinates (x, y) of each measurement point, by including a bivariate
smooth function (thin plate spline) of (x, y). The spatial distribution of scattered radiation
in 451P was estimated through the rigging universal interpolation method. A test for trend
was applied to investigate the trend of 451P in the FOVs of each room.

All statistical analysis was performed using R version 4.1.3 (10 March 2022), library
(mgcv) and library (lme4). All spatial analysis was conducted using ArcGIS Desktop v.10.1.
(Spatial Analyst Tools, Interpolation, Spline). Two-tailed p-values are reported. A p-value
less than 0.05 was considered as statistically significant.

3. Results

Table 1 presents the number of points and measurements performed in each room, the
height of the measurements performed, the distribution of 451P measurements, and the
maximum distance value from point “0”. It is worth noting that all measurements were
carried out at the same height in room 3. A statistically significant difference was observed
in mean 451P measurements (p < 0.001) between rooms. Specifically, after applying the
Bonferroni test, differences in the mean 451P measurements were statistically significant
between rooms 2 and 3 (p <0.001), rooms 1 and 3 (p <0.001), and between rooms 1 and 2
(p < 0.001). The maximum value of 451P measurements (9.03 μGy) was observed in CBCT1,
in a distance of 100 cm from point “0”, while in CBCT2 and CBCT3 the maximum values
were 5.70 and 8.70 μGy at a distance of 50 cm and 55 cm from point “0”, respectively
(Table 1).

Table 1. Distribution of scattered radiation (451P) (μGy) measurements performed, by room.

Scattered Radiation 451P Measurements (μGy)

Room
(CBCT)

Points/Measurements (n) Height (m) Mean (SD) Maximum (Distance from point “0”)

1 24/191 1/1.3 1.27 (±1.60) 9.03 (100 cm from point “0”)

2 7/32 1/1.3 0.84 (±1.06) 5.70 (50 cm from point “0”)

3 10/36 1.3 2.86 (±2.21) 8.70 (55 cm from point “0”)

Room (CBCT): X-ray room during cone-beam computed tomography (CBCT). Points: The points represented
the fixed positions of the Victoreen ionization chamber (Inovision 451P) at the same distances from the CBCT
device; measurements (n): the number of measurements of scattered radiation that were carried out in the rooms
(CBCT1, CBCT2, CBCT3). Height (m): The measurement at the height of 1 m from the floor represented the
anatomical location of the gonads, and the height of 1.3 m from the floor represented the anatomical location
of the thyroid gland. Scattered radiation 451P measurements (μGy): Scattered radiation measurements were
taken with a Victoreen ionization chamber (Inovision 451P). Mean: mean value of scattered radiation (451P) (μGy)
measurements. SD: standard deviation of scattered radiation (451P) (μGy) measurements. Maximum: maximum
value of scattered radiation (451P) (μGy) measurements. Distance from point “0”: Distance (cm) from CBCT
device. Point “0” represented the fixed position of the CBCT device in each room.

Table 2 presents the distribution of 451P measurements, for different FOVs in each
room. A statistically significant difference in 451P measurements according to FOV was
found in room 1 (p = 0.012) and in room 3 (p = 0.001). Regarding room 1, a significant
difference in 451P measurements was observed between FOVs 4 × 4 and 8 × 8 (Bonferroni
multiple comparison p = 0.010). Moreover, as the FOV increased, a significant increasing
trend in 451P measurements was shown in rooms 1 and 3 (p < 0.001). For example, in
room 1, 451P measurements made at FOV 6 × 6, compared to FOV 4 × 4, were on average
higher by 0.523 μGy (95% Confidence Interval (C.I.): 0.139 to 0.820) μGy). Moreover, 451P
measurements performed at FOV 8 × 8, compared to 4 × 4, were on average higher by
0.776 μGy (95% C.I.: 0.365 to 1.053) μGy) (Table 2).
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Table 2. Distribution of scattered radiation (451P) (μGy), by Field of View (FOV) and room.

Room
(CBCT)

FOV
Scattered Radiation 451P

Measurements (μGy)
Mean (SD)

p-Value
p-Value

Test for Trend

1
4 × 4 0.652 (±1.017)
6 × 6 1.175 (±1.403) 0.012 * 1 <0.001 **
8 × 8 1.428 (±1.696)

2
8 × 8 0.948 (±1.362)

0.559 2 0.47311 × 8 0.723 (±0.581)

3
8 × 8 1.521 (±0.818)

0.001 * 2 <0.001 **15 × 15 3.924 (±2.395)
Room (CBCT): X-ray room during cone-beam computed tomography (CBCT). FOV: Field of View; Scattered radia-
tion 451P measurements (μGy): Scattered radiation measurements were taken with a Victoreen ionization chamber
(Inovision 451P). Mean: mean value of scattered radiation (451P) (μGy) measurements. SD: standard deviation of
scattered radiation (451P) (μGy) measurements. 1 One-way analysis of variance (ANOVA) 2 independent samples
t-test * statistically significant, α = 5% ** statistically significant, α = 1‰.

Table 3 shows the results from applying generalized additive models, with 451P
measurement as the dependent variable and distance of measurements as the independent
variable, also adjusting for height of measurements made (only in rooms 1 and 2) and
coordinates (x, y) of measurement points, in each room. In room 1, a 1 m increase in the
distance from the CBCT device, resulted in a decrease in mean 451P by 0.047 μGy (95% C.I.:
−0.057 to −0.037 μGy), adjusting for the other variables. In room 2, a 1 m increase in the
distance from the CBCT device, resulted in a decrease in mean 451P by 0.036 μGy (95% C.I.:
−0.062 to −0.010 μGy), taking into account the other variables. Note that in both rooms,
the height of the measurements did not significantly predict 451P (p = 0.956 and p = 0.323,
respectively). In room 3, a 1 m increase in the distance from the CBCT device resulted in a
decrease in mean 451P by 0.079 μGy (95% C.I.: −0.115 to −0.043 μGy), adjusting for the
other variables (Table 3).

Table 3. Beta coefficient (β) and corresponding 95% Confidence Interval (C.I.) from generalized
additive models, with measurements of scattered radiation in ionization chamber (451P) as the
dependent variable and distance of measurements as the independent variable, also adjusting for
height of measurements 1 made and coordinates (x, y) of measurement points, by room.

Room
(CBCT)

Distance (m)

β

(μGy)
95% C.I. for β

(μGy)
p-Value

1 −0.047 (−0.057 to −0.037) <0.001 **

2 −0.036 (−0.062 to −0.010) 0.012 *

3 −0.079 (−0.115 to −0.043) <0.001 **
1 height of measurements varies only in rooms 1 and 2. Room (CBCT): X-ray room during cone-beam computed
tomography (CBCT). Distance (m): 1 m increase in the distance (m) from CBCT device. C.I.: Confidence Interval;
β: beta coefficient * statistically significant, α = 5% ** statistically significant, α = 1‰.

Table 4 presents the results from linear mixed effect regression models, with 451P
measurement as the dependent variable and FOV as the independent variable, also ad-
justing for height of measurements made (only for room 1 and 2) and coordinates (x, y) of
measurement points, in each room. A statistically significant effect between FOV and 451P
was found in rooms 1 and 3. Specifically in room 1, FOV 6 × 6 and 8 × 8, compared to FOV
4 × 4, had on average a higher value of 451P by 0.480 (95% C.I.: 0.139 to 0.820 μGy) and
0.709 μGy (95% C.I.: 0.365 to 1.053 μGy), respectively. In room 3, FOV 15 × 15, compared
to FOV 8 × 8, had a higher mean value of 451P by 2.005 μGy (95% C.I.: 1.453 to 2.558 μGy)
(Table 4).
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Table 4. Beta coefficient (β) and corresponding 95% Confidence Interval (C.I.) from linear mixed effect
regression models, with scattered radiation measurements (451P) (μGy) as the dependent variable
and Field of View (FOV) as the independent variable, also adjusting for height of measurements 1

made and coordinates (x, y) of measurement points, by room.

Room
(CBCT)

FOV
β

(μGy)
95% C.I. for β

(μGy)
p-Value

1
4 × 4 Reference category
6 × 6 0.480 (0.139 to 0.820) 0.006 *
8 × 8 0.709 (0.365 to 1.053) <0.001 **

2
8 × 8 Reference category

11 × 8 −0.257 (−0.805 to 0.291) 0.358

3
8 × 8 Reference category

15 × 15 2.005 (1.453 to 2.558) <0.001 **
1 height of measurements varies only in rooms 1 and 2. Room (CBCT): X-ray room during cone-beam computed
tomography (CBCT). FOV: Field of View. C.I.: Confidence Interval; β: beta coefficient * statistically significant,
α = 5% ** statistically significant, α = 1‰.

The spatial distribution of scattered radiation in 451P was estimated through the
rigging universal interpolation method. Color maps of dose distributions were drawn for
horizontal and vertical planes. Scattered radiation dose mapping in the ionization chamber
(451P) was depicted per room (CBCT1, CBCT2, CBCT3) on the scattered radiation dose
distributions color maps (Figures 3–5). It is worth noting that color maps in rooms 1 and 2
appeared to be uniform (CBCT1, CBCT2), regardless of the measurement height. Measure-
ment height did not statistically significantly differentiate the measurement of scattered
radiation in the ionization chamber.

Figure 3. Color map of spatial distribution of scattered radiation (μGy) in room 1 (2.8 × 3 m).
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• CBCT: Cone-beam computed tomography device 1 (CBCT1); point “0”.
• x (in m): x-axis defined the distance (in m) of the ionization chamber (451P) to the right

and left of the CBCT1 device (point “0”), showing sometimes positive (right) and some-
times negative (left) values. In this color map, the absolute values are displayed in or-
der to avoid confusion ((point A − point “0” = 0.7 m), (point “0” − point N = 2.10 m)).

• y (in m): y-axis defined the distance (in m) of the ionization chamber (451P) from the CBCT1
device in an anterior position, perpendicular to the x-axis ((point A − point D = 3 m),
(point N − point Q = 3 m)).

• 451P (μGy): Scattered radiation measurements (μGy) were taken with the Inovision
model 451P Victoreen ionization chamber (0.04–8μGy). Red color means very high
scattered radiation dose, while blue color means very low scattered radiation dose.

• Height (1 and 1.3 m): The measurement carried out at a height of 1 m from the floor
represented the anatomical location of the gonads. The measurement carried out at a
height of 1.3 m from the floor represented the anatomical location of the thyroid gland.

Figure 4. Color map of spatial distribution of scattered radiation (μGy) in room 2 (1.5 × 2 m).

• CBCT: Cone-beam computed tomography device 2 (CBCT2); point “0”.
• x (in m): x-axis defined the distance (in m) of the ionization chamber (451P) to the right

of the CBCT2 device (point “0”), showing positive values (point “0” − point D = 1.5 m).
• y (in m): y-axis defined the distance (in m) of the ionization chamber (451P) from the CBCT2

device in an anterior position, perpendicular to the x-axis ((point “0” − point C = 2 m),
(point D − point G = 2 m)).
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• 451P (μGy): Scattered radiation measurements (μGy) were taken with the Inovision
model 451P Victoreen ionization chamber (0.2–2.8 μGy). Red color means very high
scattered radiation dose, while blue color means very low scattered radiation dose.

• Height (1 and 1.3 m): The measurement carried out at a height of 1 m from the floor
represented the anatomical location of the gonads. The measurement carried out at a
height of 1.3 m from the floor represented the anatomical location of the thyroid gland.

Figure 5. Color map of spatial distribution of scattered radiation (μGy) in room 3 (2 × 2.6 m).

• CBCT: Cone-beam computed tomography device 3 (CBCT3); point “0”.
• x (in m): x-axis defined the distance (in m) of the ionization chamber (451P) to the

right and left of the CBCT3 device (point “0”), showing sometimes positive (right) and
sometimes negative (left) values. In this color map, the absolute values are displayed in
order to avoid confusion ((point H − point “0” = 1.2 m), (point “0” − point D = 1.4 m)).

• y (in m): y-axis defined the distance (in m) of the ionization chamber (451P) from the CBCT3
device in an anterior position, perpendicular to the x-axis ((point H − point J = 0.55 m),
(point D − point G = 2 m)).

• 451P (μGy): Scattered radiation measurements (μGy) were taken with the Inovision
model 451P Victoreen ionization chamber (0–6.8μGy). Red color means very high
scattered radiation dose, while blue color means very low scattered radiation dose.

• height (1.3 m): The measurement carried out at a height of 1.3 m from the floor
represented the anatomical location of the thyroid gland.

4. Discussion

In this research study, measurements of the scattered radiation dose were collected
inside rooms with CBCT installations. The spatial distribution of scattered radiation
measured with ionization chamber (451P) was estimated through the rigging universal
interpolation method and the safest locations of the people who could be present inside
the X-ray room were determined (>100 cm from CBCT1, >50 cm from CBCT2, and >55 cm
from CBCT3).

The protection against scattered radiation is a perennial concern of the scientific
community, even when the radiation dose is quite low, such as during intraoral radiogra-
phy [20,22,23]. A research study showed that occupationally exposed individuals presented
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a higher incidence of thyroid cancer, especially in the past when the radiation protection
measurements were not as strict [21]. A similar epidemiological study in Canada argued
that repeated exposure to low doses by occupation was limited to long-term harmful effects
and cancer incidence [24]. Cewe et al. (2022) demonstrated that staff can use freestanding
radiation protection shields instead of heavy aprons during intraoperative CBCT imaging,
to achieve effective whole body dose reduction with improved comfort [11].

Alcaraz et al. (2006) measured the scattered radiation at various distances from the
patient, who was lying supine, 48 cm from the floor. The measurements were carried out
at distances of 60, 90, 120, 150, and 180 cm, and at an angle of 0◦, 135◦, and 180◦. The
results of this study in relation with dose reduction of intraoral dental radiography showed
that the safest position for the dentist was behind and right of the X-ray beam at an angle
of 135◦ [22]. These findings were in agreement with the results of a previous study by
Rolofson et al. (1969), who studied radiation isoexposure curves of scattered radiation
around a dental chair during radiography. Rolofson et al. (1969) reported that the most
appropriate location with the lowest absorbed radiation dose to the gonadal anatomical
region was directly behind the X-ray beam or to the side of the patient’s head, opposite
the X-ray beam [23]. Yamaji et al. (2021) noticed that if a physician or staff member needs
to observe the patient near the table, it would be recommended to stand in the back of
the base CBCT device. With the use of a ceiling-mounted transparent lead-acryl screen
and a table suspended lead curtain, the doses were reduced 45–92% at a direction of 210◦
degrees and a distance of 120 cm [19]. In our study, the safest positions of people within the
CBCT area were proposed to be >100 cm from the CBCT1 device, >50 cm from the CBCT2
device, and >55 cm from the CBCT3 device. Therefore, our findings were in agreement with
previous studies. A limitation of our study was that we did not use angle measurements
when placing the ionization chamber (451P) in the three rooms with the CBCT devices.

An increase in the scattered radiation at a height of 100 cm from the floor, at the level
of the X-ray gantry, and a decrease in the absorbed dose of radiation near the gantry, were
observed by other researchers [6]. Conversely, an increase in scattered radiation behind the
gantry was observed during head imaging with computed tomography (General Electric
Hi Speed Advantage CT) [25]. Various research studies showed that scattered radiation
decreases as we move away from the X-ray beam. More specifically, at a distance of 10
and 20 cm from the X-ray beam in a third-generation computed tomography device, the
scattered radiation was detected at high levels of 10 and 18 mSv, while it was greatly
reduced, to 2 mSv, at a distance of 30 cm from the X-ray beam [26]. In the present study,
it was observed to a statistically significant extent that, in room 1, a 1 m increase in the
distance from the CBCT device resulted in a decrease in mean 451P by 0.047 μGy (95%
C.I.: −0.057 to −0.037 μGy), adjusting for the other variables. Moreover, in room 2, a
1 m increase in the distance from the CBCT device resulted in a decrease in mean 451P
by 0.036 μGy (95% C.I.: −0.062 to −0.010 μGy), taking into account the other variables.
Furthermore, in room 3, a 1 m increase in the distance from the CBCT device resulted in a
decrease in mean 451P by 0.079 μGy (95% C.I.: −0.115 to −0.043 μGy), adjusting for the
other variables. These findings were in agreement with the results of previous studies.
However, this by no means implies that our results suggest that radio protection rooms
with shielding of the walls are unnecessary.

Yamaji et al. (2021) measured the distribution of scattered radiation by C-arm cone-
beam computed tomography (CBCT) in the angiographic suite. In this study, the measure-
ments showed the highest radiation dose over 600 μGy by a single CBCT image acquisition
at a distance of 60 cm from the beam entry site and a height of 90 cm from the floor [19]. In
the present study, the safest positions of the people who can be found within the CBCT area
were proposed to be >100 cm from the CBCT1 device, >50 cm from the CBCT2 device, and
>55 cm from the CBCT3 device. However, the values obtained from the measurements were
overall much lower than 1 mGy, which is defined by the radiation protection guidelines as
the exposure radiation limit of the general population [27]. A comparative advantage of our
study was that the measurement of the scattered radiation was carried out in three different
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CBCT devices and numerous measurements of the scattered radiation were carried out at
two different heights. The measurement made at a height of 1 m represented the anatomical
region of the gonads. The measurement carried out at a height of 1.3 m represented the
anatomical region of the thyroid gland. It was noted, however, that the height of the
measurements did not appear to statistically significantly differentiate the measurement
of the scattered radiation in the ionization chamber (451P) (p > 0.05). In addition, due
to technical difficulties, a limitation of the present study was that in room 3 (CBCT3) all
measurements were made at the same height (1.3 m). The present study provides future
prospects for further investigation of scattered radiation distribution with more CBCT
devices for maxillofacial diagnostics.

5. Conclusions

In all CBCT devices that were tested in this study, the scattered radiation that an
individual may be exposed significantly decreased with distance. The Newtom VGi
CBCT showed the greatest decrease with distance. In all instances the measured scattered
radiation was below 1 mGy, which is defined by the radiation protection guidelines as the
exposure radiation limit of the general population. Nevertheless, the scattered radiation is
significantly reduced, as long as the dentist, radiology technologist, or other occupationally
exposed individual stands at a safe distance and position from the patient (as determined by
our results) in the X-ray room during the CBCT examination for maxillofacial diagnostics.
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Abstract: The nasal septum is believed to play a crucial role in the development of the craniofacial
skeleton. Nasal septum deviation (NSD) is a common condition, affecting 18–65% of individuals.
This study aimed to assess the prevalence of NSD and its potential association with abnormalities
detected through cephalometric analysis using artificial intelligence (AI) algorithms. The study
included CT scans of 120 consecutive, post-traumatic patients aged 18–30. Cephalometric analysis
was performed using an AI web-based software, CephX. The automatic analysis comprised all the
available cephalometric analyses. NSD was assessed using two methods: maximum deviation from
an ideal non-deviated septum and septal deviation angle (SDA). The concordance of repeated manual
measurements and automatic analyses was assessed. Of the 120 cases, 90 met the inclusion criteria.
The AI-based cephalometric analysis provided comprehensive reports with over 100 measurements.
Only the hinge axis angle (HAA) and SDA showed significant (p = 0.039) negative correlations. The
rest of the cephalometric analyses showed no correlation with the NSD indicators. The analysis of
the agreement between repeated manual measurements and automatic analyses showed good-to-
excellent concordance, except in the case of two angular measurements: LI-N-B and Pr-N-A. The
CephX AI platform showed high repeatability in automatic cephalometric analyses, demonstrating
the reliability of the AI model for most cephalometric analyses.

Keywords: artificial intelligence; nasal septum deviation; cephalometric analysis; orthodontics

1. Introduction

The nasal septum is a key factor in the development of the craniofacial skeleton during
ontogeny [1–6]. Research conducted on animal models has shown that the mechanical
forces generated by the growing nasal septum have a crucial impact on the surrounding
sutural growth sites [7–9]. It is believed that the development of the nasal septum and
the forces it exerts on surrounding tissues are responsible for the development of midface,
sagittal, and vertical maxillary growth [8,10,11].

Numerous studies have demonstrated that, depending on the criteria applied and
the populations examined, 18–65% of individuals exhibit nasal septum deviation (NSD),
with a significantly higher prevalence observed in the European population [12–16]. The
impact of NSD on the development of facial and cranial asymmetry remains a subject
of ongoing research. Apart from the obvious correlations, such as nasal asymmetry and
unilateral nasal turbinate hypertrophy [17–19], more distant correlations, such as facial
and palatal asymmetries, have been demonstrated [20–23]. NSD and subsequent altered
respiratory functions are linked to disrupted growth of the maxilla and mandible [24–26].
This suggests that NSD may have far-reaching effects on craniofacial development and
highlights the importance of further investigation into the potential consequences of this
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condition. Considering the well-documented influence of the growing nasal septum on the
anatomical proportions of the developing craniofacial structure, it is therefore pertinent
to explore potential correlations between nasal septum abnormalities and the anatomical
proportions of the craniofacial region.

Since its introduction in 1931, cephalometric analysis has been a fundamental tech-
nique used in orthodontics and craniofacial research to assess skeletal and dental relation-
ships in the craniofacial complex [27]. It involves the use of X-ray lateral cephalograms
of the head and face to obtain precise linear and angular measurements between prede-
fined lanmarks. These measurements are then compared to established norms, allowing
us to evaluate growth patterns, diagnose malocclusions, and plan orthodontic treatment.
The obtained results provide valuable insights into the relationship between the maxilla,
mandible, and cranial base, contributing to the diagnosis and treatment planning process.
The advancement of technology has enabled the replacement of manual measurements
with digital cephalometric analysis software, facilitating quicker measurements and the
automatic presentation of analysis results. In recent years, there has been a growing interest
in the application of artificial intelligence (AI) in the medical sciences, particularly in the
field of medical imaging. This technology has seen rapid implementation in orthodontics,
specifically in the analysis of X-ray images for pre-orthodontic treatment and cephalometric
analysis. Manual analysis of cephalometric X-ray images is highly operator-dependent and
prone to significant variability in landmark identification [28–31]. However, the results of
automatic cephalometric analysis using AI have been shown to be relatively stable and
repeatable compared to manual analysis. Several studies have reported the accuracy and
reliability of AI software in cephalometric analysis, demonstrating potential for improving
diagnostic accuracy and reducing variability and analysis time [32–38]. In addition to
automated cephalometric analysis, AI has already proven its effectiveness in other or-
thodontic pre-treatment assessments. Lo Giudice et al. have demonstrated that automated
segmentation of the upper airway and hard tissues (mandible) in CBCT scans, based on
convolutional neural networks (CNNs), is as accurate as an experienced reader [39,40].
This efficiency can lead to improved workflow and productivity in dental practices.

The integration of AI and cone-beam computed tomography (CBCT) in dental diag-
nostics has paved the way for the development of AI-based programs such as WebCeph,
WeDoCeph, and CephX. These programs automate the identification of anatomical measure-
ment points, evaluate landmarks, calculate angles and distances, and generate automated
analysis reports with significant findings. The primary advantage of such software is the
ability to automatically perform measurements and analyses based on craniofacial CT
scans, potentially reducing the need for additional cephalometric images for patients prior
to orthodontic treatment. Studies conducted thus far have demonstrated a high degree
of agreement between measurements and analyses performed with CephX software and
those obtained through digital cephalometric analysis [35,36,41].

The first objective of our study was to perform cephalometric analysis on computed
tomography (CT) scans of our sample population using AI-based algorithms. The second
aim of our research was to evaluate the correlation between NSD and the results of the
cephalometric analyses of our subjects.

2. Materials and Methods

2.1. Patient Selection

This study has been approved by the bioethical committee of our institution (decision
reference No. KB 227/2023).

The study material comprised CT scans performed on 120 consecutive patients aged
18 to 30 admitted to the Emergency Department of our institution between 1 January 2020,
and 31 December 2022. All the CT scans were performed on the same 64-slice CT scanner
(Discovery 750HD; GE Health Care; Waukesha, WI, USA) using 64 × 0.625 mm collimation,
32 cm scan FOV, 260-mA tube current, 120 kVp tube voltage, 0.625 mm slice thickness, 0.8 s
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per gantry rotation, and a pitch of 0.531. CT scans were acquired in the range from the
vertex to the lower levels of the cervical spine, covering the whole craniofacial area.

The indications for CT scans included post-traumatic assessments in patients who
experienced generalized trauma or trauma to the craniofacial area.

The inclusion criteria were as follows:

1. CT scan covering the region from the chin to the vertex;
2. Age 18–30 years, to exclude multiple missing teeth and acquired craniofacial defor-

mations from the measurements conducted;
3. Centric occlusion of the patient’s teeth.

The exclusion criteria were as follows:

1. Fractures of the craniofacial bones;
2. Severe motion artifacts;
3. >4 teeth missing per dental arch;
4. Tumors in the craniofacial area;
5. Severe metal artifacts.

2.2. Cephalometric Analysis

CT scans were manually uploaded into a cloud-based AI software database—CephX
(ORCA Dental AI, Las Vegas, NV, USA). The software automatically performed all the
available cephalometric analyses and provided a report for each patient. Supplementary
Table S1 summarizes all the automatically performed analyses. The major reference points
are summarized in Table 1 and presented in Figure 1.

Table 1. Cephalometric landmarks used in analyses (part of).

Landmark Definition

S Sella Midpoint of the sella turcica
Co Condylion The extreme superior point on the condylar head

ANS Anterior
Nasal Spine Tip of the bony anterior nasal spine in the midline

N Nasion The most anterior point of the frontonasal suture

A Point A The innermost point on the contour of the maxilla between the
anterior nasal spine and the alveolar crest

B Point B The most posterior point in the concavity along the anterior border
of the symphysis

Go Gonion The most prominent point on the angle of the mandible formed by
the junction of the ramus and the body of the mandible

Gn Gnathion The most inferior bony point of the mandible
Ll Lower Lip The most anterior point of the lower lip

Me Menton The most inferior point of the mandibular symphysis in the midline
N Nasion The most anterior point of the frontonasal suture
Or Orbitale The lowest point on the inferior margin of the orbit

P Porion The central point on the upper margin of the external
auditory meatus

Pr Prosthion The point of alveolar contact with the upper central incisor
Pg Pogonion The most anterior point on the contour of the bony chin
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Figure 1. Cephalogram annotation example (A), showing major landmarks used in this study (B).

2.3. NSD Analysis

The NSD was assessed using a method that measures the maximum deviation from
an “ideal” non-deviated septum. This hypothetical, non-deviated septum was determined
based on multiplanar reconstructions (MPR), drawing a straight line between the perpendic-
ular plate of the ethmoid bone and the midline palatine suture. The deviation measurement
was obtained by calculating the maximum horizontal distance from the line representing
the ideal, non-deviated septum to the most outer, bony, deviated septal contour. Previous
studies have demonstrated the usefulness of the perpendicular plate–vomer suture (PPV)
in assessing the maximum deviation of the nasal septum in computed tomography (CT)
images [5,42]. The septal deviation angle (SDA) was measured in coronal CT sections using
the criteria presented in papers by Orhan and Kajan [19,43]. Figure 2 presents both types of
measurements.

 

Figure 2. Sample of NSD measurements conducted in one patient: (A) perpendicular plate–vomer
(PPV) measurement; (B) septal deviation angle (SDA) measurement.
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Due to high variability, the thickness of the nasal septum mucous membrane was not
considered in the measurements. All manual measurements were performed using the
OsiriX MD v. 13.1 software (Pixmeo SARL; Geneva, Switzerland).

2.4. Error Study

Twenty randomly selected subjects were re-examined by the same author 1 month
after initial tracings. PPV and SDA measurements were repeated 1 month later by the same
investigator in 20 randomly selected CT scans to calculate the intraobserver repeatability.
The repeatability of measurements was assessed using a one-sided Wilcoxon test. The
intraclass correlation coefficient (ICC) regarding AR calculations was calculated to assess
the agreement between examinations.

Twenty randomly selected subjects were re-uploaded to the AI-software database
in order to assess the repeatability of automatic measurements. The ICC regarding the
results of repeated automatic analyses was calculated to assess the agreement between
examinations.

2.5. Statistical Evaluation

Sample size was verified using an online sample size calculator (https://clincalc.com
(accessed on 10 January 2023)). Clinical significance was set at the level of 1 mm in linear
measurements and 1◦ in angular measurements. The correlations between quantitative
variables were analyzed using Spearman’s correlation coefficient. The agreement between
manual measurements and automatic analysis for quantitative variables was assessed
using the intraclass correlation coefficient (ICC) of type 2, according to the classification
by Shrout and Fleiss. The significance level for all statistical tests was set to 0.05. R 4.2.3.
statistical software was used for computations.

3. Results

3.1. Population

The authors reviewed the CT scans of 120 cases. Thirty cases were excluded as
they failed to meet our inclusion criteria. Measurements from 90 patients were included.
The mean age of all participants was 23.9 years (SD 3.81; median 24; range 18–30). This
constituted 66 males with a mean age of 23.7 (SD 3.18; range 18–30) and 24 females with a
mean age of 21.15 (SD 4.03; range 18–29).

3.2. Automatic Cephalometric Analysis

The results of automated cephalometric analyses conducted by AI were primarily
provided in the form of reports containing >100 measurements (linear and angular), with
the established range, normal values, and comments on potential clinical implications. Part
of the sample report is shown in Figure 3.

3.3. NSD Analysis

The findings from the two methods employed for assessing NSD, namely SSD and
PPV, demonstrated a significant (p < 0.001) and positive correlation, with Spearman’s
correlation coefficient equating to 0.967. This suggests that as the deviation in millimeters
increases, so does the angle of deviation. A graphical representation of the results from this
analysis can be found in Figure 4.
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Figure 3. Part of sample, automatic, AI-derived cephalometric report. Patient: 18-year-old male with
class III malocclusion, with graphical representations of the results regarding to norm range (column
“Graph”) and clinical comments.

Out of multiple correlations between NSD measurements and the results of the
cephalometric analyses, only the hinge axis angle (HAA) and SDA showed a significant
negative correlation (p < 0.05, r < 0). However, no significant correlation was found between
HAA and PPV. See Figure 5 for a visual representation and Table 2 for the sample results of
the correlation analysis.

42



J. Clin. Med. 2023, 12, 6621

Figure 4. Plot displaying the correlation between SDA and PPV measurements.

Figure 5. Plot displaying the correlations between HAA and NSD parameters: (A) SDA (r = −0.218,
p = 0.039); (B) PPV (r = −0.186, p = 0.079).
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Table 2. Sample of correlation analysis performed: NSD/HAA, and NSD/results of Björk–Jarabak
cephalometric analysis.

Parameter

SDA (◦) PPV (mm)

Spearman’s Rank
Correlation Coefficient

Spearman’s Rank
Correlation Coefficient

HINGE AXIS ANGLE (◦) r= −0.218, p = 0.039 * r = −0.186, p = 0.079

Björk–Jarabak cephalometric analysis
SADDLE ANGLE (◦) r = 0.017, p = 0.875 r = −0.02, p = 0.853

ARTICULAR ANGLE (◦) r = 0.103, p = 0.335 r = 0.104, p = 0.329
GONIAL ANGLE (◦) r = −0.154, p = 0.148 r = −0.129, p = 0.226
SUM OF ANGLES (◦) r = 0.044, p = 0.679 r = 0.03. p = 0.782

UPPER GONIAL ANGLE (◦) r = −0.175, p = 0,099 r = −0.183, p = 0.084
LOWER GONIAL ANGLE (◦) r = −0.002, p = 0.984 r = 0.023, p = 0.826
ANT. CRANIAL BASE (mm) r = −0.011, p = 0.915 r = 0.018, p = 0.67
POST. CRANIAL BASE (mm) r = 0.018, p = 0.866 r = 0.052, p = 0.626

RAMUS HEIGHT (mm) r = 0.024, p = 0.825 r = 0.099, p = 0.353
MANDIBULAR BODY (mm) r = −0.02, p = 0.851 r = −0.004, p = 0.972
POST. FACE HEIGHT (mm) r = 0.031, p = 0.77 r = 0.096, p = 0.368
ANT. FACE HEIGHT (mm) r = −0.016, p = 0.879 r = 0.043, p = 0.69

PFH:AFH (%) r = 0.023, p = 0.832 r = 0.053, p = 0.623
ACB:MAND.BODY (%) r = 0.004, p = 0.97 r = −0.023, p = 0.832

UI to SN (◦) r = −0.096, p = 0.37 r = −0.094, p = 0.376
UI to FH (◦) r = −0.073, p = 0.497 r = −0.074, p = 0.486

UPPER FACE HEIGHT (%) r = −0.127, p = 0.233 r = −0.057, p = 0.596
LOWER FACE HEIGHT (%) r = 0.125, p = 0.24 r = 0.065, p = 0.544

*—statistically significant relationship (p < 0.05). Abbreviations: SDA—septal deviation angle; PPV—perpendicular
plate–vomer measurement.

3.4. Error Study

The analysis of the repeatability of PPV and SDA measurements carried out by the
reader demonstrated excellent concordance (data summarized in Table 3).

Table 3. Results of repeatability of manual measurements.

Parameter
Measurement I
(Mean ± SD)

Measurement II
(Mean ± SD)

ICC 95% CI
Agreement
(Cicchetti)

Agreement
(Koo and Li)

PPV (mm) 5.19 ± 2.6 5.28 ± 2.49 0.974 0.937 0.990 Excellent PPV (mm)
SDA (◦) 10.78 ± 5.69 10.85 ± 5.73 0.972 0.931 0.989 Excellent SDA (◦)

Abbreviations: PPV—perpendicular plate–vomer measurement; SDA—septal deviation angle.

The results of the repeatability of automatic cephalometric measurements showed
excellent concordance in the majority of measurements. A list of parameters with poor
concordance of repeated measurements is shown in Table 4. A full list of the conducted
repeatability analyses is provided in the Supplementary Material—Table S2.

Table 4. List of parameters with low agreement in repeated measurements.

Parameter
Measurement 1
(Mean ± SD)

Measurement 2
(Mean ± SD)

ICC 95% CI
Agreement
(Cicchetti)

Agreement
(Koo and Li)

LI-N-B 21.73 ± 8.41 36.67 ± 45.54 0.000 −0.536 0.548 Poor Poor
Pr-N-A 1.76 ± 0.66 1.85 ± 0.54 0.302 −0.287 0.730 Poor Poor

Abbreviations: SD—Standard Deviation; I—Incisor; NB—Nasion–B-Point; Pr—Prosthion; A—A-Point; ICC—Interclass
Correlation Coefficient; CI—Confidence Interval.
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4. Discussion

Our study revealed no significant correlations between NSD parameters (SDA and
PPV) and the majority of cephalometric measurements, with the exception of a weak corre-
lation between SDA and HAA (p = 0.039). No significant correlation was found between
PPV and HAA. The concordance of repeated manual reader measurements demonstrated
excellent repeatability, while the majority of parameters in the repeated automatic analysis
displayed good-to-excellent concordance, excluding two angular measurements: Lower
Incisor–Nasion–B-Point (LI-N-B) and Prosthion–Nasion–A-Point (Pr-N-A). The latter in-
dicates the need for the correction of algorithms determining single cephalometric points.
Good, and in most cases excellent, concordance of the repeated analysis results indicates
the high effectiveness of the tested AI algorithms in determining cephalometric landmarks.

The results of our study align with earlier published research, demonstrating the
potential of AI cephalometric analysis, with varying degrees of success. A study by Lee
et al. (2018) developed an AI system for automatic cephalometric landmark detection. The
system was found to be highly accurate, with a mean landmark error of 1.53 ± 1.74 mm and
an error of less than 2 mm for 82% of landmarks. However, the study also highlighted that
the performance of the AI system varied depending on the specific landmark, suggesting
the need for further refinement and training of the AI algorithm [44]. Similar results were
achieved by other research teams, demonstrating a superior AI success classification rate
compared to humans in some cephalometric analysis measures [30,31,45]. An interesting
study by Bao et al. (2023) evaluated the accuracy of AI in the automated cephalometric
analysis of reconstructed lateral cephalograms from CBCTs for 85 patients. The mean radial
error for 19 chosen landmarks was 2.07 ± 1.35 mm and an error of less than 3 mm in 71.7%
with the automatic program. The authors concluded that automatic analysis is almost
effective enough to be acceptable in clinical work, but is not currently capable of completely
replacing manual tracing [46]. Some minor inaccuracies have also been found in previously
published papers regarding the reliability of CephX cephalometric analysis. Despite these
issues, the authors unanimously concluded that the software is reliable for cephalometric
analysis [35,36,41].

The hinge axis (HA) remains an integral part of dental assessments, especially or-
thognathic and orthodontic assessments, regardless of disputes over the existence of pure
rotational movement in temporo-mandibular joints [47]. The HAA has emerged as a crit-
ical parameter in cephalometric analysis, providing invaluable insights into craniofacial
morphology and growth patterns. The HAA refers to the angle formed by the intersection
of the Frankfort horizontal (FH) plane and a line passing through the anatomical HA of the
mandible [48]. The HAA in our study was defined as the angle between three cephalometric
landmarks, Dc–Go–LI (distobuccal cusp of the first permanent upper molar–gonion–lower
lip). Studies have shown that a larger HAA indicates a more vertical growth pattern, while
a smaller HAA suggests a more horizontal growth pattern [48]. However, it is crucial to
recognize that the HAA is influenced by several factors, including cranial base flexure,
facial height, and the position of the mandible [48–50]. Our analysis revealed only a slight,
negative correlation between HAA and SDA, and no correlation with PPV. This means
that as the deviation angle of the nasal septum increases, the HAA decreases. Contrary to
expectations, no significant correlation between HAA and PPV was found. A review of
the scientific literature did not reveal any articles convincingly demonstrating a correlation
between HAA and NSD. Therefore, we assume that the correlation between HAA and SDA
might be coincidental. Further studies with a larger patient sample are necessary to clarify
this issue.

NSD is associated with a range of direct disorders, such as headaches, rhinosinusitis,
gastroesophageal reflux, and sleep apnea [51–54]. Understanding the full extent of NSD’s
impact on facial and cranial asymmetry will be crucial in developing effective treatment
strategies and improving patient outcomes. Among the factors influencing NSD, midfacial
trauma, septal abscess, and craniofacial anomalies (e.g., cleft lip and palate) have been iden-
tified [11,23,55,56]. In some cases, a more subtle influence of the anatomical relationships
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of the surrounding nasofacial skeleton, including developmental constraints and morpho-
logical details of the nasal septum, has been suggested to contribute to the development of
NSD [57]. A number of studies have demonstrated that a smaller volume of the nasal cavity
is associated with a higher percentage of NSD, indicating a mutual influence between these
phenomena [12,43,57,58]. More distant correlations between NSD and facial structures
have also been found. A study published by Kim et al. [22] revealed a relationship between
NSD and horizontal facial asymmetries. Additionally, Gray et al. found a high correla-
tion between septal and palatal asymmetries and dental malocclusion [20,21,23]. A study
conducted in 2015, involving 55 patients, demonstrated a correlation between NSD and
asymmetries in the nasal and palatal regions [4]. However, it did not establish a correlation
between these asymmetries and those of the lateral facial region.

Doubts about the generally accepted norms of cephalometric analysis results and
prevailing beauty standards have been present for some time [59,60]. Additionally, the
issues of beauty and attractiveness can be perceived differently by orthodontists and
patients. Furthermore, apart from skeletal scaffolding, the assessment of soft facial tissues,
which greatly influence the matter, is significantly limited in 2D cephalometric assessment,
leading to an increasing trend of including 3D scans of the face and intraoral tissues (such
as 3D dental models, 2D or 3D X-ray images, and photographs) in the standard set of
examinations [60–62]. Such a multimodal, diverse dataset could later be used to create
a more complete representation, display, and perception of the relevant structures [63].
It could also be used to create a “virtual patient” for discussing the expected treatment
outcomes with the patient [64]. The issue of treatment planning, visualization of its
results, and the integration of large-scale, multimodal datasets is a problem that hinders
the implementation of these concepts. Therefore, there is an increasing focus on the
use of AI in the analysis of 3D faces and in further treatment outcome planning [65–67].
Studies that assessed the accuracy of three-dimensional soft tissue prediction for Le Fort I
osteotomy and orthognathic cases using Dolphin 3D software showed a limited reliability
of the software [66,67]. However, in a 2022 study, Tanikawa attempted to develop AI
systems that predict the 3D facial morphology after orthodontic treatment and orthognathic
surgery [65]. The authors utilized lateral cephalograms, 3D facial images, and two AI
systems to predict facial morphology after dental treatment. The AI systems proved
to sufficiently predict facial morphology after treatment and were considered clinically
acceptable. Such integration of AI, multimodal facial morphology assessment, treatment
planning, and advanced visualization appears to be the future of orthodontics.

Our study evaluated lateral cephalograms, assessing the correlation of NSD mainly
using vertical facial morphology. Considering the results of our work and existing data
from the literature, the strongest potential connection appears to be between NSD and
horizontal facial asymmetries. Taking into account the previously cited studies based on
animal models, narrowing down the study group to patients with nasal septum damage at
an early stage of development would likely reveal correlations not present in our group
of consecutive, post-traumatic patients admitted to the Emergency Department. Further-
more, although we consider the AI-driven cephalometric analysis to be highly efficient and
cost-effective in modern orthodontic practices, we believe that further studies regarding its
performance must be conducted. Issues related to the influence of study quality on cephalo-
metric analysis results, the repeatability of analysis results, and refinements and reliability
of the algorithms are certainly areas that should be further explored. It should also be noted
that our study is one of the initial analyses of selected morphological parameters using AI.
An exciting future prospect is the ability of AI to automatically analyze large databases of
imaging studies available on PACS servers at large institutions. This will certainly enable
the discovery of subtle, previously unnoticed correlations between distant morphological
parameters. It will undoubtedly have a significant impact on the development of fields as
“hoary” and seemingly explored as anatomy.

The potential limitations of this study could be attributed to the relatively small
sample size of patients included, potentially limiting the ability to detect subtle correlations
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between the studied parameters, which might only become apparent when analyzing larger
groups. A geographic limitation was also present, as all radiographs were obtained from
the same research center. Attention should also be given to the potential influence of errors
in AI algorithms when determining cephalometric landmarks in the analysis results. It
should also be noted that our study analyzed one of the commercially available solutions,
and the obtained results should not be generalized to other AI software.

5. Conclusions

In conclusion, the results of the multiparametric cephalometric analysis were not
correlated with the degree of nasal septum deviation in patients in our study group,
except for a weak, negative correlation between HAA and SDA. The results of automatic
cephalometric analyses performed by the CephX AI platform showed excellent repeatability,
except for two types of angular measurements, LI-N-B and Pr-N-A, indicating the high
reproductivity of the tested AI model in most cephalometric analyses.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm12206621/s1; Table S1: List of performed automatic cephalometric
analyses; Table S2: Results of repeatability analysis of automatic AI cephalometric analyses.
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Abstract: Digital workflows have become integral in orthodontic diagnosis and therapy, reducing
risk factors and chair time with one-visit protocols. This study assessed the transfer accuracy of fully
digital planned insertion guides for orthodontic mini-implants (OMIs) compared with freehanded
insertion. Cone-beam computed tomography (CBCT) datasets and intraoral surface scans of 32 ca-
daver maxillae were used to place 64 miniscrews in the anterior palate. Three groups were formed,
two using printed insertion guides (A and B) and one with freehand insertion (C). Group A used
commercially available customized surgical templates and Group B in-house planned and fabricated
insertion guides. Postoperative CBCT datasets were superimposed with the planning model, and
accuracy measurements were performed using orthodontic software. Statistical differences were
found for transverse angular deviations (4.81◦ in A vs. 12.66◦ in B and 5.02◦ in C, p = 0.003) and
sagittal angular deviations (2.26◦ in A vs. 2.20◦ in B and 5.34◦ in C, p = 0.007). However, accurate in-
sertion depth was not achieved in either guide group; Group A insertion was too shallow (−0.17 mm),
whereas Group B insertion was deeper (+0.65 mm) than planned. Outsourcing the planning and
fabrication of computer-aided design and computer-aided manufacturing insertion guides may be
beneficial for certain indications; particularly, in this study, commercial templates demonstrated
superior accuracy than our in-house–fabricated insertion guides.

Keywords: orthodontics; mini-implant; temporary anchorage device; guided surgery; surgical
template; CBCT; intraoral scan; digital workflow; CAD/CAM; transfer accuracy

1. Introduction

Since their introduction by Gainsforth and Higley in 1945 [1], orthodontic mini-
implants (OMIs) have expanded the treatment options in orthodontics, serving as tempo-
rary anchorage devices (TADs) for intraoral anchorage reinforcement and proving superior
to conventional methods [2]. Their advantages include reduced need for patient compli-
ance, improved anchorage, cost-effectiveness, and ease of insertion and removal, making
them essential in modern orthodontics [3].

Despite these advantages, risks such as nerve involvement, bleeding from blood vessel
trauma, and perforation into the nasal cavity or maxillary sinus persist [4]. Therefore,
precise preoperative planning is crucial to minimize these risks and ensure accurate OMI
placement [5].

The field of dentistry has shown increasing interest in three-dimensional (3D) tech-
nologies in recent years, revolutionizing the orthodontic treatment planning process [6].
Cone-beam computed tomography (CBCT) has enabled better preoperative planning by

J. Clin. Med. 2023, 12, 6782. https://doi.org/10.3390/jcm12216782 https://www.mdpi.com/journal/jcm51



J. Clin. Med. 2023, 12, 6782

providing a 3D view of adjacent anatomical structures [7]. Dedicated software allows virtual
implant position planning and the creation of corresponding surgical guides. With advance-
ments in 3D technologies, insertion templates and digitally designed orthodontic appli-
ances can be “computer-aided design and computer-aided manufacturing” (CAD/CAM)-
fabricated without analog in-between steps [8]. Surgical templates aim to achieve a one-visit
protocol, enhancing clinician precision and reducing chair time [9]. CBCT-based inser-
tion guides are particularly beneficial for patients with challenging anatomical situations,
such as cleft palate, impacted teeth, or minor palatal bone support [10]. Based on the
virtual position of planned OMIs, an individual orthodontic appliance can be designed and
CAD/CAM-printed, enabling the installation of miniscrews and orthodontic devices in a
single appointment, thereby reducing patient chair time and costs [11]. In this context, some
recent studies investigated the transfer accuracy of different insertion guides, although
not all of them applied a solely digital workflow, as presented in this study [5,12–14].
Möhlhenrich et al.’s cadaveric study [12] showed that tooth-supported silicone guides were
superior in terms of transfer precision compared to gingiva-supported guides, with sagittal
angular deviations of 3.67◦ (SD 2.25) vs. 6.46◦ (SD 5.5). The study by Ludwig et al. [13]
investigating “sterile” and “nonsterile” CAD/CAM insertion guides demonstrated that
heat treatment during the sterilization process improved transfer accuracy and achieved
a clinically acceptable mean deviation of 0.81% at the coronal distance of the mid-mini-
implant head. Pozzan et al. [14] analyzed the influence of different steps of the digital
workflow on the deviation of the OMI’s axis of guided insertion and showed that the
laboratory step resulted in significantly lower axial deviations (2.12◦ ± 1.62◦) than the
clinical step (6.23◦ ± 3.75◦).

This anatomical study compares two different insertion guides, both fabricated within
a purely digital workflow, and investigates their precision to determine if one method may
be preferable. The data gathered during this study allow comparison with conventional
freehand OMI insertion.

2. Materials and Methods

Ethical approval for this study was obtained from the ethics committee of the Medical
University of Graz (EK 32-550 ex 19/20).

While alive, all body donors provided informed consent for the donation of their
postmortem tissues for research. All body donors were bequeathed to the Division of
Macroscopic and Clinical Anatomy of the Medical University of Graz under the approval
of the Anatomical Donation Program of the Medical University of Graz and in accordance
with Austrian laws concerning body donation.

This study examined 32 human cadaver heads, provided by the Division of Macro-
scopic and Clinical Anatomy of the Medical University of Graz, with intact palatal gingiva
that were embalmed using a modified Thiel technique [15]. These body donor skulls were
randomly divided into three groups for OMI insertion. In Group A (n = 12), a commercially
available and individually prefabricated surgical guide (Accuguide®; Forestadent Bern-
hard Förster GmbH, Pforzheim, Germany) was used. In Group B (n = 12), self-designed,
individually adapted 3D-printed insertion templates were used. In contrast, in Group C
(n = 8), a surgical guide was not used, with the TADs being placed conventionally in a
freehanded manner. In total, 64 orthodontic mini-implants (1.7 × 8.0 mm; OrthoEasy® Pal;
Forestadent Bernhard Förster GmbH), with 2 OMIs (right and left OMIs) per body donor
head, were inserted in the anterior palate, lateral to the palatal suture by an experienced
oral surgeon.

2.1. Digital Planning and Clinical Procedure

The digital planning and clinical procedure involved obtaining a CBCT dataset (Plan-
meca Promax 3D Max®, Helsinki, Finland) with dimensions of 10.0 × 9.3 cm (diame-
ter × height) and a voxel size of 200 μm, along with an intraoral scan of the upper jaw
(Trios 3®; 3Shape, Copenhagen, Denmark) for each body donor head.
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In Group A, digital imaging and communications in medicine (DICOM) data and
a surface standard triangulation language (STL) file for each skull were uploaded to
the encoded professional planning portal (Forestadent Bernhard Förster GmbH). OMI
positioning was performed by an internationally renowned TAD expert and digital dentistry
pioneer. After final approval of the positioning proposal, the printed insertion guide and a
resin-printed 3D model were delivered.

For Group B, the DICOM data were uploaded into specific orthodontic planning
software (Onyxceph; Image Instruments GmbH, Chemnitz, Germany) and matched with
the corresponding STL file of the intraoral scan of the upper jaw (Figure 1).

Figure 1. Preoperative superimposition using Onyxceph: (a) CBCT dataset; (b) intraoral surface scan
model; (c) superimposition (based on green surfaces a + b) of both datasets.

After superimposition, screw positions were virtually planned using the TADmatch
module of Onyxceph, selecting the same TADs from a virtual library used in the clinical
procedure. The virtual OMIs were positioned based on the planned orthodontic device
and adjacent anatomical structures. Two mini-implants (1.7 × 8 mm; OrthoEasy® Pal;
Forestadent Bernhard Förster GmbH, Pforzheim, Germany) with a 6 or 7 mm interscrew
distance were planned in a paramedian position at an angle of approximately 90◦ to the
palatal plane. The STL file of the positioning model was exported to Appliance Designer®

software (3Shape), where the dental technician virtually designed the surgical guides. The
guides were then 3D-printed using a light processing technique (Asiga Pro2®; Dentona,
Dortmund, Germany) and subjected to light hardening (Otoflash G171®; Dentona) with
2 × 2000 flashes in the presence of nitrogen (N2) gas. The aim was to create a reduced-size
template with a more skeletonized design compared with previous insertion guides.

During OMI insertion, the surgical guides were positioned on the teeth and held in
place by an assistant, and the oral surgeon performed the insertion without predrilling.

In Group C, the oral surgeon examined the initial records and performed conventional
freehanded manual insertion, as typically conducted during the clinical routine.

A contra-angle handpiece drive (Prosthodontic Implant Driver; W&H, Bürmoos, Ignaz-
Glaser Str. 53, 5111 Bürmoos, Austria) with a corresponding screwdriver was used for
screw insertion without predrilling in all groups. Torque was limited to 35 Ncm. Using the
surgical templates, the insertion automatically stopped when the screwdriver contacted
the top edge of the insertion guide (Figure 2).

 
Figure 2. Insertion process of all groups: (a) Accuguide® and drill guide with OMI; (b) in-house–
fabricated insertion guide; (c) integrated automatic stop; (d) conventional freehanded insertion.
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2.2. Software Analysis and Accuracy Measurements

Postoperatively, CBCT scans (Planmeca Promax 3D Max®, Helsinki, Finland) were
performed on each body donor head using the same settings applied preoperatively. The
postoperative CBCT data were then matched with the corresponding preoperative planning
data using the Register3D tool in Onyxceph. Dental reference points on each model were
used for superimposition of the datasets. Once the pre- and postsurgical models were
aligned, the actual OMI positions from the obtained postsurgical CBCTs were superimposed
with the virtual OMIs using an iterative closest point algorithm for automatic surface
registration (Figure 3).

Figure 3. Postoperative superimposition and measurements (e.g., blue mark = “Point 1”): (a) presur-
gical planning model with digital OMIs; (b) digital OMIs and postoperative CBCT dataset; (c) post-
surgical superimposition; (d) digital OMIs matched with the postsurgical CBCT dataset.

Linear measurements were conducted to evaluate the insertion depth and to measure
deviations and interscrew distances at the head and tip of the screw. Angular measurements
were performed to assess the parallelism of the OMIs and their deviations compared
with the preoperatively planned positions. All superimposition and measurements were
performed three times by a single experienced orthodontist.

In Group C, postoperative measurements were directly performed in the CBCT soft-
ware (Planmeca Romexis®, Helsinki, Finland). The axes of the OMIs were defined, and
sagittal and transversal angles were measured to examine OMI parallelism. These angular
deviations between left and right miniscrews were compared with guided insertion.

2.3. Statistical Analysis

Statistical analysis was performed using the software package SPSS version 27.0 (IBM
SPSS Statistics, IBM Corporation, Armonk, New York, NY, USA). Continuous variables
were presented as means ± standard deviations. The independent Student’s t-test was used
to compare OMI position data, and analysis of variance was performed for comparison
among the three groups. The significance level was set at p ≤ 0.05.

With a sample size of 12 in each of the two main groups, the study had a power of
87.71% to detect a difference in means of −0.4 (the difference between a Group 1 mean, μ1,
of 0.56 and a Group 2 mean, μ2, of 0.96), assuming a common standard deviation of 0.3,
using a two-group t-test with a 5% two-sided significance level.

3. Results

Preoperatively, all cases exhibited parallelism between right and left OMIs, but postop-
eratively, none of the investigated miniscrew pairs were exactly parallel. The deviation from
parallelism was measured as angles between both implant axes, and it was significantly
smaller (p = 0.030) in Group A (5.19◦ ± 2.71◦) than in Group B (10.41◦ ± 7.29◦).

There were no significant differences between the left and right OMIs in both groups
(right OMI: p = 0.720; left OMI: p = 0.206). However, in Group A, the angular deviation was
higher for the right miniscrew (4.68◦ ± 1.77◦), whereas in Group B, the left OMI exhibited
higher deviations (6.66◦ ± 6.13◦). When considering both groups together, no significant
differences were found between the left and right mini-implants (p = 0.698).

Mean interscrew distances, measured at the implant tip and head, became smaller
between the planned and actual positions in both groups, but these changes were not
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statistically significant (Figure 4; Table 1). The actual implant head positions in both groups
were found to be closer to the median palatal suture (Group A: 0.30 ± 0.22 mm; Group B:
0.27 ± 0.18 mm) compared with the virtually planned implants.

Figure 4. Interscrew distance (mm) measured at the implant tip and head levels pre- and postopera-
tively in Groups A and B. Preoperatively, in both groups, at least 50% had an interscrew distance of
7 mm, and all other measurements were detected as extreme outliers (*). The postoperative dispersion
was larger and less symmetrical for tip measurements compared to measurements at the OMI head.
Two mild outliers (◦) were detected in the measurement group “post head”.

Table 1. Interscrew distances (mm) measured at the implant head and implant tip pre- and postsurgi-
cally (*: t-test for independent samples).

Interscrew Distance Min Max Mean SD (+/−) Sign. p *

Head pre Group A 6.00 7.00 6.83 0.39 p = 0.557
Group B 6.00 7.00 6.92 0.29

Tip pre Group A 6.00 7.00 6.83 0.39 p = 0.557
Group B 6.00 7.00 6.92 0.29

Head post Group A 5.78 7.09 6.71 0.46 p = 0.895
Group B 6.13 7.64 6.74 0.39

Tip post Group A 4.61 7.83 6.41 1.10 p = 0.719
Group B 2.16 10.12 6.12 2.57

As presented in Table 2, the mean deviations between virtual and actual implant
positions were higher in Group B for both OMIs, both at the level of the implant tip and
head. These differences were statistically significant for the right OMI at the level of the
implant head (0.90 ± 0.37 mm) and for the left OMI, both at the head level (0.96 ± 0.46 mm)
and the implant tip (1.43 ± 0.82 mm).
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Table 2. Deviations (mm) between virtual and real implant positions measured at the implant head
and implant tip (*: t-test for independent samples; significant differences are shown in bold text).

Deviation Pre–Post Min Max Mean SD (+/−) Sign. p *

Right OMI head Group A 0.05 1.11 0.60 0.31 p = 0.003
Group B 0.25 1.59 0.90 0.37

Right OMI tip Group A 0.18 2.05 0.87 0.43 p = 0.091
Group B 0.20 3.34 1.17 0.76

Left OMI head Group A 0.24 1.14 0.56 0.28 p = 0.001
Group B 0.18 1.83 0.96 0.46

Left OMI tip Group A 0.27 2.22 0.87 0.55 p = 0.008
Group B 0.56 3.96 1.43 0.82

Significant statistical differences were also observed for vertical deviations measured
at the implant head (right OMI: p = 0.002; left OMI: p < 0.001). In Group A, the planned
insertion depth of the implants (−0.17 mm) could not be achieved, whereas in Group B,
the performed insertion was deeper (+0.65 mm) than planned.

In terms of transverse angular deviations between right and left OMIs for Groups A
and B, Group A demonstrated significantly higher implant axis accuracy (4.81◦ ± 4.09◦;
p = 0.028). However, no statistical difference was found for sagittal angular deviations
(p = 0.929), with mean angular deviations of 6.42◦ ± 2.26◦ in Group A and 5.10◦ ± 2.20◦ in
Group B.

Figure 5 illustrates the comparisons among Groups A, B, and C for sagittal and
transverse angular deviations between right and left mini-implants. Transverse angular
deviations were significantly less accurate in Group B than in the other groups (p = 0.003),
whereas sagittal angular deviations were significantly higher in Group C than in the other
groups (p = 0.007).

Figure 5. Comparison of transfer accuracy among Groups A, B, and C: (a) transverse angular
deviations; (b) sagittal angular deviations. One mild outlier (◦) was detected for sagittal angular
deviations in Group B.

4. Discussion

The primary focus of this study was to compare guided miniscrew insertion using the
applied digital workflow. The goal was to assess the accuracy and reliability of the virtual
planning process with two different types of insertion guides and compare it to a control
group with conventional freehand OMI insertion. Although Group A demonstrated better
results, significant differences were found for all methods (Table 1; Figure 5). Deviations
from the digitally planned positions were mostly within tenths of millimeters, and axial
deviations were generally smaller than six degrees.

In contemporary dentistry, 3D imaging has become integral to various dental disci-
plines [16]. Intraoral surface scans have replaced conventional impressions owing to their
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increased precision, and CBCTs provide 3D radiologic information with lower radiation
doses compared with computed tomographies [17]. The use of intraoral surface scans
allows for the creation of precise surface models of teeth and gums, which streamline
workflows. Research over recent years has shown that digital workflows in dentistry are at
least as precise and effective as traditional methods [18].

CBCTs have become an essential diagnostic tool, especially in surgical dentistry, as they
accurately display the 3D shape and position of teeth and jaw bones [19]. Cephalometric
X-rays, routinely used in orthodontic practice, have limitations as they are two-dimensional
(2D) projections of 3D anatomical structures, resulting in image distortion and overlapping
of bilateral structures [20]. Owing to the low radiation dose and excellent spatial reso-
lution of CBCTs, dentists can improve diagnosis and use the additional information for
treatment planning.

The anterior palate has become a favored insertion site for OMIs owing to the abun-
dance of cortical bone and available attached gingiva [21]. Studies, such as that of
Jung et al. [22], have shown that lateral cephalometry provides a reliable assessment
of the quantity of vertical bone for paramedian TAD insertion. In the present study, 3D
imaging was used for accuracy measurements and to evaluate interferences with surround-
ing anatomical structures. However, in the clinical routine, an approach such as that of
Maino et al. [23], which merges lateral cephalograms and digital dental models to plan
and produce surgical guides, might be sufficient. Using lateral cephalograms comes with
lower costs and reduced radiation exposure [23], and these 2D X-rays remain part of the
basic radiological investigation and represent the gold standard of imaging in patients
undergoing orthodontic therapy [22].

Previous studies have investigated various insertion guides, concluding that their
use improves TAD insertion accuracy and stability while reducing the failure rate of mini-
implants [5,10,12,13,24–29]. Tooth-supported guides, rigidly printed and supported on
the edges of teeth, were found to ensure higher insertion precision compared with solely
gingiva-supported templates [5,12]. Based on these findings, we chose to investigate only
tooth-supported guides. Our measurements were performed following the approach of
Casetta et al. [24], which involves comparing pre- and postsurgical CBCTs to calculate
angular, coronal, and apical deviations between virtually planned and actual OMI positions.

CAD/CAM appliance design relies on virtually planned TAD positions provided by
insertion guides, leading to a simplified and improved collaboration with the laboratory, a
faster workflow, and more predictable appliances. The simultaneous digital manufacturing
of the insertion guide and the superstructure enables a one-visit protocol for the insertion
of mini-implants and orthodontic appliances [30,31]. However, achieving accurate TAD
insertion is crucial for a successful one-visit protocol [32], particularly when an increased
number of miniscrews and a more rigid orthodontic appliance are required. Exceeding
a certain tolerance level for angular deviations may necessitate a two-step protocol [33].
Minor errors in the digital workflow or during clinical implementation can accumulate
and result in deviations of the mini-implants, potentially leading to misfit of the prepared
appliance. Factors such as the coronal distance of the OMIs, insertion depth, apical distance,
and the angle between the two TADs are relevant in this context [13]. The direction of the
deviation may also play a role, as TAD deviations can potentially compensate for each other
in some favorable cases [14]. A systematic review investigating the accuracy of surgical
guides for dental implantology found mean angular deviations of 3.5◦ and mean vertical
deviations of 1.2 and 1.4 mm at the implant head and implant tip, respectively, which were
deemed clinically acceptable [34].

Although freehand insertion is generally safe and accurate [35], when planning a
TAD-supported orthodontic appliance, a second visit becomes necessary because the exact
positions of the OMIs cannot be predefined.

Comparing workflows with and without surgical templates, similar interscrew paral-
lelism can be achieved. It has been shown that OMIs may not remain absolutely stationary
and can experience angular displacements up to 11◦ per OMI due to orthodontic load-
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ing [36]. Thus, even if TADs were initially parallel, they may not remain parallel throughout
the entire treatment.

The deviation in insertion depth found in our study aligns with the findings of
Kniha et al. [5], who attributed this effect to the resilient properties of silicone. The vertical
inaccuracies observed in our study may be related to the difference in rigidity between
the surgical guides in Group B and those in Group A. The in-house-produced guides in
Group B might have been less rigid, resulting in deeper insertion, whereas the other guides
were more rigid, making it impossible to reach the final insertion depth. Different printing
settings and offsets between the two groups could also contribute to these variations. Tissue
rigidity is unlikely to have been relevant in this study, as all guides were designed to be
tooth-supported. The fit of the insertion guides in Group A appeared superior, possibly
due to their more pronounced extension to the buccal tooth surface compared with Group
B, whereas the in-house-produced guides sometimes appeared to lack reliable stability and
did not stay in place without the assistance of fixation.

Comparing our study to others is challenging owing to the heterogeneity of reference
points and measurement methods among published studies. Differences in anatomical areas,
study protocols, and measurement techniques make direct comparisons difficult [9,10,12,14,37].

Despite promising results, this study has limitations. First, the use of embalmed
cadaver heads with preserved tissue may not fully represent the real clinical situation, as
blood perfusion is lacking, tissue quality and properties change after preservation [5], and
bone remodeling is absent [38]. Second, the age difference between the body donors, elderly
individuals with multiple missing or filled teeth and even dental implants or prostheses,
and the typical orthodontic clientele, mostly adolescents or young adults with complete
dentition, is also a limitation [39]. Third, artefacts caused by prosthetic restorations in the
cadavers’ CBCT datasets could have influenced superimposition accuracy. The sample size
is another limitation of this study, as n = 12 would have been ideal for all three investigation
groups. Unfortunately, insufficient appropriate body donors were available at the time of
this study. Hence, we opted for n = 8 for Group C, viewing it as an additional group, with
groups A and B as the main investigation groups. Finally, hard and soft tissue behavior in
the body donors might differ from that in a real clinical situation.

To date, few studies have investigated the transfer accuracy of guided OMI inser-
tion using postoperative CBCTs. To the best of our knowledge, only two such studies
have been conducted in a clinical setting. Casetta et al. [24] performed a clinical study
comparing presurgical and postsurgical CBCTs of five patients receiving palatal OMIs,
whereas Liu et al. [40] investigated surgical guides for interradicular OMI insertion using
CT scans. Kniha et al. [5] used presurgical lateral cephalograms and postoperative CBCTs
in a body donor study. Bae et al. [10] conducted another cadaver study to examine the
transfer accuracy of insertion guides for interradicular OMI placement using CBCTs. To
avoid possible sequelae of radiation exposure to living participants, the current study
followed this precedent and limited the analysis to embalmed specimens. The next step
would be a clinical study examining the precision of surgical guides, ideally incorporating
alternative imaging methodologies with reduced radiation exposure. CBCT-based investi-
gations of transfer accuracy are clinically relevant as scanbody measurements focus on the
oral portion, which may lead to incomplete data regarding the orientation of the implant
tip. Precise visualization of the implant tip is crucial for avoiding damage to adjacent
anatomical structures in clinical settings.

Although many studies have investigated the accuracy of guided OMI insertion and
deemed deviations clinically acceptable, no maximum tolerance level has been defined for
deviations in one-visit protocols. Further studies are needed to investigate the required
accuracy for simultaneous installation of OMIs and TAD-based appliances and to establish
clear tolerance limits for individually manufactured appliance insertion.
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5. Conclusions

CBCT has become a vital imaging tool in dentistry. Although guided OMI insertion
shows slight deviations, it remains an accurate and safe method that is widely used in
daily clinical practice. The ability to apply a one-visit protocol is a major advantage of
digitally planned insertion guides over freehanded TAD insertion. However, achieving
100% accuracy in delivering the planned TAD position is not always possible. Our study
found that treatment results were more reliable using commercially available insertion
guides compared with in-house self-fabricated insertion guides, making the former the
recommended choice when insertion guides are indicated.
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Abstract: Background: Neurosensory deficits are one of the major complications after impacted lower
third molar extraction leading to an impaired patient’s quality of life. This study aimed to evaluate
the incidence of neurosensory deficits after lower third molar extraction and compare it radiologically
to the corresponding position of the inferior alveolar nerve. Methods: In a retrospective study, all
patients who underwent impacted lower third molar extraction between January and December 2019
were compiled. Therefore, clinical data as well as preoperative radiological imaging were assessed.
Results: In total, 418 patients who underwent lower third molar extractions (n = 555) were included
in this study. Of these, 33 (5.9%) had short-term (i.e., within the initial 7 postoperative days) and
12 (1.3%) long-term (i.e., persisting after 12 months) neurosensory deficits documented. The inferior
alveolar nerve position in relation to the tooth roots showed apical position in 27%, buccal position
in 30.8%, lingual position in 35.4%, and interradicular position in 6.9%. Conclusions: A statistically
significant increased incidence of neurosensory deficits occurs when the inferior alveolar nerve is
directly positioned lingually to the tooth roots (p = 0.01).

Keywords: third molar extraction; neurosensory disturbance; wisdom tooth removal; oral surgery;
mandibular nerve; inferior alveolar nerve; lingual nerve; neurosensory deficit

1. Introduction

The prevalence of individuals harboring at least one impacted tooth is documented to
range between 18.8% and 40.5%, with lower third molars (LTMs) demonstrating the highest
propensity for impaction [1–5]. Especially in people with a reduced gonial angle, and,
consequently, a reduced retromolar space, there is a higher frequency of deeply impacted,
horizontally positioned LTMs [6–8]. The extraction of LTMs represents one of the most
frequently conducted procedures in the field of oral and maxillofacial surgery [9–13]. The
indications for LTM removal encompass both therapeutic reasons, such as acute or chronic
pericoronitis, cyst formation, non-restorable caries lesions, and prophylactic considera-
tions [2,14]. Although there are rare complications, surgical site infections, pain, trismus,
and three-dimensional measurable facial swelling are observed after LTM extraction [15].
However, by far the severest complication is postoperative neurosensory deficits. The
anatomical variability and the position of LTMs in the posterior region of the alveolar crest
near the inferior alveolar nerve (IAN) and the lingual nerve (LN) may result in a higher
probability of complication occurrence compared to conventional tooth extractions, where
these nerves are not in close proximity [16]. Damage to these structures is a substantial
and quality-of-life-impacting complication that can arise after LTM removal [11,17]. This
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damage may occur due to a variety of factors, including injury to the neurovascular bundle
during local anesthesia administration, as well as pressure exerted during tooth elevation
or direct mechanical trauma to the nerve itself [18,19]. IAN deficits after LTM removal
may manifest as hypesthesia, paresthesia, dysesthesia, or anesthesia affecting the lower
lip, chin, buccal gingivae, and teeth on the affected side [20]. The documented incidence
of complications to the IAN after LTM extraction exhibits a spectrum, ranging from 0.26%
to 8.4% [11,21–34]. An injury to the LN, characterized by sensory deficits affecting the
anterior two-thirds of the ipsilateral tongue and concurrent taste impairments, is reported
with an incidence spanning from 0.1% to 22% [11,16,21,24–33,35]. However, it is impera-
tive to distinguish between short-term and enduring sensory disturbances. Beyond the
clinical evaluation of LTM, the incorporation of preoperative radiographic image analysis
along with a careful surgical strategy is crucial and beneficial to prevent or minimize the
aforementioned complications [36–40].

The aim of the current investigation was to ascertain the incidence of neurosensory
deficits affecting the mandibular nerve (MN) after impacted LTM surgery, conducted
at the Division of Oral Surgery and Orthodontics, Department of Dental Medicine and
Oral Health, Medical University of Graz. In this study, particular attention was paid to
assessing the relationship between the IAN and adjacent LTMs and distinguishing between
short-term (7 days postoperatively) and long-term (at least 12 months postoperatively)
sensory deficits.

2. Materials and Methods

First, a retrospective analysis was conducted based on preoperative radiological
datasets and medical records of patients who underwent extraction of at least one impacted
LTM in 2019 at the Department of Dental Medicine and Oral Health, Division of Oral
Surgery and Orthodontics, Medical University of Graz. Exclusion criteria included preex-
isting neurosensory deficits of the MN prior to surgery and inadequate documentation.
Second, a prospective evaluation of patients with postoperative neurosensory deficits was
continued afterward.

The study was approved by the local ethics committee (IRB00002556, re: 33-093
ex 2012 and 33-575 ex 20/21). Patient consent was given from all participants of the
clinical investigation.

All surgical procedures were executed following a standardized protocol at the Uni-
versity Clinic of Dental Medicine and Oral Health, Medical University Graz. First, local
anesthesia was performed by a nerve block directed at the inferior alveolar nerve and
the lingual nerve. In addition, depots were administered on the ascending mandible to
anesthetize the buccal nerve, and submucosal depots were performed in the buccal region
corresponding to teeth 37 and 47, respectively. The surgical access was made through an
incision at the marginal gingiva of teeth 46 to 47, during which the dental papilla was
detached. The incision was then extended from the distobuccal side of tooth 47 on the
ascending mandible into the vestibule. Afterward, a freer was used to raise a full-thickness
envelope flap. The retractor was employed to hold off the buccal portion of the flap, while
a curved raspatorium was carefully inserted subperiosteal on the lingual side to ensure
the preservation of the lingual nerve. The osteotomy was carried out with a rose bur until
the crown of the tooth was completely exposed, and, if needed, the tooth was divided
into pieces using a Lindemann bur. The removal of the tooth or the individual pieces was
performed by means of a lever according to the leg or with surgical clamps. The wound
was closed using non-absorbable sutures.

Data were analyzed from patient records and dental radiographs using the in-house
computer systems Medocs (SAP, Walldorf, Germany) and Sidexis (version 4, Sirona Dentsply,
Charlotte, NC, USA). All patients were examined one week after surgery, on the day of
suture removal. Objective assessments including tests such as the light touch test, two-point
discrimination threshold, pin-prick test, and vitality test of ipsilateral mandibular teeth were
performed if subjective neurosensory deficits were reported by patients. The tests were
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conducted to evaluate the quality of neurosensory deficits (e.g., hypesthesia: light touch test,
negative; two-point discrimination: negative; pin-prick test: positive; vitality test: positive).
In cases of neurosensory deficits, follow-up examinations were conducted for a duration of
12 months after the suture removal. Incomplete recovery or persistent neurosensory deficits
beyond 12 months of review were considered permanent. In cases where permanent deficits
were observed, the Visual Analog Scale (VAS) ranging from zero to ten was employed to
assess the pain impacting the quality of life.

Demographic data included age and sex. Radiological analysis was performed on
the 2D panoramic radiographs (PR) datasets, as well as the standard dose 3D cone beam
computed tomography (CBCT) datasets. PR scans were conducted using the Orthophos XG
device (Dentsply Sirona, Bensheim, Germany). CBCT scans were conducted using either
the Orthophos CBCT scanner (Dentsply Sirona, Bensheim, Germany) with the following
parameters: 96 kV, 4.0 mA, an exposure time of 4.081 s, a field of view (FOV) of 10 × 5.9 cm,
and a voxel size of 0.200 mm. Alternatively, the Planmeca ProMax 3D Max (Planmeca,
Helsinki, Finland) with a field of view of 10.0 × 5.9 cm or 10.0 × 9.3 cm, covering a
minimum of one complete dental arch, with a 200-mm voxel size (96 kV, 5.6–9.0 mA, 12 s)
was employed.

The PR was used to evaluate the type of impaction (i.e., mesioangular, horizontal,
distoangular, or vertical). CBCT scans were utilized to assess the positional alignment of
the IAN in relation to the LTMs and to analyze their contact interactions. The position and
the contact relation of the IAN relative to the roots of the LTM were defined according to
Gu et al. and are provided below [36].

Class I: the mandibular canal is located on the apical side (apical position).
Class II: the mandibular canal is located on the buccal side (buccal position).
Class III: the mandibular canal is located on the lingual side (lingual position).
Class IV: the mandibular canal is located between the roots (interradicular position).

1. The mandibular third molar has no contact with the mandibular canal.
2. The mandibular third molar contacts with the mandibular canal with a complete

white line.
3. The mandibular third molar contacts with the mandibular canal with a defective

white line.
4. The mandibular third molar penetrates the mandibular canal.

Statistical analyses were performed using SPSS software (IBM SPSS statistics, version
27.0, IBM Corporation, Armonk, New York, NY, USA) with a 5% significance level. Chi-
square tests were used for quantitative analyses. Fisher’s exact tests and Chi-square tests
were used to analyze categorical data. Independent Student’s t-tests were applied to
continuous variables.

3. Results

3.1. Incidence of Neurosensory Deficits

A total of 418 patients (n = 418) who underwent the surgical removal of their LTMs
(n = 555) were included. Of these patients, 58% were female (n = 241), and 42% were male
(n = 177). The age of the participants ranged from 15 to 93 years, with a mean age of
29.1 ± 11.2 years. In 51.2% of cases, the left LTM was extracted, while in 48.8% of cases, the
right LTM was removed. A majority of the surgeries (n = 399, 70.1%) were carried out by
postgraduate dentists or maxillofacial surgeons, while dentistry students conducted the
remaining 29.9% of the operations (n = 166).

The overall incidence of acute neurosensory deficits of the MN (inferior alveolar nerve
and/or lingual nerve) within the first 7 days after extraction of the LTM amounted to 5.9%
(33/555). Among these cases, the inferior alveolar nerve (IAN) was affected in 2.9% (n = 16),
while the lingual nerve (LN) was impaired in 2.2% (n = 12), with 0.5% (n = 3) experiencing
combined deficits. Additionally, 0.4% of cases had an unknown area of affection. The
predominant neurosensory deficit was an IAN impairment, constituting 48.5% of cases
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(n = 16), closely followed by isolated LN deficits at 36.4% (n = 12). The occurrence of
a simultaneous IAN and LN disturbance was rare and observed in only 9.1% of cases
(n = 3). In two instances (n = 2), a neurosensory deficit was recorded in our electronic
database; however, detailed information regarding the specific location of the affected
nerve was lacking.

The documented characteristics of nerve deficits encompassed hypesthesia (45.4%;
n = 15), paresthesia (27.3%; n = 9), anesthesia (15.1%; n = 5), and hyperesthesia (6.1%; n = 2)
(Figure 1). As previously noted, detailed information on the nature of neurosensory deficits
was absent in two cases. Notably, dysesthesia was not observed in any of the cases. The
presence of hyperesthetic disturbances displayed statistical significance (p = 0.006, df = 3,
χ2 = 12.3).

 
Figure 1. Quality of nerve disorder.

3.2. Type of Impaction

Using the standardized PRs, it was observed that 14.4% (n = 80) of the LTMs exhib-
ited no angulation (vertical position). Mesioangular orientation was prevalent in 39.1%
(n = 217) of cases, while 18.2% (n = 101) displayed a distoangular orientation. Furthermore,
horizontal angulation was documented in 26.7% (n = 148) of the studied cases (Table 1).
No statistical significance was observed concerning the association between the pattern of
impaction and neurosensory deficits (p = 0.613, df = 3, χ2 = 1.72).

Table 1. Pattern of impaction.

Angulation n Neurosensory Deficits

vertical 80 (14.4%) 5 (6.3%)
mesioangular 217 (39.1%) 14 (6.5%)
distoangular 101 (18.2%) 8 (7.9%)

horizontal 148 (26.7%) 6 (4.1%)

3.3. Position of the Mandibular Canal Relative to the Apex

The routine practice in our clinic does not involve the standard performance of a
CBCT scan prior to LTM removal. Rather, we employ such scans selectively, guided by
radiographic indicators within the PR suggesting an elevated risk of nerve injury during
the extraction of the corresponding tooth. These indicators include instances of suspected
contact or overlapping of structures between the LTM and the mandibular canal, alongside
instances involving complex tooth anatomy or cystic lesions.

A preoperative CBCT scan was conducted in 47.2% of the surgical procedures (n = 263).
Within this subset of images, the position of the IAN in relation to the tooth roots was
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assessed. The IAN showed an apical position relative to the tooth roots in 27% of cases
(n = 71), a buccal position in 30.8% of cases (n = 81), a lingual position in 35.4% of cases
(n = 93), and an interradicular position in 6.9% of cases (n = 18).

There was a notable predominance of LTM having direct contact with the IAN (84%,
n = 221), whereas 16% (n = 42) of the third molars did not demonstrate this direct contact. In
21.7% (n = 57) the lower third molar contacted with the mandibular canal with a complete
radiopaque boundary, in 32.3% (n = 85) with an interrupted radiopaque boundary, and in
30.4% (n = 80) the wisdom tooth penetrated the nerve canal (Figures 2 and 3).

Figure 2. Contact relation of the inferior alveolar nerve canal with the wisdom tooth roots.

 
Figure 3. CBCT images illustrate the anatomical relationship between the mandibular canal and the
roots of a lower third molar. (A) Class II/buccal: No contact; (B) Class IV/interradicular: Contact
with a complete white line; (C) Class III/lingual: Contact with a defective white line; (D) Class
I/apical: Penetration of the mandibular canal.

The incidence of IAN neurosensory deficits and the associated position of the roots of
LTMs relative to the IAN were analyzed in LTMs with an available CBCT scan (16/263). It
was found that those IANs having an apical position relative to the roots of LTMs, had an
incidence of 0% of postoperative neurosensory disturbances. Buccal position resulted in
3.7% (3/81), interradicular position in 5.6% (1/18), and lingual position in 12.9% (12/93)
in an acute postoperative neurosensory deficit. Nerve disturbance was significantly more

66



J. Clin. Med. 2023, 12, 7661

frequent in the IANs having a lingual position relative to the roots of LTMs (p = 0.01, df = 4,
χ2 = 13.1) (Figure 4).

Figure 4. Relationship between the inferior alveolar nerve position and the lower third molar roots,
and the occurrence of neurosensory deficits.

There was no case of neurosensory deficit when there was no contact between the
LTM and the IAN (0/42) and an occurrence of 7.2% (16/221) when there was contact.
However, no statistical significance could be found (p = 0.061, df = 1, χ2 = 3.15). Analyzing
the exact contact relationships, it was noted that among the cases of nerve injuries observed,
3.5% (n = 2) involved the IAN making direct contact with the apex with a complete
radiopaque boundary. In 5.9% (n = 5) of instances there was a contact with a defective
radiopaque boundary and in 11.3% (n = 9) of the cases, the LTM exhibited a penetration of
the mandibular canal. However, there was no statistically significant difference between
the contact relation and the occurrence of neurosensory deficits (p = 0.070, df = 3; χ2 = 7.06)
(Figure 5).

Figure 5. Contact relation and occurrence of neurosensory disorders (%).

3.4. Sex and Age

The incidence of acute postoperative neurosensory deficit of the MN in males and
females was 4.6% (10/218) and 6.8% (23/337), respectively. No statistically significant dif-
ference in gender distribution was observed with respect to nerve disturbances (p = 0.183,
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df = 1, χ2 = 1.85). The mean ages of patients who experienced MN injury were 29 ± 6.9 years
old, and this was not significantly different from the mean age of 29.1 ± 11.4 years in pa-
tients who showed uneventful healing (p = 0.967, mean diff = −0.08; 95% CI [−4.94; 3.87]).

3.5. Experience of Operators

Among the surgical procedures executed by postgraduate dentists or maxillofacial
surgeons, 5.9% (23/389) resulted in postoperative neurosensory deficits. Conversely, in
the surgeries conducted by dental students, the occurrence rate was 6% (10/166). There
was no statistically significant difference in the incidence of neurosensory deficits between
the patients operated on by students and postgraduate doctors/maxillofacial surgeons
(p = 0.548, df = 1, χ2 = 0.003).

3.6. Recovery Patterns

A total of 14 out of 33 patients who experienced IAN or LN deficits within the initial
seven postoperative days did not attend any follow-up appointments after the first postop-
erative review. This resulted in a drop-out rate of 42.4%. The follow-up period extended
over 12 months, with the number of visits varying according to the performed therapy
regime and therapy response.

In this study, the incidence of persisting neurosensory deficits of the mandibular nerve
stood at 1.3% out of 555 removed teeth. Specifically, the IAN was affected in 0.8% of cases
(n = 5) and the LN was affected in 0.5% of cases (n = 3), with no statistically significant
difference detected (p = 0.705, df = 1, χ2 = 0.14). In the cohort of patients with enduring
nerve deficits, 71.4% (n = 5) exhibited hypoesthesia in the affected area, while 28.6% (n = 2)
experienced paresthesia. No other sensory qualities were identified, and this outcome did
not demonstrate statistical significance (p = 0.257, df = 1, χ2 = 1.29). Employing a VAS, it
was observed that none of the affected patients (0/7) exhibited permanent pain reducing
their quality of life.

Therapy Regime

Five different therapeutic regimens were employed to treat acute postoperative neu-
rosensory deficits, and the process of recovery was evaluated through objective assessments,
including the light touch test, pin-prick test, and vitality test of the teeth on the affected side:

1. The combination of cortisone (prednisolone 5mg), vitamin B-complex, and low-level
laser therapy was used in 26.3% (n = 5) of the cases and had a complete recovery in
60% (3/5).

2. The combination of vitamin B-complex and low-level laser therapy in 21.1% (n = 4)
with a recovery rate of 50% (2/4).

3. Only low-level laser therapy in 15.8% (n = 3) with a recovery rate of 100% (3/3).
4. The combination of cortisone and vitamin B-complex in 5.3% (n = 1) with a recovery

rate of 0% (0/1).
5. Only vitamin-b-complex in 21.1% (n = 4) with a recovery rate of 75% (3/4).

4. Discussion

According to the literature, the frequency of acute MN neurosensory deficit after
removal of the LTM ranges from 1% to 16.3% [10–12,16,41–46]. In our study, the incidence
of acute nerve deficits was 5.9% and is thereby consistent with results reported in the
literature. According to Akashi et al., the majority of the affected patients suffer from
hyperesthesia [10]. Concerning nerve deficits among the included patients, the IAN was
affected in 2.9%, the LN in 2.2%, and a combination of both in 0.5%. The incidence
of permanent neurosensory disorders of the MN after LTM surgery is reported to be
approximately 1% in the majority of studies found in the literature [11,42,44,46–49]. Our
study is also consistent with these findings, showing an incidence of 1.3%. Breaking
down the permanent nerve deficits, the IAN was damaged in 0.8% of cases and the LN in
0.5% of cases.
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Several authors found a correlation between age and a higher susceptibility to nerve
disturbances following impacted LTM extractions. Bruce et al. demonstrated a signif-
icantly elevated risk of nerve deficits in patients aged 35 years or older compared to
younger patients [25]. This result corresponds with the observations made by Blondeau et
Daniel, who proposed that this association might be attributed to increased bone density,
reduced bone elasticity, diminished healing capacity, and the completion of root forma-
tion [9]. Nevertheless, some studies refute a link between age and the risk of neurosensory
deficits [11,24,28,50–52]. The findings of the current study also do not provide evidence to
support the hypothesis that age elevates the risk of MN deficits (p = 0.967). Furthermore,
as with most studies in the literature, we found no association between the gender of the
participants and the incidence of nerve deficits.

The level of the surgeon’s experience performing the removal of the impacted LTM
has often been considered a potential risk factor for nerve deficits. Sisk et al. postulated
that the likelihood of developing neurosensory deficits increases with the surgeon’s lack
of experience [34]. Similarly, Cheung et al. observed and reported 33 of 45 mandibular
nerve deficits when a dental student performed the surgeries [11]. In contrast to the
aforementioned results, our study did not find a significant association between surgeon
experience and the risk of neurosensory deficits. However, this lack of association could
possibly be due to the fact that more challenging cases in our department were assigned
to dentists with more experience. Furthermore, students were at the operations under the
strict supervision of experienced surgeons.

Analysis of the standardized PRs of all LTMs with reference to the angulation found
a mesioangular impaction in 39.1% being the most frequent angulation, followed by a
horizontal angulation in 26.7%. Our results report the highest incidence of nerve deficits in
mesial angulated LTMs (42.4%). However, no statistical significance was found. Barry et al.
showed a similar frequency distribution regarding angulation in their study but could not
present a significant result of the association between angulation and nerve deficits [43].
Shiratori et al. found horizontal angulation to be the most common and described horizon-
tally angulated LTM as having the highest risk of nerve deficits. However, no statistically
significant result was found, which is in accordance with the current study [53].

In the case of 263 LTMs, we obtained a CBCT scan preoperatively. Analyzing the
scans, we found the lingual position of the IAN relative to the roots to be the most frequent
one (35.4%). This finding is contrary to the results of the study by Gu et al., where an
apical position was observed in 88.1% of cases [36]. The difference and nearly uniform
distribution of the IAN position to the root in our study may be due to the fact that when
the PR showed apical root positions without contact with the IAN, no routine CBCT scans
were performed.

Despite the lack of statistical significance, our study revealed a pattern in which acute
postoperative neurosensory deficits manifested exclusively in patients whose LTMs were
in direct contact with the IAN (p = 0.061). Lingually located nerves had a significantly
higher risk of postoperative deficits, with a statistically significant result (p = 0.011). While
Shiratori et al. reported comparable results, Barry et al., conversely, found an increased risk
of neurosensory deficits when the nerve was located buccal or interradicular to the roots of
LTMs [43,53]. According to several authors, the contact relation of the LTM and the IAN
seems to be a more important nerve deficit risk predictor than the position itself [41,45,53].
It needs to be mentioned that our investigation did not identify a statistically significant
difference in the incidence of IAN deficits, regardless of whether the contact between
the roots and the IAN was demarcated by a complete radiopaque boundary, a defective
radiopaque boundary, or a penetrating nerve (p = 0.07).

As mentioned, there were short-term neurosensory deficits at the LN in 2.2% and
long-term deficits in 0.5% of the cases. In our department, a lingually inserted raspatorium
is used to enhance visibility and protect the soft tissue. According to a meta-analysis, the
incidence of transient nerve damage to the LN varies depending on the surgical technique,
namely without lingual flap (1.24%), with lingual flap (2.39%), and with lingual split

69



J. Clin. Med. 2023, 12, 7661

technique (2.44%). With regard to permanent damage, the study could not find any
advantage for the use of lingual flaps or the lingual split technique [54].

Usually, neurosensory deficits recover spontaneously within the first 6 months after
surgery [11,19,55–58]. However, a major challenge in the management of these neurosen-
sory deficits is the lack of standardized treatment protocols [19]. Interestingly, it was
observed that none of the patients with persistent neurosensory deficits (i.e., 12 deficits af-
ter 12 months) reported a decreased quality of life. It can be assumed that this phenomenon
is due to a possible habituation effect.

Several limitations must be acknowledged in this study. First, the retrospective study
design inherently carries the risk of selection bias and uncontrolled variables. Second,
the absence of a standardized treatment regimen may introduce variability in patient
outcomes. For example, the administration of drugs such as glucocorticoids before and
after surgery could have affected the development of sensorimotor disorders. Third,
the lack of standardized follow-up procedures hinders our ability to comprehensively
assess the efficacy of individual treatments. Additionally, the high drop-out rate during
follow-up, accounting for 42.4% of the initial cohort, poses challenges in drawing firm
conclusions. In addition, there is a possibility that the MN was injured preoperatively
during the administration of the nerve block. Unfortunately, the removal of LMTs near
the nerve without a nerve block seems clinically impossible. To address these limitations,
future studies should consider adopting a multicenter approach with well-defined and
standardized treatment and follow-up regimens, thereby enhancing the reliability and
generalizability of the findings.

5. Conclusions

The occurrence of neurosensory deficits at the MN after LTM surgery is relatively rare.
Our results are consistent with the majority of published studies found. A lingual position
of the IAN in close proximity to the LTM significantly increases the risk of nerve deficits. In
this context, the use of CBCT scans appears promising as it can improve risk assessment
and provide comprehensive preoperative patient information. It is noteworthy that in our
study no decreased quality of life was observed in patients with persistent nerve deficits.

Author Contributions: Conceptualization, B.K., V.S. and M.S.; methodology, B.K. and M.S.; software,
M.R.; validation, M.R., B.R., B.K., V.S., N.J. and M.S.; formal analysis, M.R., V.S. and B.R.; investi-
gation, M.S., N.J. and B.K.; resources, M.R., B.R., B.K., V.S. and M.S.; data curation, M.S. and V.S.;
writing—original draft preparation, M.R., B.R. and M.S.; writing—review and editing, M.R. and B.R.;
visualization, M.S.; supervision, B.K. and N.J.; project administration, M.S.; funding acquisition, none.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of the Medical University of Graz (IRB00002556,
re: 33-093 ex 20/21 and 33-575 ex 20/21).

Informed Consent Statement: Patient consent was given from all participants of the clinical inves-
tigation.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy restrictions.

Acknowledgments: The authors would like to express their gratitude to Irene Mischak for her
support in conducting the statistical analyses.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hassan, A.H. Pattern of third molar impaction in a Saudi population. Clin. Cosmet. Investig. Dent. 2010, 2, 109–113. [CrossRef]
2. Alfadil, L.; Almajed, E. Prevalence of impacted third molars and the reason for extraction in Saudi Arabia. Saudi Dent. J. 2020, 32,

262–268. [CrossRef] [PubMed]

70



J. Clin. Med. 2023, 12, 7661

3. Dachi, S.F.; Howell, F.V. A survey of 3874 routine full-mouth radiographs. I. A study of retained roots and teeth. Oral Surg. Oral
Med. Oral Pathol. 1961, 14, 916–924. [CrossRef] [PubMed]

4. Grover, P.S.; Lorton, L. The incidence of unerupted permanent teeth and related clinical cases. Oral Surg. Oral Med. Oral Pathol.
1985, 59, 420–425. [CrossRef] [PubMed]

5. Chu, F.C.; Li, T.K.; Lui, V.K.; Newsome, P.R.; Chow, R.L.; Cheung, L.K. Prevalence of impacted teeth and associated pathologies—A
radiographic study of the Hong Kong Chinese population. Hong Kong Med. J. 2003, 9, 158–163. [PubMed]

6. Behbehani, F.; Artun, J.; Thalib, L. Prediction of mandibular third-molar impaction in adolescent orthodontic patients. Am. J.
Orthod. Dentofac. Orthop. 2006, 130, 47–55. [CrossRef]

7. Barone, S.; Antonelli, A.; Averta, F.; Diodati, F.; Muraca, D.; Bennardo, F.; Giudice, A. Does Mandibular Gonial Angle Influence
the Eruption Pattern of the Lower Third Molar? A Three-Dimensional Study. J. Clin. Med. 2021, 10, 4057. [CrossRef]

8. Gümrükçü, Z.; Balaban, E.; Karabağ, M. Is there a relationship between third-molar impaction types and the dimensional/angular
measurement values of posterior mandible according to Pell & Gregory/Winter Classification? Oral Radiol. 2021, 37, 29–35.
[CrossRef]

9. Blondeau, F.; Daniel, N.G. Extraction of impacted mandibular third molars: Postoperative complications and their risk factors.
J. Can. Dent. Assoc. 2007, 73, 325.

10. Akashi, M.; Hiraoka, Y.; Hasegawa, T.; Komori, T. Temporal Evaluation of Neurosensory Complications after Mandibular Third
Molar Extraction: Current Problems for Diagnosis and Treatment. Open Dent. J. 2016, 10, 728–732. [CrossRef]

11. Cheung, L.K.; Leung, Y.Y.; Chow, L.K.; Wong, M.C.; Chan, E.K.; Fok, Y.H. Incidence of neurosensory deficits and recovery after
lower third molar surgery: A prospective clinical study of 4338 cases. Int. J. Oral Maxillofac. Surg. 2010, 39, 320–326. [CrossRef]
[PubMed]

12. Sigron, G.R.; Pourmand, P.P.; Mache, B.; Stadlinger, B.; Locher, M.C. The most common complications after wisdom-tooth removal:
Part 1: A retrospective study of 1199 cases in the mandible. Swiss. Dent. J. 2014, 124, 1042–1046, 1052–1056. [PubMed]

13. Bouloux, G.F.; Steed, M.B.; Perciaccante, V.J. Complications of third molar surgery. Oral Maxillofac. Surg. Clin. N. Am. 2007, 19,
117–128. [CrossRef] [PubMed]

14. Kunkel, M.; Becker, J.; Boehme, P.; Engel, P.; Göz, G.; Haessler, D.; Heidemann, D.; Hellwig, E.; Kopp, I.; Kreusser, B.; et al.
Surgical extraction of wisdom teeth. Mund. Kiefer Gesichtschir. 2006, 10, 205–211. [CrossRef]

15. Antonelli, A.; Barone, S.; Bennardo, F.; Giudice, A. Three-dimensional facial swelling evaluation of pre-operative single-dose of
prednisone in third molar surgery: A split-mouth randomized controlled trial. BMC Oral Health 2023, 23, 614. [CrossRef]
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Abstract: The aim of this study was to evaluate the effect of third molars on caries, external root resorp-
tion, and alveolar bone loss on the distal surface of adjacent second molars. A total of 2488 panoramic
radiographs of adult Poles were evaluated. Third molars were classified, according to eruption
status, into non-impacted, partially, or completely impacted, and according to angulation into hori-
zontal, mesioangular, vertical, and distoangular. Completely impacted third molars were assigned
as reference group. The odds ratios (ORs) and 95% confidence intervals for the occurrence of the
above-mentioned pathologies were 1.39 (1.09–2.21), 6.51 (3.72–10.11), and 2.42 (1.22–4.09), respectively,
for second molars with adjacent erupted third molars and 1.54 (1.11–2.82), 10.65 (7.81–20.19), and
5.21 (3.38–10.81), respectively, when partially impacted third molars were next to second molars. The
ORs of lesions were significantly higher for horizontally and mesioangularly impacted third molars.
Within the limitation of a radiological study, it might be concluded that the presence of erupted third
molars is a risk factor for caries, while the presence of impacted third molars increases the risk of root
resorption and bone loss on the distal surface of second molars.

Keywords: alveolar bone loss; dental caries; root resorption; molar; third; tooth; unerupted

1. Introduction

Tooth impaction is a phenomenon in which a tooth does not erupt through the gingival
mucosa within the expected timeframe, specific to a given tooth group. [1] Based on
radiological examination, teeth can be divided into completely impacted, when the tooth is
fully surrounded by bone tissue, and partially impacted, when a fragment of the tooth is
located outside the bone but has not reached the occlusal plane [2].

Third molars (M3s) are the most frequently impacted teeth in the permanent dentition
of humans [3]. M3s make up 98% of all types of impacted teeth [4]. According to data,
the prevalence of M3 impaction ranged from 16.7% to 66.86% [5]. A recent meta-analysis
indicated worldwide M3 impaction prevalence at 24.40% [6]. The odds of M3 impaction
in the mandible were 57.58% higher than in the maxilla (p < 0.0001). Neither sex nor
population were found to significantly affect the frequency of M3 impaction. Mesioan-
gular impaction was the most common variety (41.17%), followed by vertical (25.55%),
distoangular (12.17%), and horizontal (11.06%). However, the prevalence of distoangular
and bucco-lingual inclination was significantly higher in the upper I-M3 [7].

The primary reason for the retention of M3s is a deficit of space in the dental arch,
resulting from evolutionary changes in the reduction in the bone base of the maxilla and
mandible [8]. Less common causes of third molar impaction (I-M3) are incorrect posi-
tioning of the tooth bud, intraosseous pathologies, such as cysts or odontogenic tumors,
or genetic diseases, such as cleidocranial dysplasia and ectodermal dysplasia [9,10]. The
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high incidence of third molar impaction makes the management of third molars an im-
portant role in public health. The retention of M3s may be asymptomatic or symptoms
may occur due to troubles with eruption. Pain, swelling, trismus, and general symptoms
such as fever and malaise are common reasons for patients to visit a dental office and
may significantly affect their quality of life [11,12]. The literature also mentions long-term
complications related to the presence of impacted third molars, which may affect not only
the M3 but also surrounding tissues and teeth. Partially impacted M3s were associated
with odontogenic infections, such as caries and periodontal diseases [13]. On the other
hand, completely impacted M3s were predominantly related to non-inflammatory condi-
tions, such as dentigerous cysts, odontogenic keratocysts, and ameloblastomas [14]. The
aforementioned intraosseous pathologies, as well as an incorrect position of the third molar
bud, may also contribute to second molar impaction. This rare phenomenon occurs in
0.03% to 0.65% of adolescents [15].

M3s may also be a factor impeding oral hygiene in the posterior areas. A high
impaction rate, together with misalignment in all three spatial axes, especially in the mesial
direction, causes extremely favorable conditions for the growth of oral cavity bacteria,
which ultimately leads to the development of caries in adjacent second molar teeth (M2),
and localized alveolar bone loss (ABL). Further development of those diseases may lead to
either pulpitis or severe defects of periodontal tissues and increased mobility of M2s, thus
carrying the risk of M2 loss. [16] Moreover, due to pressure exerted by eruption forces, there
is a risk of external root resorption (ERR) in M2s adjacent to I-M3s, which may reach the
root canal and lead to pulp inflammation and, consequently, pulp necrosis [17]. The cervical
or apical location of contact points between the teeth, as well as mesioangular, horizontal,
and inverted tooth inclination, were all associated with the highest risk of ERR [18,19]. A
number of studies examined the relationship between the status of M3s and dental, as
well as periodontal, lesions in adjacent M2s; however, to date, no systematic guidelines are
available to allow for adequate predictions regarding the development of M3 pathologies,
with respect to impaction status, angulation, and the comprehensive clinical picture [20]. To
the best of our knowledge, the exact circumstances under which M3s should be extracted
remain unclear [21].

On the basis of the available literature, we suspect that the presence of M3s increases
the likelihood of caries, external root resorption, and alveolar bone loss occurring on the
distal aspect of adjacent second molars. Therefore, the aim of this study was to evaluate this
hypothesis based on panoramic radiographs taken among adult Poles. The null hypothesis
(H0) is that the presence and position of M3s do not raise the chances of any mentioned
pathologies in M2s.

2. Materials and Methods

2.1. Patient Selection

This retrospective observational study was conducted in accordance with the Dec-
laration of Helsinki and approved by the Ethics Committee of the Medical University of
Warsaw (MUW, protocol code AKBE/291/2019). Panoramic radiographs of 2488 patients,
referred to the Department of Periodontal and Oral Mucosa Diseases at MUW between
January 2020 and December 2022, were evaluated retrospectively. The assessment was
performed by a single examiner, who is a dental specialist in periodontology (D.P.). The
minimum age for inclusion was 19 years since this is when M3s usually begin to erupt and
are thus in the vicinity of M2s and might potentially affect them [22]. The upper age was
not set.

Panoramic radiographs were taken in the Department of Dental and Maxillofacial
Radiology at MUW. All projections were obtained using a Vatech Pax-I device (Vatech,
Prague, Czech Republic, 70–85 kVp; 4–10 mA; exposure time of 9–19 s; 100.7 mGy × cm2).
The photographs were analyzed using a digital viewer (MicroDicom-DICOM viewer,
MicroDicom Ltd., Sofia, Bulgaria, microdicom.com (accessed on 18 December 2023). The
exclusion criteria applied to the panoramic radiographs are included in Table 1.
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Table 1. Exclusion criteria for panoramic radiographs and dental quadrants.

Exclusion Criteria for Radiograph/Quadrant Justification

Age < 18 years old Eruption process of M3s usually starts later
Intraosseous and craniofacial disorders Risk of misdiagnosing pathologies
Craniofacial trauma (e.g., fractures) Risk of misdiagnosing pathologies
Patient undergoing orthodontic treatment Risk of misdiagnosing pathologies
Artifacts or insufficient quality of a radiograph Risk of misdiagnosing pathologies
M3 root formation below two-thirds of the expected length Large potential of M3s to erupt in a proper position
Quadrant without an M2 No possibility to assess pathologies in M2s
Quadrant with an M2 being restored with a
prosthetic crown No possibility to assess which aspect of an M2 was damaged by caries

Quadrant with an M2 or M3 significantly damaged
by caries

No possibility to assess the pathologies in an M2 or the influence of
an M3

A total of 2783 panoramic radiographs were retrieved; 295 subjects were excluded
on the basis of the exclusion criteria, and 2488 panoramic radiographs were accepted.
Ultimately, 7912 dental quadrants were qualified for further evaluation (Figure 1). The age
and sex of the patients were recorded based on the data provided in the documentation.

Figure 1. Flowchart of the qualification of dental quadrants.

2.2. Panoramic Radiograph Analysis

M3s were divided, according to the eruption status into (1) non-impacted (N-M3),
when the tooth reached the occlusal plane, (2) completely impacted (I-M3), when the tooth
was completely surrounded by bone, and (3) partially impacted M3, when the crown
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of a tooth was situated above the bone edge, but had not reached the occlusal plane
(Figure 2) [2].

   
(a) (b) (c) 

Figure 2. Third molars depending on the eruption status: (a) non-impacted (erupted) M3, (b) partially
impacted M3, and (c) completely impacted M3.

Additionally, M3s were categorized based on Winter’s classification in terms of their
position in the dental arch relative to the long axis of M2s, according to the following criteria:
(1) horizontal (angle between the long axes of an M2 and an M3 between 80◦ and 100◦),
(2) mesioangular (from 10◦ to 80◦), (3) vertical (from −10◦ to 10◦), and (4) distoangular
(from −10◦ to −80◦) (Figure 3) [23].

    
(a) (b) (c) (d) 

Figure 3. Third molar angulation: (a) horizontal, (b) mesioangular, (c) vertical, and (d) distoangular.

M2s and surrounding tissues were then analyzed for the presence of the following
pathologies based on the guidelines by Al Khateeb et al. [24]: (1) caries on the distal surface
of the tooth, described as a radiographically clear lesion with no direct contact with the
crown of an M3, (2) external root resorption (ERR) on the distal surface of the root, defined
as loss of tooth substance, caused by direct contact between M2s and the crown of an M3,
(3) alveolar bone loss (ABL) of the alveolar process of the maxilla, or the alveolar part of
the mandible distal to M2s, greater than 20% of the length of the distal root (Figure 4).

   
(a) (b) (c) 

Figure 4. Radiologic view of pathologies in second molars and adjacent tissues: (a) caries on the
distal surface of M2s, (b) external root resorption of the distal root of M2s, (c) bone loss on the distal
aspect of M2s.

Only the occurrence of the above-mentioned diseases was assessed, not their advancement.

2.3. Statistical Analysis

Statistical analysis was conducted using Statistica 13.3 (Dell Technologies Inc., Round
Rock, TX, USA (2016); Dell Statistica (data analysis software system), version 13.3; dell.com
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(accessed on 18 December 2023). Data are presented as frequencies and ratios. To evaluate
the impact of M3 status on M2 pathologies, a multivariate logistic regression analysis was
used. The odds ratio (OR) with 95% confidence intervals (CIs) was calculated separately
for caries, ERR, and ABL. The presence of the analyzed pathologies was compared between
M3s that were absent, partially impacted, and completely impacted. Moreover, the OR of
the above-mentioned pathologies was assessed in relation to M3 angulation (horizontal,
mesioangular, vertical, and distoangular), as well as patient age and sex. Quadrants with
completely impacted M3s were used as reference groups for ORs. In the data set for logistic
regression, the absence of multicollinearity was detected using the variance inflation factor
method. The level of significance was set at 0.05.

3. Results

3.1. Demographic and Radiographic Findings

A total of 2488 X-rays were included in this study (1055 men and 1433 women;
aged ≥ 19 years, mean age: 42.2 years). The exclusion criteria were applied to the quad-
rants, and 7912 quadrants qualified for this study. Among all 2488 subjects, 1842 partici-
pants (74.04%) had at least one N-M3, 631 participants (25.23%) had at least one partially
impacted M3, and 303 participants (12.18%) had at least one completely impacted M3. With
respect to the second molars, 1738 of which showed signs of distal caries, 141 had external
resorption of the distal root and 1571 were diagnosed with bone loss on the distal aspect of
the tooth (Tables 2–4).

Table 2. The presence of caries, root resorption, and bone loss in second molars depending on the
presence or absence of a third molar.

Caries Root Resorption Bone Loss
n % n % n %

None 655 25.21 20 0.77 448 17.24
Maxilla 419 28.22 16 1.08 335 22.56

Mandible 236 21.20 4 0.36 113 10.15
Present 1083 20.38 121 2.28 1123 21.13

Maxilla 542 20.70 74 2.83 632 24.14
Mandible 541 20.07 47 1.74 491 18.21

Table 3. The presence of caries, root resorption, and bone loss in second molars depending on
impaction or eruption of a third molar.

Caries Root Resorption Bone Loss
n % n % n %

Impacted 133 8.72 89 5.83 464 30.41
Maxilla 54 7.84 51 7.40 199 28.89

Mandible 79 9.44 38 4.54 265 31.66
Erupted 950 25.08 32 0.84 659 17.40

Maxilla 488 25.30 23 1.19 433 22.45
Mandible 462 24.85 9 0.48 226 12.16

Table 4. The presence of caries, root resorption, and bone loss in second molars depending on the
degree of impaction of a third molar.

Caries Root Resorption Bone Loss
n % n % n %

Partially impacted 109 9.88 73 6.62 414 37.53
Maxilla 43 9.70 44 9.93 184 41.53

Mandible 66 10.00 29 4.39 230 34.85
Completely impacted 24 5.67 16 3.78 50 11.82

Maxilla 11 4.47 7 2.85 15 6.10
Mandible 13 7.34 9 5.08 35 19.77
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The number of M3s, according to their angulation, is presented in Table 5. Vertically
positioned M3s were the most prevalent in every category, followed by mesioangular M3s.
Distoangular and horizontal M3s were observed in much smaller numbers.

Table 5. The number of third molars with respect to their position in the dental arch, relative to the
long axis of a second molar.

Erupted M3 Partially Impacted M3 Completely Impacted M3
n % n % n %

Horizontal 6 0.16 114 10.33 48 11.35
Mesioangular 930 24.56 323 29.28 145 34.28
Vertical 2602 68.69 546 49.50 159 37.59
Distoangular 250 6.60 120 10.88 71 16.78

3.2. Multivariate Logistic Regression Analysis

The results of the analysis considering pathologies in M2s in comparison with erupted
M3s are presented in Table 6. Completely impacted M3s were assigned as reference a group.
All pathologies were more prevalent in the presence of both partially impacted and erupted
M3s, although the ORs of carious lesions in M2s adjacent to erupted M3s in the mandible
and in the maxilla and mandible altogether were not statistically significant.

Table 6. Odds ratios for caries, root resorption, and bone loss in second molars depending on the
degree of impaction of a third molar.

M3 Status
Caries Root Resorption Bone Loss

OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

Maxilla
Completely impacted Reference Reference Reference

Partially impacted 1.44 (1.14–3.11) <0.0001 9.43 (5.31–12.32) <0.0001 5.32 (3.11–8.91) <0.0001
Erupted 1.67 (1.09–2.11) <0.0001 6.22 (2.18–9.07) <0.0001 1.34 (1.11–2.20) <0.0001

Mandible
Completely impacted Reference Reference Reference

Partially impacted 1.32 (1.11–2.09) <0.0001 4.36 (2.82–8.91) <0.0001 4.94 (3.61–9.49) <0.0001
Erupted 1.45 (1.09–1.65) 0.02 6.81 (3.92–10.61) <0.0001 3.45 (1.90–8.93) <0.0001

Maxilla + mandible
Completely impacted Reference Reference Reference

Partially impacted 1.54 (1.11–2.82) <0.0001 10.65 (7.81–20.19) <0.0001 5.21 (3.38–10.81) <0.0001
Erupted 1.39 (1.09–2.21) 0.02 6.51 (3.72–10.11) <0.0001 2.42 (1.22–4.09) <0.0001

Table 7 presents the ORs for caries, ERR, and ABL with respect to the angulation of M3s
relative to the long axis of adjacent M2s. The risk of occurrence of every above-mentioned
pathology was higher when M3s were placed either horizontally or mesioangularly. More-
over, vertically positioned M3s showed higher ORs for ERR in comparison with the ORs
when an M3 was absent.
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Table 7. Odds ratios for caries, root resorption, and bone loss in second molars depending on the
angulation of a third molar.

M3 Status
M3

Angulation
Caries Root Resorption Bone Loss

OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

Maxilla
None Reference Reference Reference

Present
Horizontal 1.23 (1.13–1.67) 0.0021 12.31 (7.32–23.90) <0.0001 1.28 (1.13–3.31) 0.0031

Mesioangular 1.34 (1.21 1.74) 0.0145 3.65 (2.59–4.04) <0.0001 1.88 (1.50–2.08) <0.0001
Vertical 0.76 (0.43–1.12) 0.0892 1.82 (1.21–2.45) <0.0001 0.83 (0.61–1.25) 0.6371

Distoangular 0.26 (0.14–0.47) <0.0001 0.59 (0.22–0.94) <0.0001 0.89 (0.54–1.35) 0.7311
Mandible

None Reference Reference Reference
Present

Horizontal 1.32 (0.62–1.78) 0.0036 17.02 (3.59–23.78) <0.0001 1.30 (1.13–1.49) <0.0001
Mesioangular 1.49 (1.14–1.97) 0.0097 4.16 (2.04–7.56) <0.0001 1.26 (1.04–1.53) <0.0001

Vertical 0.71 (0.51–0.96) 0.0309 1.67 (1.16–2.69) <0.0001 1.05 (0.79–2.22) 0.2441
Distoangular 0.57 (0.12–0.84) <0.0001 0.48 (0.23–0.71) <0.0001 0.37 (0.12–1.86) 0.7727

Maxilla +
mandible

None Reference Reference Reference
Present

Horizontal 1.68 (1.43–2.13) <0.0001 10.09 (5.58–19.12) <0.0001 1.67 (1.31–2.17) <0.0001
Mesioangular 1.18 (1.05–1.76) <0.0001 5.17 (2.86–9.15) <0.0001 1.73 (1.16–2.56) <0.0001

Vertical 0.77 (0.67–0.89) <0.0001 1.55 (1.44–1.42) 0.0029 0.81 (0.24–1.16) 0.3317
Distoangular 0.34 (0.19–0.56) <0.0001 0.40 (0.08–1.08) 0.6721 0.91 (0.68–1.84) 0.3711

The ORs for the pathologies, taking into consideration patient age and sex, are pre-
sented in Table 8. The ORs for caries and ABL on the distal aspect of M2s increased with
patient age, although the ORs for ERR were not statistically significant. Moreover, it was
assessed that the likelihood of ABL was higher in male patients, whereas the risk of caries
was greater in female patients.

Table 8. Odds ratios for caries, external root resorption, and bone loss in relation to patient age
and sex.

Caries Root Resorption Bone Loss
OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value

Age
Maxilla 1.12 (1.04–1.45) <0.0001 1.03 (0.99–1.11) 0.04353 1.11 (1.08–1.56) <0.0001
Mandible 1.03 (0.99–1.13) 0.04882 0.78 (0.45–1.31) 0.328829 1.03 (1.01–1.12) <0.0001
Maxilla + mandible 1.05 (1.02–1.13) <0.0001 0.98 (0.94–1.11) 0.0872 1.04 (1.02–1.07) <0.0001

Female Reference Reference Reference
Male 0.79 (0.69–0.89) <0.0001 0.89 (0.61–1.28) 0.5140 1.16 (1.02–1.35) <0.0001

4. Discussion

The aim of this study was to evaluate whether the presence of M3s poses a risk of
caries, external root resorption, and alveolar bone loss on the distal aspect of adjacent M2s.
Based on the data obtained from panoramic radiographs, it was found that the presence
of N-M3s was associated with a higher incidence of caries, while the presence of I-M3s
increased the incidence of ERR and ABL on the distal surface of M2s. The ORs of dental and
periodontal lesions were significantly higher for horizontal and mesioangular I-M3s. The
results of our study may assist in predicting which M3s are especially likely to cause the
development of the aforementioned pathologies in M2s. This, in turn, may raise awareness
among dental professionals and encourage the enrollment of patients in periodic clinical
and radiological prophylactic protocols.
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Our findings are consistent with prior research on caries in M2s associated with
retained M3s. It was implied that plaque may be undisturbed in the approximal area,
which is often inaccessible to cleaning devices. Subsequently, the presence of M3s may lead
to the appearance of caries on the distal surface of M2s [25]. The prevalence of caries on the
distal surface of mandibular M2s, associated with a semi-erupted M3, ranged from 7% to
32% [26–32]. A large longitudinal study with a 25-year follow-up reported a relative risk
ratio (RR) of 2.53, which meant that patients with erupted M3s were at 153% greater risk
of caries on the distal surface of M2s in comparison with subjects missing M3s [33]. Soft
tissue I-M3s had a caries RR of 0.83, whereas bony I-M3s had a RR of 1.44 in comparison
with patients with absent M3s. However, the sample of the above-mentioned study was
composed exclusively of male patients. European studies suggested that M2 caries may
be present in approximately one in four referrals for the assessment of M3s [34]. A recent
meta-analysis confirmed that the presence of mandibular M3s increased the incidence of
caries on the distal surface of M2s [35]. Moreover, the risk was higher when M3s were
completely erupted (class A—Pell and Gregory), rather than non-erupted (class C—Pell
and Gregory) (OR 3.45) when the horizontal position was compared with the vertical
(OR 9.12) and distoangular (OR 9.75) positions and when the mesioangular position was
compared with the vertical (OR 7.25) and distoangular (OR 9.54) positions. The overall
pooled frequency of caries was 23% among patients [34]. A subgroup analysis yielded a
prevalence of 36% for mesioangular I-M3s and 22% for horizontal I-M3s. As horizontal and
mesioangular M3s exhibited a greater cement–enamel distance from M2s, food retention
in the region also increased, leading to cleaning issues and a higher incidence of caries
on the distal surface of M2s. It was also implied that the longer the M3s were exposed
in the mouth, the greater the chance of caries occurring on the distal surface of M2s [36].
Similar to earlier studies, the present study found that horizontal and mesioangular M3s
were most often correlated with the presence of caries on M2s. Given the above, caries on
the distal surface of M2s is an associated long-term consequence of M3 retention. Thus,
numerous authors recommended the prophylactic removal of semi-erupted, horizontal,
and mesioangular M3s in order to prevent the appearance of caries on the distal surface of
M2s [37,38].

ERR was associated with mechanical or inflammatory factors such as dental trauma,
chronic periodontitis, pressure resulting from orthodontic appliances, cysts, benign or
malignant tumors, and close proximity to an unerupted tooth [39]. Previous studies
analyzing the ERR of M2s due to M3s, which used panoramic imaging or apical radiographs,
reported prevalence varying between 0.3% and 24.2% [24,28,40–43]. In the present study,
the prevalence of ERR was 2.28% when M3s were present and increased to 6.62% in case
of partially impacted M3s. However, a prevalence rate as high as 49.43% was reported in
previous studies that used CBCT [27,44]. Interestingly, a Chinese study carried out with
the use of CBCT reported a lower incidence of ERR (20.17%), including only M3s that were
mesially and horizontally impacted [45]. It must be highlighted that image acquisition
parameters, such as the voxel size, influenced the detection of ERR, which may help explain
some of the discrepancies [46]. In a study by Suter et al. [18], ERR was identified in 31.9% of
M2s and was slight in 30.2%, moderate in 1.4%, and severe in 0.3% of the cases. The presence
of ERR was significantly associated with direct contact between M2s and M3s, the angle
between M2s and M3s with a mean angle measurement of 57.10◦, the inclination of M3s,
and the location of contact. Mesioangular, horizontal, and inverted impaction of M3s were
correlated with increased ERR on the adjacent M2s. The risk percentage for the incidence
of ERR was 62.5% for inverted inclination, 54.2% for horizontal inclination, and 47.2% for
mesioangular inclination. Moreover, a male predilection was found with a risk percentage
of 41.4%. In contrast, no significant sex predilection was found in other studies, as well as
in our study. In a recent systematic review and meta-analysis, ERR in M2s was significantly
associated with contact with I-M3s and the inclination of M3s [39]. The presence of ERR in
mandibular M2s was higher (38.3%) than in the upper arch (33.8%). Taking into account
the inclination of I-M3s, the incidence of ERR was higher with transverse, horizontal, and
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mesio-angular impacted M3s, with 54.5%, 47.5%, and 44.5% occurrence, respectively. M2s
in close proximity to mesio-angular I-M3s showed a 50% higher risk of ERR than with
vertical I-M3s (RR 0.50). Similar to our study, the majority of the research studies did not
find an association between the incidence of ERR and age.

Increased levels of periodontal microbiota in M3 regions were observed, even with
very limited clinical symptoms of periodontal issues [47]. The M3 pericoronal region
may provide a favored niche for periodontal pathogens in otherwise healthy oral cavities.
Another study reported an increased plaque index and bleeding on probing (BOP) around
adjacent M2s [48]. The presence of N-M3s was indicated as a potential risk factor for
the development of periodontitis in adjacent M2s [27,28,32,49]. N-M3s were correlated
with a probing pocket depth (PPD) of at least 5 mm (OR 6.7) and BOP (OR 4.0). What is
more, the periodontal status of adjacent M2s was affected by age [50]. Our study indicated
that periodontal risk is associated with the presence of lower I-M3s, with higher odds for
horizontal and mesioangular positions. The OR was higher in males and increased with age.
A recent systematic review and meta-analysis by Yang et al. [51] found that the presence of
M3s, especially mandibular N-M3s, negatively affected the periodontal status of adjacent
M2s. The prevalence of ABL was 32% in the mandible when compared to 19% of M3s in
general. It was higher with N-M3s (25%) than with I-M3s (19%). The higher prevalence
of N-M3s might be associated with significant differences in periodontal pathologies
between different impaction types. All in all, 19% of M2s showed distal early periodontal
defects with the presence of M3s. Moreover, the pooled prevalence for deep periodontal
pockets around M2s was 52%. Subgroup analyses showed the prevalence was higher in the
mandible (62%) than in the maxilla (43%). In the case of N-M3s, the prevalence of deep
periodontal pockets reached 50%. A wide range of studies observed that the removal of
M3s, irrespective of being N-M3s or I-M3s, contributed to improvements in the periodontal
status of adjacent M2s [48,52–54]. Baseline deep PPD, as well as advanced age, led to an
unfavorable prognosis. A recent systematic review and meta-analysis reported that lower
M3 surgery resulted in a moderate reduction in PPD, clinical attachment level (CAL), and
alveolar bone defect (ABD) [55]. At 6 months, the PPD reduction was 1.06 mm, and the
remaining PPD was 3.81 mm. Based on only four studies, PPD at 12 months was 4.79 mm,
meaning that the periodontal pocket did not resolve completely after surgery. Baseline
PPD was strongly associated with the remaining PPD at 6 months.

It is well-known that even asymptomatic M3s frequently become diseased with in-
creased patient age and retention time. Caries and periodontal pathologies were most
frequently reported, especially in partially erupted M3s and mesially inclined mandibular
M3s [19,27]. Therefore, a number of authors recommend prophylactic removal of M3s since
they are often nonfunctional and strategically non-important teeth. The advantages of
such management are numerous. First of all, the earlier an M3 is extracted, the lower the
odds for the development of caries, ERR, and ABL, as well as pericoronitis, odontogenic
cysts, and tumors in that anatomical area. Interestingly, a recent study suggested that
radiographic appearance may not be a reliable indicator of the absence of disease within the
M3 dental follicle; hence, attention should be paid to peri-coronal radiolucency of follicles
less than 2.5 mm in size [56]. Furthermore, there is a decreased likelihood of the occurrence
of complications associated with M3 eruption, such as pain, swelling, purulent discharge,
or trismus, which may increase the difficulty of extraction, as well as jeopardize postop-
erative healing. Moreover, as M3 roots may be underdeveloped, root separation may not
be required, which makes the extraction easier and less time-consuming, and carries less
risk of lingual nerve damage. On the other hand, some believe that there is little evidence
for the benefits of M3 removal and there is a higher chance of postoperative complica-
tions than the risk of pathologies related to I-M3s. The occurrence of those complications
might depend on a patient’s general health and lifestyle, the dental surgeon’s experience,
and the anatomy of M3s and surrounding tissues. Apart from complications typical for
tooth extraction, such as alveolitis, either sicca or purulent [57], facial swelling [58], or
bleeding [59], there are those highly specific for third molar surgery. Postoperative trismus

82



J. Clin. Med. 2024, 13, 20

results from inflammatory infiltration of the masticatory muscles, especially the medial
pterygoid muscle. It may significantly limit mouth opening and food intake. [60] Inferior
alveolar nerve complications are specific to lower M3 surgery and may result either from
edema pressing on the nerve or trauma caused by the tooth extraction instruments. In the
first case, hypoesthesia lasts a few days as the swelling subsides, while in the second case,
regaining the sensory function may take up to several months. Complete loss of sensation
is very rare. As the innervation of the inferior alveolar nerve extends to the lower lip, eating
and speaking may be problematic. Involuntary biting of the lip is also common, resulting
in deep, long-healing traumatic ulcers [61]. Oroantral connection, on the other hand, might
happen after upper M3 extraction due to a lack of or extremely thin alveolar bone proper in
the apical part of the alveolus. Although radiographs, especially CBCT, might be useful to
predict oroantral connection, the Valsalva maneuver or assessment using alveolar curette
are far more reliable methods of detecting oroantral communication. After the closure of the
communication, the patients must not sneeze or cough with their mouths closed. Airplane
flights and diving are also prohibited to ensure the primary healing of the wound [62]. The
above-mentioned issues may have a minor or considerable influence on a patient’s quality
of life. It is, therefore, of vital importance to use a scientific evidence-based approach in
order to establish which variables increase the prevalence of certain pathologies associated
with M3s, hence justifying their prophylactic removal. Understanding the risk factors of
M3 impaction will aid in determining which clinical policy is optimal for a given patient.
It is also important to assess the difficulty of M3 extraction based on, among others, M3
anatomy, alignment, and surrounding structures. For example, the relation between the
M3 bud and the mandibular canal must be taken into account, especially if germectomy is
considered. Numerous tools are available for these situations, which may help clinicians
balance out indications and risk factors [63]. Although a plethora of clinical studies on this
topic have been carried out, conflicting results were often observed. This might explain, at
least partially, the lack of consensus among dental practitioners. The results of our study
suggest that the retention of M3s, especially when impacted in horizontal or mesioangular
positions over a long period of time, may constitute a risk factor for caries and ABL and is
likely to result in harm to M2s. In this aspect, our observations are in line with other reports
and enforce the evidence already present in the literature [13,18,32,55]. As PPD is more
likely to increase with age, M3 surgery ought to be carried out before severe periodontitis
occurs in order to avoid compromising periodontal defects and significant ABL [32,55].
Moreover, the horizontal or mesioangular position of I-M3s, and the direct contact between
M2s and M3s, represent a further risk for ERR [18,27].

To the best of the authors’ knowledge, this is the largest study of this kind that was
carried out in Central Europe and in Poland. A total of 2488 panoramic radiographs and
7912 quadrants were positively qualified and meticulously evaluated. Ratios, frequencies,
and ORs of caries, ERR, and ABL on the distal surface of the adjacent M2s were depicted.
On the other hand, the results of this study have some feasible limitations and should be
interpreted with caution. First of all, the examination was performed only on the basis of
panoramic radiographs without clinical evaluation. The disease outcomes should ideally
have been assessed both clinically and radiographically. Visual characteristics of caries and
periodontal disease, such as changes in the color and opacity of dental tissues, redness and
swelling of surrounding soft tissues, as well as periodontal indices, such as probing pocket
depth (PPD), clinical attachment level (CAL), and bleeding on probing (BOP), are necessary
to ensure a correct diagnosis. Furthermore, additional factors influencing the incidence of
caries, ERR, and ABL in M2s ought to be considered and analyzed. Oral hygiene, recorded
in the form of a suitable index, such as plaque index or approximal plaque index, plaque
retention factors, such as tooth malposition in the buccolingual direction, or soft tissue
defects, as well as saliva deficiency, could all have significantly impacted the presence
of the above-mentioned pathologies. Furthermore, all included patients were referred
to the Department of Periodontal and Oral Mucosal Diseases at MUW, which may have
introduced bias, as these patients could potentially exhibit characteristics different from
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the general population, such as greater prevalence of periodontal disease—this had the
potential to jeopardize the diagnosis of periodontal defects in the M3 area, as they may
have originated due to generalized periodontitis. All in all, the presented results may not
be applicable to all populations. What is more, the use of panoramic radiographs carried
the risk of not detecting all the examined pathologies correctly. A minimum 30% loss
of mineral substance, such as tooth or bone, must occur to be visible on a conventional
radiograph, such as a panoramic X-ray [64]. Additionally, due to the two-dimensional
nature of the projection, there was a risk of overlapping the image with surrounding healthy
tissues, resulting in a pathology being unnoticed. This underestimation of the prevalence
of caries and ERR could constitute one of the most significant limitations of the present
study. As previously mentioned, panoramic radiographs were considered a valid, although
less precise method to accurately assess the pathologies in question. Numerous studies
confirmed that the best method of diagnosing caries or ERR in posterior teeth is the use of
periapical inter-proximal radiographs and CBCT [65]. The greatest advantage of CBCT is
the possibility to evaluate the root surface of an M2 in all three planes. On the other hand,
periapical radiographs are more reliable in assessing periodontal tissues, and bitewing
projections help to assess carious lesions more accurately using a much lower radiation
dose. Nevertheless, the decision to use panoramic radiographs was made due to their wide
availability, widespread use in general dental practice, and relatively low cost. It is also
important to note that the state of M3s was not taken into account in our study. Pathologies
in M3s, especially carious lesions, might have had an impact on M2s and their surrounding
tissues. While significantly damaged M3s were not included in our study, less developed
carious lesions might have contributed to M2 status and hindered a proper diagnosis.

Further longitudinal studies are required in a variety of populations, with well-
described clinical and socio-demographic characteristics of the population, to better deter-
mine the incidence and the factors that increase the risk of caries, ERR, and ABL on the
distal surface of the adjacent M2 with respect to M3 eruption status and angulation. Further
studies ought to be conducted to explore this topic in a thorough manner, including the
examination of participants’ medical history, such as general diseases, medicaments, diet,
and access to dental care, as well as clinical examinations including visual assessment of
caries, probing pocket depth, clinical attachment level and oral hygiene indices, supported
by radiographic imaging, such as CBCT.

5. Conclusions

Within the limitations of this radiological study, it may be concluded that:

• The presence of M3s might increase the incidence of caries, ERR, and ABL on the distal
surface of M2s, especially in the long term;

• Caries were more commonly associated with N-M3s, whereas the presence of I-M3s
was most likely to increase the risk of ERR and ABL;

• Mesioangular and horizontal positions of I-M3s were significantly more likely to cause
caries, ERR, and ABL on the distal surface of M2s.

As the current study is cross-sectional and retrospective in nature, the absence of clini-
cal status evaluations may be considered a serious limitation. On the other hand, the careful
selection of patients with detailed exclusion criteria may be regarded as an advantage.
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Abstract: Introduction: Cranial CT scans are associated with radiation exposure to the eye lens,
which is a particularly radiosensitive organ. Children are more vulnerable to radiation than adults.
Therefore, it is essential to use the available dose reduction techniques to minimize radiation exposure.
According to the European Consensus on patient contact shielding by the IRCP from 2021, shielding
is not recommended in most body areas anymore. This study aims to evaluate whether bismuth
shielding as well as its combination with other dose-saving technologies could still be useful. Meth-

ods: Cranial CT scans of a pediatric anthropomorphic phantom were performed on two up-to-date
MDCT scanners. Eye lens dose measurements were performed using thermoluminescent dosimeters.
Furthermore, the impact of BS and of the additional placement of standoff foam between the patient
and BS on image quality was also assessed. Results: Bismuth shielding showed a significant lens
dose reduction in both CT scanners (GE: 41.50 ± 4.04%, p < 0.001; Siemens: 29.75 ± 6.55%, p = 0.00).
When combined with AEC, the dose was lowered even more (GE: 60.75 ± 3.30%, p < 0.001; Siemens:
41.25 ± 8.02%, p = 0.00). The highest eye dose reduction was achieved using BS + AEC + OBTCM
(GE: 71.25 ± 2.98%, p < 0.001; Siemens: 58.75 ± 5.85%, p < 0.001). BS caused increased image noise
in the orbital region, which could be mitigated by foam placement. Eye shielding had no effect on
the image noise in the cranium. Conclusions: The use of BS in cranial CT can lead to a significant
dose reduction, which can be further enhanced by its combination with other modern dose reduction
methods. BS causes increase in image noise in the orbital region but not in the cranium. The additional
use of standoff foam reduces image noise in the orbital region.

Keywords: bismuth; radiation; ionizing; radiation protection; lens; crystalline; multidetector
computed tomography

1. Introduction

Medical imaging plays an important role in patient management, including pediatric
care. Growth is accomplished through elevated cell turnover, which means that a greater
number of cells are in a vulnerable state. Therefore, children exhibit increased radiation sen-
sitivity compared to adults. Due to this increased susceptibility and a long life expectancy
post-exposure, children are at a higher risk of radiation-induced damage [1].

In pediatric radiology, the ultrasound and MRI are important methods used in order
to avoid the risk of radiation. However, there are circumstances where CT is necessary to
provide accurate diagnostic results.

Computed tomography (CT) is a powerful imaging modality widely used in medical
diagnostics, especially for examining the brain and other structures within the skull. CT
scans are still the main source of medical radiation exposure [2]. CT scans in pediatric
radiology account for about 10% of the radiation-based imaging modalities. However, they
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are responsible for about 40–60% of the radiation exposure in children [1]. The radiation
exposure associated with CT scans can cause harmful effects to the patient, especially to the
lens of the eye. The lens is particularly sensitive to ionizing radiation, and exposure to even
low levels can increase the risk of cataract formation. This risk is particularly concerning
for patients who require repeated or frequent CT scans, such as those with head trauma,
tumors, or neurological disorders.

To mitigate the risk of radiation-induced cataracts, various strategies have been pro-
posed. Bismuth shielding (BS) has been described as an effective measure in reducing the
dose to the eye lenses [3].

Structural shielding (e.g., blanket, rubber mat. . . ) has been used in radiology for the
last 70 years [4]. Bismuth shielding was first described by Hopper et al. in 1997 as the use
of an in-plane overlying bismuth radioprotective material manufactured into form-fitting
garments, which reduces radiation exposure to superficial organs [5]. Since then, shielding
has been mainly used in CT to protect eyes, the thyroid gland, and breasts. By placing the
shield over radiosensitive organs, the radiation exposition can be reduced by 30–50% [3].

However, in 2021 the International Commission on Radiological Protection (IRCP)
released the European Consensus on patient contact shielding, in which it is recommended
to discontinue shielding in most body areas including the eye lenses [4]. The main concerns
related to shielding are a reduction in image quality and interference with other dose
reduction systems, as well as factors related to the operator (inappropriate placement of
the shield, infection control) and the patient (patient discomfort, movement during the
examination). According to the IRCP, there are other, more effective dose-saving methods
that reduce the dose while improving the image consistency, e.g., automatic exposure
control systems [4].

This study assesses the eye lens dose and image quality when using BS and its
combination with other currently used dose-saving technologies in paediatric cranial
CT on two up-to-date multidetector computed tomography (MDCT) scanners. Moreover, it
discusses practical considerations for implementing BS in clinical paediatric care and aims
to inform its appropriate use in cranial MDCT with modern MDCT scanners.

2. Materials and Methods

This phantom study evaluates if there is an additional value of BS used on two modern
MDCT scanners equipped with currently used dose reduction technologies, as well as
the influence of BS on the image quality in head CT. Since the used CT machines differ
considerably in their features and different scanning parameters were used, the radiation
exposure differences were compared only for the individual CT machine and not between
the scanners.

Ethical committee review and approval were not required because phantom studies
were performed.

2.1. Phantoms, Bismuth Shield

An anthropomorphic pediatric phantom (CIRS ATOM® phantom, pediatric 5 years,
110 cm, 19 kg, Computerized Imaging Reference Systems, Inc. Norfolk, VA, USA) was
used. After the localizer CT radiograph was acquired, a 1.27 mm thick bismuth shield
(14 × 3.5 cm, Somatex, Berlin, Germany) was placed over both phantom lens areas (Figure 1).

2.2. MDCT Scanners, Scanning Protocols

The following two up-to-date CT scanners were used for the study: General Electric
(GE) Revolution™ (GE, Milwaukee, WI, USA) and Siemens Somatom Definition AS™
(Siemens Healthineers, Erlangen, Germany). Scans on the GE scanner were performed in
the helix and volume modes. Furthermore, in the GE scanner, scans in the volume mode
with a fixed tube current were acquired. The Siemens scanner provides only the helix mode
for the required ranges of this study.
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On both scanners, age-adjusted scanning protocols were chosen (Table 1), as used in
clinical practice, together with iterative reconstructions.

Figure 1. Positioning of the pediatric head phantom within the scanner (a) CT axial scans without
bismuth shield (b) and with bismuth shield (c) (measurement points: A, right lens; B, left lens).

Table 1. Scanning protocols.

CT Scanner GE Revolution™ Siemens Somatom Definition AS™

Scan mode Volume Helix Helix Helix Helix Helix Helix

Tube voltage (kV) 100 100 100 100 100 100 100

kV modulation - - - - - - -

Average tube current (mA) 300 230 223 184 253 192 189

AEC (z-direction) - - yes yes - yes yes

OBTCM (x,y-direction) - - - yes - - yes

Slice thickness (mm), collimation (rows) 0.625 0.625 × 40 0.625 × 80 0.625 × 80 0.6 × 40 0.6 × 40 0.6 × 128

Scan length (mm) 157.5 160 160 160 160 160 160

Pitch 0 0.516 0.507 0.507 0.55 0.55 0.55

Rotation time (s) 0.5 0.5 0.5 0.5 0.5 1 1

Adaptive dose shield - - - - yes yes yes

FOV 250 mm 250 mm 250 mm 250 mm 250 mm 250 mm 250 mm

Focus 0.6 mm 0.6 mm 0.6 mm 0.6 mm 0.7 mm 0.7 mm 0.7 mm

CTDIvol (mGy) 12.04 19.15 16.34 13.64 24.08 19.96 16.81

DLPvol (mGy × cm) 192.6 384.6 261.5 223.6 401.0 332.6 291.2

Filtering 4.2 mm Al 6.8 mm Al

2.3. Dose-Saving Techniques

Automated exposure control (AEC) and organ-based tube current modulation (OBTCM)
are modern dose-saving techniques available on the used MDCT scanners. These techniques
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have vendor-specific characteristics. The GE scanner offers smart mA™ (AEC) and ODM™
(OBTCM). Care Dose 4D™ (AEC) and X-care™ (OBTCM) are provided by the Siemens scanner.

The scans for surface dose and image quality assessment were conducted under
different conditions, as shown in Table 2: (a) reference scan without any dose reduction
method, (b) AEC, (c) AEC + OBTCM, (d) BS, (e) BS + AEC, (f) BS + AEC + OBTCM.

Table 2. Different scanning conditions used for eye lens dose and image quality evaluation.

CT Machine Scan Mode Dose Modulation

GE Revolution™ Volume −
Helix −
Helix + smart mA

Helix + smart mA + ODM

Siemens Somatom Definition AS™ Helix −
Helix + Care Dose 4D

Helix + Care Dose 4D + X-care

Automated exposure control (AEC) is a dose reduction technique used to provide au-
tomatic adaptation of mA based on the user-specified image quality and X-ray attenuation
characteristics of the scanned body region. The goal of the AEC is to apply radiation to
the patient more efficiently and keep the image quality constant. Smart mA™ is GE’s tech-
nology for automated exposure control. The technology offered by Siemens is called Care
Dose 4D™.

Organ-based tube current modulation (OBTCM) is used to reduce the dose delivered
to superficial radiosensitive organs in CT by reducing the tube current when the X-ray
tube passes over the organs. GE and Siemens have developed different OBTCM techniques
called Organ Dose Modulation (ODM™) and X-care™, respectively.

Organ Dose Modulation (ODM™) is offered by GE and it is used to reduce the
tube current in a 180° radial arc in body protocols and in a 90° radial arc in head protocols.
ODM™ does not increase tube current in other projections, which leads to a reduction in the
radiation dose.

X-care™ is Siemens’s technology for organ-based tube current modulation. This dose-
saving technique is used to allocate the tube current more to the lateral and posterior
tube positions than to the anterior tube positions while keeping the total scanner output
the same. It reduces the tube current in a 120° radial arc above the anterior organs and
increases the tube current posteriorly in the remaining 240° of the scanning range, so that
the radiation dose and image quality remain constant. Superficially located organs have a
reduced exposure within the 120° radial arc and increased exposure over the 240°.

2.4. Dosimetry

The eye lens dose was estimated using thermoluminescent dosimeters (TLD-100™,
Rods 1 × 6 mm, LiF:Mg,Ti , Thermo Scientific™ Waltham, MA, USA) placed over the eye
areas of the anthropomorphic pediatric head phantom.

To obtain reasonable dose values, all scans were conducted 15 times, and afterwards
measured values were divided by 15 to obtain the dose of an individual scan. The factor 15
was empirically determined in a pre-study. The whole procedure was repeated three times
and dose values of dosimeters were averaged.

2.5. Image Quality Assessment, ROI Measurements

Image noise represents a marker of image quality. In many studies, increases in image
noise and artifacts has been reported as the biggest disadvantage of BS [6].

In order to overcome this disadvantage, the following approach proved to be success-
ful at the authors’ institution: a 2.0 cm standoff foam is placed between the patient and BS to
reduce artifacts in superficial areas. To assess the influence of BS as well as the influence of
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foam on image quality, CT scans were acquired in the following way: phantom alone, phan-
tom + foam, phantom + BS, and phantom + foam + BS, as depicted in Figure 2. These scans
were conducted only for the assessment of image quality; therefore, no dosimetric values
were acquired.

Image noise was estimated using the standard deviation of density values (Hounsfield
units, HU) within a circular region of interest (ROI—Figure 3) and served as a quantitative
parameter of image quality.

Figure 2. Protocol for quality assessment included 4 scans pro series: phantom (a), phantom + foam
(b), phantom + bismuth shield (c), phantom + foam + bismuth shield (d).

Figure 3. Different points of ROI measurement: orbital right (A), orbital left (B), central in the cranium
(C), and occiput (D).

2.6. Statistical Analysis

Dose savings were calculated in % based on a scanner reference scan.
t-tests, one-way analysis of variance, and post hoc tests were performed. Dose savings

under different scanning conditions were compared (reference scan without any dose reduc-
tion method, AEC, AEC + OBTCM, BS, BS + AEC, and BS + AEC + OBTCM). Furthermore,
the influence of the foam on the image quality was evaluated comparing different imaging
conditions (phantom alone, phantom + foam, phantom + BS, phantom + foam + BS).

p < 0.05 was considered to indicate a statistically significant difference. The tests were
performed in statistical software IBM SPSS Statistics for Windows, Version 21.0 (Armonk,
NY, USA: IBM Corp. Released 2012).

3. Results

3.1. Eye Lens Dose Evaluation

All scan modes showed symmetrical doses between the two eye areas.
AEC led to a statistically significant dose reduction in the GE scanner (21.50 ± 10.28%,

p = 0.025) but not in the Siemens scanner (−0.75 ± 11.87%, p = 0.907).
A dose reduction of over 40% was also achieved without BS, using only the combination

of AEC and OBTCM (GE: 50.5. ± 5.07%, p < 0.001; Siemens: 43.50 ± 4.36%, p < 0.001).
Bismuth shielding alone showed a significant dose reduction (GE: 41.50 ± 4.04%,

p < 0.001; Siemens: 29.75 ± 6.55%, p = 0.003). A further reduction in dose was ob-
served in combinations of BS with other dose-saving methods, such as BS with AEC
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(GE: 60.75 ± 3.30%, p < 0.001; Siemens: 41.25 ± 8.02%, p = 0.002). The highest eye dose
reduction was achieved using BS + AEC + OBTCM (GE: 71.25 ± 2.98%, p < 0.001; Siemens:
58.75 ± 5.85%, p < 0.001).

The impact of different dose-saving methods and their combination on the dose is
shown in Figure 4.

(a) Lens (GE)

(b) Lens (Siemens)
Figure 4. Average relative dose savings of both CT scanners for lens. 1.00 = 100%. Note particularly
the difference between AEC and OBTCM without/with shielding. Asterisks (*) represent outliers in
the box plot.

A direct comparison between different dose-saving methods provided by the two
different scanners is not possible, since there different scanning parameters were used, as
shown previously in Table 2.

3.2. Image Quality Assessment

There was no significant difference in image noise between ROI A and ROI B (orbit right
and left). As shown in Figure 5, relative to the reference scan, bismuth shielding caused a
significant increase in the image noise in the orbit in both CT scanners. However, the placement
of plastic foam between the eye areas and BS lowered the image noise on both CT scanners.

93



J. Clin. Med. 2024, 13, 25

(a) GE

(b) Siemens

Figure 5. Box plots of mean noise values in the orbital region for different shielding types and
different dose reduction methods (AEC and OBTCM). Note the positive effects of placing plastic
foam between the bismuth shielding and the eyes.

Spacing foam is composed of homogeneous materials with low X-ray attenuation
properties; therefore, it should not affect the image quality. Plastic foam placed on the eye
areas without the use of bismuth shielding did not influence image quality.

As shown in Figure 6, eye shielding had no effect on image noise centrally in the cranium
and in the occiput, which is crucial for the purpose of brain diagnostics. The additional use of
foam in these regions did not lead to a significant decrease in the image noise.

Different scan modes (volume, helix) and dose-saving techniques (AEC, AEC + OBTCM)
did not influence the image quality related to shielding.
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Figure 6. Image noise in the cranium centrally and occipitally for different eye shielding types. Note
that shielding apparently had no effect on image noise intracranially.

4. Discussion

4.1. Results of This Study vs. Current Literature

Bismuth shielding is a practical and effective method for reducing radiation exposure
to the eye lens during cranial CT imaging. In the presented study, BS showed a significant
lens dose reduction in both CT scanners, which could be enhanced by its combination with
other dose reduction techniques. The highest eye dose reduction of up to 70% was achieved
using BS + AEC + OBTCM.

Relative to the reference scan, BS led to a significant increase in the image noise in the
orbital region. However, the combination of BS with foam lowered the image noise in the
orbit significantly. Shielding, as well as its combination with foam, had no effect on image
noise intracranially. These results are compatible with the results published in the currently
available literature.

A meta-analysis of the effects of BS for the protection of superficial radiosensitive
organs from 2019 included pediatric and adult anthropomorphic phantoms, as well as
patients undergoing CT. The fixed-effects pooled estimate of eye lens dose reduction was
34%. Shielding was recommended in 88.89% of the studies [6].

There is a study from 2012 that combined BS with OBTCM (XCare™, Siemens) for dose
reduction to the eye in head CT. The dose to the eye was reduced by 26.4% with bismuth
shielding. A combination of OBTCM with one bismuth shield reduced the dose by 47.0%, but
the CT number accuracy and image quality (noise and artifacts) were affected. The image
noise in the brain region was slightly increased for all dose reduction methods [3].

In a study from 2020, the effect of barium sulfate and bismuth-antimony shields on
the dose reduction to the eye lens and image quality in cranial CT on a MDCT scanner (So-
matom Definition Flash; Siemens Healthcare) was investigated. It showed a significant lens
dose reduction (by 28.60–31.92% and 43.87–47.00%, respectively) while causing substantial
image artifacts. Shielding combined with AEC did not exhibit a significant difference
compared to the dose measured under the fixed tube current (FTC). In comparison to a
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fixed tube current, employing AEC yielded improved signal-to-noise and contrast-to-noise
ratios within the intracranial structures when using the bismuth-antimony and barium
sulfate shields, respectively [7].

In the available literature, the use of eye shielding has been associated with a moderate
increase in image noise of about 1–2 HU. The additional use of foam has led to a decrease
in the image noise near the orbit but not in the brain region [3].

To the best of the authors’ knowledge, no current study has been performed evaluating
the use of BS and its combination with other currently available dose reduction techniques
and its effects on the dose reduction and image quality on up-to-date MDCT scanners.

4.2. IRCP Statement

According to the European Consensus on patient contact shielding released in 2021,
shielding is not recommended anymore to protect eye lens in cranial CT [4]. However, it
might still be used to protect the breast and thyroid if the potential benefit of its use could
outweigh the risks, e.g., in numerous examinations and interventional procedures, where
the cumulative dose is high. Anxious and radiosensitive patients could also benefit from
the use of shielding [6].

4.3. Limitations of BS and Potential Solutions

When it comes to eye lens shielding with bismuth in cranial CT, there are several
problematic points and limitations that need to be considered, especially in children:

• Dose reduction: While bismuth shields are effective in reducing the radiation dose to
the eye lens, they do not eliminate it entirely. Moreover, the shielding effect is highly
dependent on the design and placement of the shield. In children, who are more
susceptible to radiation-induced damage than adults, it is important to balance the
benefits of dose reduction with the potential risks associated with additional imaging.

• Image artifacts: BS effects the image quality due to increased image noise and streak
artifacts. Artifacts may interfere with the interpretation of CT images and can be
especially problematic in the context of pediatric CT, where image quality is critical
for accurate diagnosis and treatment planning. Foams have been used to increase
the distance between the bismuth shield and the superficial structures, reducing the
image noise and artifacts under shielding [6], which also proved to be useful in the
presented study.

• Interference with the automatic exposure control systems: This can lead to increased
radiation. Therefore, the shield should be placed after acquiring the scout view, as
conducted in the presented study [6].

• Practical considerations: Bismuth shields can be difficult to apply in pediatric patients,
who may be more prone to movement and require specialized techniques to maintain
a stable head position during imaging. In addition, the use of bismuth shields may
require additional time and effort on the part of the technologist (placement of the
shield, infection control), which can increase the overall imaging time.

• Patient comfort: Children may be uncomfortable with the use of bismuth shields,
which can be heavy and difficult to position. Moreover, the use of shields may increase
anxiety or fear, leading to more difficulties in imaging or even sedation.

4.4. Alternative Techniques

There are alternative techniques that can be used to reduce radiation the dose to the
eye lens in cranial CT, such as automatic exposure control systems, low-dose protocols,
globally lowering the tube current (GLTC), reducing the tube voltage (RTV), or gantry
tilting [8].

Gantry tilting is one of the most effective ways to protect the eye lens in head CT but
it is not always possible in pediatric radiology, due, e.g., to patient positioning limitations
or contraindications of head tilting.
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However, the effectiveness of these techniques may vary depending on the patient
and the clinical indication, and bismuth shielding may still be necessary in some cases.

4.5. Optimization of Bismuth Shielding Utilization

Overall, the use of bismuth shields for eye lens protection in pediatric CT requires
careful consideration of the potential risks and benefits, as well as the practical limitations
and patient comfort. The decision to implement shielding at individual institutions should
involve a collaborative effort by a multidisciplinary team, including medical physics experts.
Furthermore, it should be documented in the examination protocols.

Comprehensive training for staff should encompass proper shielding usage, effec-
tive communication with patients, shield selection, and precise positioning, as well as
procedures for the cleaning, disinfection, and storage of BS.

Clinical decisions should be made based on the individual patient’s clinical indication,
age, size, and imaging characteristics. The use of BS should be optimized to balance the
benefits of radiation dose reduction with the potential risks associated with image quality
deterioration and additional imaging.

4.6. Limitations of This Study

The phantom used in this study represented only the head of a 5-year-old child. At
this age, skull calcification is already complete; therefore, the results of this study should
also be applicable to older children. X-ray beam attenuation in a less calcified skull of
younger children is more similar to that of a toddler torso, which has been evaluated in
previous studies and showed similar results [9].

The presented phantom study had a small sample size. Extensive research with
patients is necessary, especially regarding image quality under BS and its influence on
specific diagnostic tasks.

Dose assessment was limited to the eye lens area because it is a particularly radiosen-
sitive organ and its repeated exposure to radiation is associated with cataract formation.

5. Conclusions

The results of this study suggest that bismuth shielding can be beneficial in clinical
practice using up-to-date MDCT scanners. Bismuth shielding has proven useful, especially
in combination with other dose reduction methods, such as AEC and OBTCM. BS leads to
an increase in the image noise in the orbital region, which can be significantly decreased by
the placement of plastic foam between the shield and the eyes. Shielding had no effect on
image noise intracranially, which is crucial for brain diagnostics.
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Abstract: The aim of this validation study was to comprehensively evaluate the performance and
generalization capability of a deep learning-based periapical lesion detection algorithm on a clinically
representative cone-beam computed tomography (CBCT) dataset and test for non-inferiority. The
evaluation involved 195 CBCT images of adult upper and lower jaws, where sensitivity and specificity
metrics were calculated for all teeth, stratified by jaw, and stratified by tooth type. Furthermore, each
lesion was assigned a periapical index score based on its size to enable a score-based evaluation.
Non-inferiority tests were conducted with proportions of 90% for sensitivity and 82% for specificity.
The algorithm achieved an overall sensitivity of 86.7% and a specificity of 84.3%. The non-inferiority
test indicated the rejection of the null hypothesis for specificity but not for sensitivity. However, when
excluding lesions with a periapical index score of one (i.e., very small lesions), the sensitivity improved
to 90.4%. Despite the challenges posed by the dataset, the algorithm demonstrated promising results.
Nevertheless, further improvements are needed to enhance the algorithm’s robustness, particularly
in detecting very small lesions and the handling of artifacts and outliers commonly encountered in
real-world clinical scenarios.

Keywords: artificial intelligence; deep learning; digital imaging/radiology; inflammation; oral
diagnosis; periapical lesions; image segmentation; convolutional neural network

1. Introduction

Artificial intelligence (AI) models have made remarkable advancements in various
fields, with deep convolutional neural networks (CNNs) [1] emerging as a powerful subset
of AI, especially for processing and analyzing images. These networks, inspired by the
structure of the visual cortex in the human brain, show superior performance in tasks
such as image classification, object detection, and image segmentation [2]. In the field of
medical imaging, these networks have demonstrated promising capabilities in detecting
and diagnosing various diseases such as breast cancer, heart disease, and brain tumors [3,4].
Their performance is often reported to be comparable to that of experienced professionals,
significantly reducing the time required for diagnosis [5–7].

Recently, dental medicine has also started to benefit from such deep learning tech-
niques [8]. Specifically, these techniques have been applied to panoramic radiographs and
cone-beam computed tomography (CBCT) images with the aim of assisting clinicians in de-
tecting and analyzing dental conditions and diseases in the maxillofacial region [9–11]. Ex-
amples include the detection of maxillary sinus mucosa [12], pharyngeal airway space [13],
calcifications of the cervical carotid artery [14], jaw cysts [15,16], supernumerary mesio-
buccal root canals on maxillary molars [17], vertical root fractures [18], and periapical
lesions (PALs).
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PALs are one of the most frequent pathological occurrences in dental images. They
resemble usually bacteria-induced osteolytic areas around the tip of the roots within a
few millimeters in diameter [19,20]. PALs are conventionally analyzed in radiographs,
whereas CBCT images often reveal these lesions as incidental findings [20,21]. While widely
used conventional intra- and extra-oral radiographs [22] lead to lower radiation doses but
suffer from superimposition issues due to their projective nature, CBCT allows fully three-
dimensional (3D) imaging of the maxillofacial region at the cost of higher dose requirements.
However, due to its volumetric nature, CBCT has been shown to improve the detection
of PALs when compared with radiographs [23–25]. Manually identifying PALs with high
sensitivity (recall) in both imaging modalities requires a certain amount of experience to
prevent overlooked findings. As a result, automated deep learning-based methods for PAL
detection in radiographs or CBCT imaging data have been proposed [16,26–34]. Serving
as the foundation of this study, the promising CNN-based approach for periapical lesion
detection in CBCT images proposed in [32] achieved a sensitivity of 97.1% and a specificity
of 88.0% when evaluated on 144 CBCT volumes with 206 lesions.

The great success of any deep CNN-based approach is based upon the assumption
that training and testing data come from the same data distribution. However, when the
test data deviates from the training data distribution, the ability of deep neural networks
to generalize and perform well on the new data degrades [35]. This phenomenon is often
observed in clinical datasets due to factors such as anatomical anomalies, image artifacts,
or occlusions, which shift the data distribution. In light of this, our validation study aims
to provide a thorough statistical evaluation regarding the effectiveness and generalization
capability of the CNN-based PAL-detection model proposed in [32] on an entirely new,
previously unseen clinical CBCT dataset with a shifted data distribution compared to the
data used to train the model. The null hypothesis of this validation study is that the method
proposed in [32] delivers an inferior result when applied to our new, challenging evaluation
dataset from clinical practice.

2. Materials and Methods

2.1. Study Design

The research protocol for this retrospective study was performed following the guide-
lines of the Declaration of Helsinki. Ethical approval for retrospective collection of the
evaluation dataset used in this study was provided by the local Ethics Committee of the
Medical University of Graz, Austria (review board number “34-519 ex 21/22”).

2.2. Sample Size Calculation

The sample size for this study is based on assumptions for the lesion detection sen-
sitivity. We assumed observation of a sensitivity of 95%, corresponding to the lower
limit of the 95% confidence interval for the sensitivity observed in the prior study of
Kirnbauer et al. [32]. To show that the sensitivity is non-inferior to 90% (using a margin of
5%), a sample size of 243 lesions is necessary to achieve a power of >80%, using a one-sided
non-inferiority binomial test with an alpha of 2.5%. Assuming that about 10% of the teeth
have lesions, a sample size of 2430 teeth is required. For an assumed specificity of 87%
and to show that the specificity is non-inferior to 82% (margin of 5%), the sample size of
2187 teeth yields a power of >99%.

2.3. Dataset

Dataset collection was performed similarly to Kirnbauer et al. [32], but in a less
selective manner, so that clinical practice was better reflected (see the comparison of
inclusion and exclusion criteria between studies in Table 1). CBCT volumes from routine
clinical operations performed for different diagnostic indications (i.e., implant planning,
radiological assessment of impacted teeth, assessment of odontogenic tumors or other
lesions, and orthodontic reasons) from the year 2018 were retrospectively screened and
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selected according to the criteria listed in Table 1. All scans were performed on a Planmeca
ProMax® 3D Max (Planmeca, Helsinki, Finland) device.

Table 1. Comparison of inclusion and exclusion criteria for dataset collection in this study and the
study conducted by Kirnbauer et al. [32].

Criterion
Kirnbauer et
al. [32] This Study

Field of view with a representation of the entire
dental arch (upper jaw, lower jaw, or both) Included Included

Device and assessment parameters: Field of view of
10.0 × 5.9 cm or 10.0 × 9.3 cm, covering at least one
completely visible dental arch, with a 200-μm voxel
size (96 kV, 5.6–9.0 mA, 12 s), which is labeled as
“normal” mode by the manufacturer

Included Included

An acceptable degree of scatter and/or artifacts
(exclusion of clinically insufficient interpretable
datasets, i.e., severe metal artifacts inhibiting
individual crown visualization, and ghost
effects/double images due to long-motion artifacts)

Included Included

Completed root development Included Included

No edentulism Included Included
Additional: Additional:
as few missing teeth
as possible

up to 11 missing
teeth per jaw

Tooth gaps Excluded Included

Partially and totally impacted teeth Excluded Included

Dental implants Excluded Included

Augmentations Excluded Included

The collected dataset was pseudonymized, so that patient names were replaced with a
sequential code and no conclusions could be drawn about patient data when they were
used during the investigation. All investigators who received access to encrypted and
non-encrypted data were subject to the General Data Protection Regulation (GDPR) and the
Austrian Data Protection Regulation in the currently valid version (http://www.dsb.gv.at,
accessed on 14 December 2023). An initial dataset screening was performed by one dentist
on an MDNC-2221 monitor (resolution 1600 × 1200; size 432 mm × 324 mm; 59.9 Hz;
Barco Control Rooms GmbH, Karlsruhe, Germany) using the Planmeca Romexis® software
version 6.0 (Planmeca, Helsinki, Finland).

The ground-truth detection of PALs was performed by three investigators (two senior
oral surgeons with >15 years of experience and one junior dentist), who did an initial
round of lesion detection separately from each other on the whole dataset. Within a second
round, lesion results were consensually determined including PAL classification, according
to the periapical index scoring scheme of Estrela et al. [20], thus establishing the expert
ground truth. The collected dataset consisted of a total of 196 CBCT images from unique
patients. One patient image had to be excluded due to the software failing to read the file,
leaving 195 patient images (99.5%) for the comparison of software-based PAL detections
with expert ground truth within this study. Out of these 195 images, 164 showed only one
jaw, and 31 images displayed both jaws. In total, there were 2947 present teeth across the
226 jaws (101 lower jaws, 125 upper jaws) in the dataset. In the images of these jaws, there
were 669 teeth missing due to various possible reasons, such as caries, periodontitis, dental
trauma, periapical disease, or orthodontic reasons [36].

During the investigation, a total of 300 periapical lesions were identified by the expert
consensus, and the remaining 2647 present teeth were determined to be lesion-free. Table 2
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provides a summary of the dataset characteristics, including lesion classification according
to the lesion diameter-based periapical index scoring scheme proposed by Estrela et al. [20],
while Table 3 gives a detailed distribution of tooth groups per lesion class.

Table 2. Overview of dataset characteristics used for the evaluation in this study.

Number Additional Information

Images 195 One jaw: 164
Both jaws: 31

Jaws 226 Upper: 125
Lower: 101

Teeth present 2947 With lesion: 300 (10.2%)
Without lesion: 2647 (89.8%)

Lesion classification 1

Score 1: 28 ( 9.3%) Diameter > 0.5–1 mm
Score 2: 59 (19.7%) Diameter > 1–2 mm
Score 3: 67 (22.3%) Diameter > 2–4 mm
Score 4: 85 (28.3%) Diameter > 4–8 mm
Score 5: 61 (20.3%) Diameter > 8 mm

1 Lesion classification performed according to Estrela et al. [20] .

Table 3. Distribution of lesions over periapical index scores for each tooth group.

Periapical
1 2 3 4 5 Total

Index Score

Third molars 3 (27.3%) 4 0 2 2 11
Second molars 4 ( 6.0%) 12 9 20 22 67
First molars 3 ( 3.5%) 17 19 25 21 85
Second premolars 6 (14.0%) 9 10 14 4 43
First premolars 2 ( 5.7%) 9 11 8 5 35
Canines 1 ( 7.7%) 3 4 2 3 13
Lateral incisors 3 (21.4%) 1 4 4 2 14
Central incisors 6 (18.8%) 4 10 10 2 32
Total 28 (9.3%) 59 67 85 61 300

2.4. Automatic PAL Detection

To facilitate the evaluation of the CNNs’ performances on the newly collected dataset,
we have developed a user-friendly Windows software program. The program incorporates
the PAL-detection method proposed in [32] and includes a graphical user interface built
using the tkinter library in Python. This interface eliminates the need for any programming
operations, thus simplifying the evaluation process and hiding the details of the software
for the purpose of this independent evaluation. The user can select the CBCT image to
be processed and choose the specific jaw they want to investigate. The software then
creates a segmentation map of the detected lesions in the CBCT input image and saves it
automatically. The time required to generate a segmentation map depends on the GPU used.
Here, we utilized the Asus GeForce® GTX 1660 Ti 6GB TUF Gaming EVO OC graphics
card, and the generation of a segmentation map took at most 3 min.

The PAL-detection method [32] integrated into the software consists of three main
steps, as illustrated in Figure 1. First, the SpatialConfiguration-Net (SCN) [37] is trained
to predict the 3D coordinates of teeth in the original images at a lower resolution. The
original image is resized to a fixed aspect ratio of [64, 64, 32] before being input into the
SCN. The resulting teeth locations are then utilized to crop the input image for each present
tooth, where the center coordinates of the cropped images correspond to the predicted
coordinates of teeth. Each cropped image is resampled using trilinear interpolation and
an isotropic voxel size of 0.4 mm and has a size of [64, 64, 64]. Finally, these cropped
images are fed into a modified U-Net, trained to generate binary segmentation maps that
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visualize the detected periapical lesions for individual teeth. The SCN and the U-Net were
trained and tested on a dataset consisting of 144 CBCT images, with 2128 present teeth
and 206 manually annotated periapical lesions. Within that dataset, there were 54 images
of the lower jaw, 74 images of the upper jaw, and 16 images of both jaws. The method
underwent a four-fold cross-validation, where the dataset was divided into four subsets
of equal sizes, and the teeth with lesions were uniformly distributed over the folds. Each
fold involved training on the three subsets and testing on the single remaining subset. As
a result, four different trained models were obtained, with each model being trained on
108 images and tested on 36 different images. The models were trained in such a manner
that the imbalance between positive and negative samples, i.e., cases with and without
lesions, did not affect their performances. The training and testing procedures were
performed using an Intel(R) CPU 920 with an NVIDIA GeForce GTX TITAN X on the
Ubuntu 20.04 operating system with Python 3.7 and TensorFlow 1.15.0. The SCN required
approximately 20 h for training per cross-validation fold, while the modified U-Net took
approximately 17 h. For additional details on the network’s architecture, training/testing
procedure, and prediction performance, we refer to [32,38].

Figure 1. Method overview: First, the SpatialConfiguration-Net (SCN) is utilized to generate the
locations of teeth in a given CBCT image. These locations are then used to crop the input image
for each tooth, ensuring that the center coordinate of each cropped image matches the predicted
coordinate of the corresponding tooth. In the second stage, the cropped images are fed into a modified
U-Net, which generates binary segmentation maps that visualize detected lesions in these cropped
images. Lastly, the binary segmentation maps are resampled and merged to create a full segmentation
map that visualizes all detected lesions in the input CBCT image.

The software used in this study utilizes one of the four pre-trained models from [32]
to evaluate the lesion detection performance of the model on a new, independent dataset
consisting of 195 CBCT images. The dataset used in this study is a pure test dataset that the
model has not seen before, i.e., its images have not been used during training of the PAL-
detection method or to tune its hyperparameters. Before generating the final output image,
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the software applies an additional post-processing step, as illustrated in the bottom row
of Figure 1. After the PAL-detection method generates binary segmentation maps for the
cropped teeth images, we implement a resampling and merging procedure to create a full
segmentation map that includes detected lesions for all teeth within the original image. To
achieve this, first, a blank segmentation map of the identical size and spacing as the original
image is generated. Subsequently, the original input image and the blank segmentation
map are resampled to match the spacing of the cropped images. The predicted teeth
coordinates obtained from the SCN, which were used for cropping the images, are also
transformed using the spacing of the cropped images. These transformed coordinates
determine the regions where the predicted binary segmentation maps are copied. Finally,
the full segmentation map containing the detected lesions is resampled back to match the
size and spacing of the original image.

2.5. Expert Assessment of Software PAL Detections

After applying the automatic PAL-detection software (based on the pre-trained model
from [32]) to the new dataset, lesion segmentation results were assessed in consensus
by two of the three dental investigators (one senior, one junior), who first did the expert
ground-truth annotation. For assessment, they used the ITK-SNAP software [39] and
loaded the CBCT volume as well as the corresponding resampled lesion segmentation
for visualization. Investigators marked the segmentation results, which were defined as
regions of at least one voxel in size, as true or false positives on the level of individual
teeth. As soon as the segmentation affected two or more neighboring teeth, all of those
teeth were noted to have a CNN-detected PAL. Furthermore, segmentations that were lying
in areas far away from the periapical regions, within nerve channels, pulp chambers of
impacted teeth, or even outside the alveolar crest were also documented and detected as
false positives.

2.6. Statistical Analysis

To evaluate the algorithm’s performance in identifying PALs, sensitivity and specificity
metrics are used, comparing positive and negative detections with the expert ground truth.
Sensitivity (recall) measures the method’s accuracy in identifying the presence of lesions,
while specificity measures its ability to correctly identify the absence of lesions. Sensitivity
and specificity with their corresponding exact 95% confidence intervals (CIs) are presented
for all teeth and stratified by upper/lower jaw and tooth type. Non-inferiority tests were
performed using one-sided binomial tests with an alpha of 2.5%. Differences in sensitivity
and specificity between lower and upper jaws were assessed by Fisher’s exact tests. For
statistical analysis, SAS version 9.4 was used.

3. Results

From Table 4, it can be seen that the overall sensitivity of the deep learning-based
lesion detection approach evaluated on all present teeth was 86.7% (95% CI: 82.3–90.3%)
when compared with the expert-derived ground truth. The specificity of the software was
84.3% (95% CI: 82.8–85.6%). The null hypothesis of inferiority of the software with respect
to sensitivity could not be rejected (p = 0.975), while the null hypothesis of inferiority with
respect to specificity could be rejected (p = 0.001). In our dataset consisting of images,
where either one or both jaws were available, any of the jaws could have missing teeth. Out
of a total of 669 missing teeth, the software found 42 false positive (6.3%) lesion predictions,
while 627 missing teeth were correctly identified as negatives (93.7%). The confusion
matrices of the overall results for present teeth, as well as for present and missing teeth
combined, are given in Tables 5 and 6.
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Table 4. Lesion detection results. We show sensitivities and specificities including confidence
intervals (CIs) for all present teeth in three result categories: overall for all teeth, stratified by jaws,
and stratified by tooth type (combining jaws).

Category Lesion count
Sensitivity

(%)
95% CI Exact Specificity

(%)
95% CI Exact

Overall 300 86.67 82.29–90.30% 84.25 82.80–85.61%

Upper jaw 196 87.76 82.33–91.99% 82.31 80.21–84.27%
Lower jaw 104 84.62 76.22–90.94% 86.43 84.40–88.28%

Third molars 11 63.64 30.79–89.07% 81.61 75.04–87.07%
Second molars 67 91.04 81.52–96.64% 70.59 64.97–75.78%
First molars 85 91.76 83.77–96.62% 70.51 64.22–76.28%
Second premolars 43 88.37 74.92–96.11% 81.63 77.03–85.64%
First premolars 35 82.86 66.35–93.44% 87.37 83.60–90.54%
Canines 13 69.23 38.57–90.91% 89.70 86.41–92.41%
Lateral incisors 14 64.29 35.14–87.24% 92.68 89.72–95.01%
Central incisors 32 90.63 74.98–98.02% 88.03 84.44–91.04%

Table 5. Confusion matrix of lesion detection for present teeth.

Predicted condition

Lesion Non-lesion Total
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Lesion 260 40 300

Non-lesion 417 2230 2647

Total 677 2270 2947

Table 6. Confusion matrix of lesion detection for present and missing teeth combined.

Predicted condition

Lesion Non-lesion Total

A
ct
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di
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on

Lesion 260 40 300

Non-lesion 459 2857 3316

Total 719 2897 3616

Table 4 also illustrates individual lesion detection results stratified per jaw. For the
upper jaw (N = 125 patients with a total of 1598 present teeth), the sensitivity is 87.8%
(95% CI: 82.3–92.0%), and the specificity is 82.3% (95% CI: 80.2–84.3%). For the lower
jaw (N = 101 patients with a total of 1349 present teeth), the sensitivity is 84.6% (95% CI:
76.2–90.9%), and the specificity is 86.4% (95% CI: 84.4–88.3%). The difference in sensitivity
between the upper jaw and lower jaw is 3.2% (95% CI: −5.2–11.5%). This difference is not
significant according to Fisher’s exact test when comparing the two jaws (p = 0.478). The
difference in specificity between the upper jaw and lower jaw is −4.1% (95% CI: −6.9–1.4%),
which is significant (p = 0.004) according to Fisher’s exact test.

Moreover, we illustrate lesion detection results stratified per tooth type (combined for
both jaws) in Table 4. Sensitivities are below 70% for the three categories where also the
total number of lesions was comparatively lower (third molars, canines, lateral incisors).
On the other hand, for the remaining five tooth categories, the average sensitivity is 88.9%.

Finally, we analyze the lesion detection results with respect to lesion classifications
(periapical index scores according to Estrela et al. [20]). In Figure 2, we plot a histogram of
true positives and false negatives per lesion type, illustrating that for the smallest lesion
type (class 1, with a diameter of periapical radiolucency between 0.5 and 1 mm), the
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sensitivity is low, while for classes 2 through 5 (diameters of periapical radiolucency larger
than 1 mm, see also Table 2), the sensitivities are much higher.

Exemplary qualitative results of the software are shown in Figure 3.
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Figure 2. Distribution of predicted lesions across different periapical index scores according to
Estrela et al. [20]. Blue bins represent true positive (TP) predictions, while red bins represent false
negative (FN) predictions for a specific periapical index score.
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Figure 3. Qualitative results: (a) Two true positive (TP) lesions are detected at the second premolar
and the first molar, and one false positive (FP) lesion is identified at the second molar in the upper jaw.
(b) One TP lesion is found at the second molar in the upper jaw at a challenging location close to the
sinus. (c) One TP lesion is detected at the first molar in the lower jaw. (d) One TP lesion is identified
at the second premolar, along with one FP lesion at the mental nerve in the lower jaw. (e) One FP
lesion is observed at the anterior tooth position in the upper jaw due to artifacts at an implant site.
(f) One FP lesion is detected at the first premolar in the upper jaw (close to the sinus). The qualitative
results are best visualized in PDF format.
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4. Discussion

Recent machine learning methods, especially deep neural networks for assisting
experts in the detection and segmentation of lesions in medical imaging data, have shown
tremendous success, but they struggle with issues due to a lack of generalization to datasets
from clinical practice [35]. We have performed a thorough evaluation and non-inferiority
testing of a recently published algorithm for automated periapical lesion segmentation
from dental CBCT images [32]. This algorithm was hidden behind a graphical user interface
that solely produced a lesion segmentation given an input image from the new, single-
use testing dataset used in this study. The dataset comprises 196 subjects with images
of adult upper and lower jaws, including tooth gaps, dental restorations, implants, and
impacted third molars (see Table 1). Additionally, the new dataset was obtained with a
specific criterion that allowed the inclusion of up to 11 missing teeth per jaw. This led to a
significantly higher number of missing teeth compared to the dataset in [32], where the aim
was to include jaws with a minimal number of missing teeth. Thus, our new evaluation
dataset reflects the presence of challenging circumstances in clinical practice. Moreover,
our evaluation protocol was very strict in defining false positive findings, since one false
positive (FP) voxel in the segmentation had already led to an FP prediction (see Figure 3a),
thus imposing a hard but realistic scenario for the algorithm.

The algorithm could be successfully applied to present and missing teeth from
195 subjects, i.e., 99.5% of subjects in the total dataset. Our main result is a sensitivity
of 86.7% and a specificity of 84.3% in detecting PALs at present teeth. The non-inferiority
tests, which were designed upon sensitivity and specificity estimates derived from the
proof of concept evaluation in [32], provided enough evidence to reject the null hypothesis
for specificity but did not do so for sensitivity. Despite this drop in sensitivity, we still
consider our absolute performance on this challenging dataset as very promising (see
also our qualitative results in Figure 3a–c), since both the sensitivity and specificity are
better than the threshold of 80%, which, according to the systematic review in [24], can
be interpreted as the threshold indicating excellent results. One of the reasons for false
positives occurring might be that some lesions are located close to the incisive, the inferior
alveolar, and the mental nerve, as illustrated in Figure 3d. Furthermore, artifacts in general,
caused by root canal fillings or dental implants potentially pose problems for the deep
CNN (see Figure 3e). We also studied the algorithm’s performance at missing teeth and
found that the overall specificity for present and missing teeth combined increases from
84.3% to 86.2% (see confusion matrix in Table 6).

Regarding the related work for automated detection of PALs in CBCT images, only a
limited number of studies have been published. Zheng et al. [28] proposed an anatomically
constrained Dense U-Net model, which they evaluated on 20 CBCT images, obtaining
a sensitivity of 84.0% and a precision of 90.0% in a root-based evaluation. In addition,
Orhan et al. [29] used a U-Net-based model to evaluate PAL detection in CBCT images and
achieved a sensitivity of 92.8%. Setzer et al. [27] evaluated a U-Net-based model on 2D
slices from 20 CBCT images and achieved a sensitivity of 93.0% and a specificity of 88.0% in
PAL detection. Recently, Calazans et al. [34] proposed a classification model based on a 2D
Siamese Network combined with a DenseNet-121 CNN [40]. Their model was evaluated
on 1000 coronal and sagittal slices extracted from CBCT images and achieved a sensitivity
of 64.5% and a specificity of 75.8% in classifying PALs.

Comparing our study with those conducted by Zheng et al. [28] and Orhan et al. [29]
is difficult due to the lack of reported specificities and details regarding negative class
examples in their research. Relying on the precision metric for comparison may be mislead-
ing since our dataset is highly imbalanced, whereas their datasets have a well-balanced
distribution that does not reflect real-world clinical scenarios. The precision metric is sensi-
tive to class distribution, making it less suitable in this context. In terms of sensitivity and
specificity, our study outperforms the results of Calazans et al. [34], as they report a higher
number of false negatives and false positives. While our sensitivity and specificity results
are lower than those of the closely related and best-performing work by Setzer et al. [27],
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it is important to note that their evaluation solely consisted of 20 CBCT test images with
61 roots. Therefore, we claim that our evaluation protocol is more strict than theirs, due to
our extensive single-use testing dataset collected from clinical practice. Furthermore, many
of these works use models trained on 2D slices, thus neglecting valuable 3D information.

In CBCT imaging, PALs are often not the primary clinical question, however, secondary
PAL findings occur frequently, and, furthermore, they have to be documented by dentists
who are often not radiological experts or may not have sufficient time to assess the CBCT
images in great detail. In such cases, the help of an algorithm is invaluable to prevent
findings from being overlooked, even at the cost of a larger number of false positives,
which, however, can be ruled out comparatively straightforwardly, either visually or via
additional clinical assessment of the respective tooth.

To study our evaluation results in more detail, we also analyze different stratifications
of the testing dataset. While collecting the expert ground truth of the lesions, a lesion
classification of lesion diameters into five different periapical index score categories [20]
was used. We see from Figure 2 that for lesion classes 2 through 5 (lesions with diameters
larger than 1 mm), the algorithm leads to few false negatives, i.e., high recall, while for
lesion class 1 (lesions between 0.5 and 1 mm of diameter), 50% of the lesions in our dataset
were missed. From a radiological point of view, such small lesions are generally challenging
to detect, which was previously reported by Tsai et al. [41] when studying simulated lesions
in vitro on radiographs and CBCTs. If we use the lesion class stratification to compute
the sensitivity solely for lesion classes 2 through 5, it reaches 90.4% (95% CI: 86.3–93.7%),
which we consider to be a meaningful recall in clinical practice, such that the use of the
algorithm can be suggested for lesions of sizes larger than 1 mm.

Another stratification that we investigated was from the anatomical point of view. Our
results indicate that the algorithm provides a significantly higher specificity for teeth in
the lower jaw, while the sensitivity difference between the lower and upper jaw was not
statistically significant. We assume that this decrease in false positive findings for the lower
jaw is due to its better radiological assessability compared with the upper jaw since the
contrast between radiolucent lesions and alveolar bone or teeth is higher in the lower jaw
(see Figure 3a (at the second molar), c and d). Moreover, teeth in the upper jaw are located
close to the maxillary sinus, such that the thin bony maxillary sinus floor or potential sinus
membrane alterations might lead to confusion for the algorithm (see Figure 3b,f).

When looking at different tooth categories in Table 4, where teeth are assessed for
both jaws combined, we notice that there are three tooth groups for which sensitivity is
lower (below 70%), i.e., wisdom teeth (3rd molars), canines, and lateral incisors. Wisdom
teeth are rarer in the population in general since many of them are removed when reaching
adulthood or never show up. This is also reflected in our dataset, thus leading to a low
number of lesions as well (see Table 4). Moreover, different from lateral incisors and canines,
molars are the teeth most affected by PALs, according to [42]. Due to the lower number
of lesions in the abovementioned three tooth groups (see Table 4 for numbers of lesions),
false negatives have a larger relative influence. Additionally, class 1 lesions of a smaller
diameter are more strongly represented in two out of these three tooth categories in our
dataset (third molars, lateral incisors, see Table 3). We assume that the combination of these
aspects leads to the lower sensitivity, while the average sensitivity of the remaining five
tooth categories, where a larger number of lesions is present in each category, is 88.9%.

One limitation of our study is that the dataset collection for this evaluation was
performed at the same hospital as in [32]. While the focus was on the evaluation of
generalizability via the inclusion of challenging data representative for clinical practice,
we can therefore not draw any conclusions regarding generalizing to data from different
sites. Moreover, the impact of anatomic variability due to differences in ethnicities, as, e.g.,
demonstrated in [43], regarding the occurrence of radix entomolaris in an Asian population,
has not been taken into account. Another limitation was that our testing dataset only
contained a low number of lesions of periapical lesion index score 1. We conclude that in
order to improve the algorithm and to draw stronger conclusions for small lesions as well,
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a re-training of the machine learning method on more data with the class 1 lesion diameter
is required, which we see as potential future work.

In summary, we see our results as a very promising indication that machine learning
can play an important role in assisting experts in dental practice, where high recall is
needed to prevent overlooked findings.

5. Conclusions

In this validation study, we performed a thorough evaluation and non-inferiority test
of the periapical lesion (PAL)-detection algorithm proposed in [32] using a new, real-world
clinical CBCT dataset. Despite the presence of challenging scenarios in the dataset, such
as dental restorations, implants, and impacted third molars, the algorithm demonstrated
promising results in accurately detecting PALs. Our evaluation covered all present teeth in
the dataset and yielded a sensitivity of 86.7% and a specificity of 84.3% when compared with
expert ground truth. The non-inferiority test rejected the null hypothesis for specificity for
the non-inferiority threshold of 82%, but it did not reject the null hypothesis for sensitivity
for the non-inferiority threshold of 90%. We also found that for lesions smaller than 1 mm,
the sensitivity was low. However, when evaluating solely on lesions with periapical index
scores 2 through 5, the sensitivity increased to 90.4%, thus indicating that the algorithm
has the potential to assist clinicians to prevent overlooked lesions with a diameter above
1 mm. Overall, we conclude that the algorithm is promising but not yet fully robust to all
the artifacts and outliers that were present in this clinically representative dataset.
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TP True positive
FN False negative
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Abstract: The advent of artificial intelligence (AI) in medicine has transformed various medical
specialties, including orthodontics. AI has shown promising results in enhancing the accuracy
of diagnoses, treatment planning, and predicting treatment outcomes. Its usage in orthodontic
practices worldwide has increased with the availability of various AI applications and tools. This
review explores the principles of AI, its applications in orthodontics, and its implementation in
clinical practice. A comprehensive literature review was conducted, focusing on AI applications
in dental diagnostics, cephalometric evaluation, skeletal age determination, temporomandibular
joint (TMJ) evaluation, decision making, and patient telemonitoring. Due to study heterogeneity, no
meta-analysis was possible. AI has demonstrated high efficacy in all these areas, but variations in
performance and the need for manual supervision suggest caution in clinical settings. The complexity
and unpredictability of AI algorithms call for cautious implementation and regular manual validation.
Continuous AI learning, proper governance, and addressing privacy and ethical concerns are crucial
for successful integration into orthodontic practice.

Keywords: orthodontics; artificial intelligence; deep learning; cephalometric analysis; radiology;
CBCT; skeletal age; treatment planning

1. Introduction

Artificial intelligence (AI), a term first introduced in 1955 by John McCarthy, describes
the ability of machines to perform tasks that are classified as intelligent [1]. During these
70 years, there have been cycles of significant optimism associated with the development of
AI, alternating with periods of failure, reductions in research funding, and pessimism [2].
The 2015 victory of AlphaGo, a Google-developed AI application, over the “GO” world
champion represented a breakthrough [2]. This AI success over a human player sparked
further development and interest, which was raised by the introduction of the Chat-GPT
in 2022. These events served as precursors to the remarkable growth of AI applications in
various fields, including everyday life and medicine [2].

AI algorithms have already proven effective in various medical specialties, surpassing
the capabilities of experienced clinicians [3–7]. These algorithms enable the analysis,
organization, visualization, and classification of healthcare data. The development of AI
algorithms in medicine has gained momentum in recent years, particularly in radiology,
where medical imaging accounts for approximately 85% of FDA-approved AI programs
(data for 2023) [8].
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In the field of diagnostic imaging, AI can be categorized into three main domains:
operational AI, which enhances healthcare delivery; diagnostic AI, which aids in the in-
terpretation of clinical images; and predictive AI, which forecasts future outcomes [9].
Currently, the primary goals of AI in diagnostic imaging are to detect and segment struc-
tures and classify pathologies [10]. AI tools can analyze images obtained from various
imaging modalities, ranging from X-ray to MRI [11–15].

Orthodontics, with its emphasis on cephalometric analysis and pretreatment imaging,
is particularly well suited for the implementation of AI. However, AI is also being utilized
in orthodontics for applications beyond cephalometric analysis. The literature on the use of
AI in orthodontics can be divided into five main areas: diagnosis and treatment planning,
automated landmark detection and cephalometric analysis, assessment of growth and
development, treatment outcome evaluation, and miscellaneous applications [16].

The number of AI companies in the healthcare industry has experienced a remarkable
increase, indicating significant growth in commercial prospects for AI [9]. AI tools are
no longer limited to researchers and scientists involved in research and development
projects. They are now accessible through commercially available web-based products
as well. In orthodontics, the adoption of AI has led to the creation of various AI-based
programs, such as WeDoCeph (Audax, Ljubljana, Slovenia), WebCeph (Assemble Circle,
Seoul, Republic of Korea), and CephX (ORCA Dental AI, Las Vegas, NV, USA). These
systems can automatically identify cephalometric landmarks, compute angles and distances,
and generate cephalometric reports with significant findings. AI programs are now easily
accessible on mobile devices, making AI tools widely available and promoting equal access
for all interested users. As a result, orthodontic practices and scientific researchers utilizing
AI applications have notably increased. However, this accessibility has also sparked
concerns about patient safety, especially when AI is used for diagnosis and treatment.

The main objectives of this article are as follows: elucidate the principles of AI, outline
its applications in the diagnostic process of modern orthodontic practices, and discuss the
concerns associated with the implementation of AI algorithms in clinical practice.

2. Materials and Methods

2.1. Search Strategy

To conduct this review, literature searches for free text and MeSH terms were per-
formed using several search engines: Medline (PubMed), Web of Science, Scopus, and
Google Scholar. The search engines were used to find studies that focused on the appli-
cation of AI in orthodontics. The last search date was 20 December 2023. For Google
Scholar, the search was restricted to the first 100 most relevant articles published over
the last 10 years. The search was preceded by a presearch to find the best search terms.
The keywords used in the search strategy were as follows: “artificial intelligence”, “or-
thodontics”, “deep learning”, “neural networks”, “automatic detection”, “automated”,
“caries”, “periapical lesion”, “periapical lucency”, “CBCT”, “vertebral maturation”, “skele-
tal age assessment”, “temporomandibular joint”, “temporomandibular joint disorders”,
“osteoarthritis”, “extraction decision making”, and “cephalometric landmarks identifi-
cation”. The cited articles explored the subject of AI applications in orthodontics and
dentistry: dental diagnostics, cephalometric analysis, TMJ evaluation, determination of
skeletal age, and treatment planning.

2.2. Eligibility Criteria

The following inclusion criteria were employed for this review: (1) a randomized
clinical trial (RCT), (2) a cohort study, (3) a case–control study, (4) articles published in the
last 10 years, and (5) articles published in English.

The following exclusion criteria were applied: (1) case reports; (2) abstracts and author
debates or editorials; and (3) papers not related to practical implementations of AI programs
in dentistry, particularly in orthodontics.
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2.3. Data Extraction

Titles and abstracts were independently selected by two authors (NK and WK) follow-
ing the inclusion criteria. The full text of each identified article was then analyzed to verify
whether the article was suitable for inclusion. Whenever disagreement occurred, it was
resolved by discussion with the third author (JJO). The authorship, year of publication, type
of each eligible study, and relevance of the study for the application of AI in orthodontics
were extracted by one author (NK) and examined by another author (WK).

3. Results and Discussion

There were 509 potential articles identified. After the removal of 183 duplicates,
226 titles and abstracts were assessed. Then, 89 papers were excluded because they did
not meet the inclusion criteria and were not related to the topic of this review. All the
remaining 139 papers were retrieved and analyzed to conduct this review.

3.1. AI Categories

AI can be classified into two main categories: symbolic AI and machine learning
(ML) [17]. Symbolic AI involves structuring an algorithm in a way that is easily under-
standable to humans. This approach, known as Good Old-Fashioned AI (GOFAI), was
dominant in AI research until the late 1980s. Symbolic AI is still useful when problems have
limited outcomes, computational power is limited, or human interpretability is important.
However, in healthcare, the efficiency of the GOFAI is low due to the complexity of the
problems, multiple variables, and limited sets of rules [18]. Therefore, advancements in
technology and computer sciences have led to the emergence of more powerful iterations
of AI that are replacing the GOFAI in medical applications. Figure 1 provides a schematic
representation of AI.

 

Figure 1. Simplified AI diagram.

3.1.1. Machine Learning

Machine learning (ML) is the predominant paradigm in the field of AI. Coined by
Arthur Samuel in 1952, ML differs from symbolic AI because it relies on models learned
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from examples rather than predefined rules set by humans [19]. By utilizing statistical
and probabilistic techniques, machines can enhance their performance by learning from
previous models and adapting their actions when new data are introduced. This can
involve making predictions, identifying new patterns, or classifying new data.

ML methods can be categorized into three types based on the learning approach and
desired outcome. The first type is supervised learning, which is used for classification
or prediction tasks where the outcome is already known. In this case, the algorithm
learns from a labeled dataset and generalizes its knowledge to make accurate predictions
with respect to unseen data. The second type is unsupervised learning, which aims to
discover hidden patterns and structures in data without any prior knowledge of the
outcome. This type of learning is useful for tasks such as clustering and anomaly detection.
Finally, reinforcement learning involves a machine in the development of an algorithm
that maximizes a predefined reward based on previous versions of the machine. This type
of learning is often used in scenarios where an agent interacts with an environment and
learns through trial and error [20].

3.1.2. Deep Learning

Deep learning (DL) is a subset of ML that involves machines independently comput-
ing specific characteristics of an input. DL builds upon artificial neural networks (ANNs)
developed in the 1990s. Recent advancements in computational technology have allowed
researchers to construct more complex neural networks, referred to as “deeper” networks,
to handle increasingly challenging tasks. In the field of medical imaging, DL algorithms
predominantly utilize convolutional neural networks (CNNs) with high diagnostic accu-
racy [21–23].

DL differs from traditional ML methods because it enables machines to automatically
extract relevant features from input data. Unlike traditional ML, DL models do not rely on
human engineers to manually point these features. DL algorithms can learn and identify
patterns directly from raw data, eliminating the need for time-consuming feature identi-
fication and extraction [23]. This capability has proven particularly valuable in imaging,
where DL tools have shown superior diagnostic accuracy compared to experienced read-
ers [21,24,25]. However, DL is not limited to image analysis tasks. It has shown promise in
various other applications, such as medical disease diagnosis and personalized treatment
recommendation [26–29].

3.2. AI Applications in Orthodontics
3.2.1. Dental Diagnostics

The use of medical imaging methods is essential in dental patient care because they
aid in the clinical diagnosis of pathologies related to teeth and their surrounding structu-
res [30–32]. Radiological methods, such as orthopantomograms (OPGs) and cone-beam
computed tomography (CBCT), play crucial roles in orthodontic diagnosis, treatment
planning, and monitoring [33–35]. However, with the increasing number of radiological
examinations being performed [36], there is a need for a comprehensive tool to support the
process of radiological diagnosis. In response to this demand, multimodular diagnostic
systems based on AI have emerged.

One such AI-based system, developed by Diagnocat Ltd. (San Francisco, CA, USA),
utilizes CNNs and provides precise and comprehensive dental diagnostics. The system
enables tooth segmentation and enumeration, oral pathology diagnosis (including pe-
riapical lesions and caries), and volumetric assessment. Several scientific papers have
validated the diagnostic performance of this program, demonstrating its high efficacy and
accuracy [37–41]. A study by Orhan et al. [37] reported that the AI system achieved 92.8%
accuracy in the detection of periapical lesions in CBCT images and showed no statistically
significant difference in volumetric measurements compared to manual methods. Similarly,
a study evaluating the diagnostic accuracy of the program for periapical lesion detection on
periapical radiographs (PRs) yielded comparable results [38]. However, conflicting results
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have also been reported, particularly regarding the accuracy of AI in the assessment of
periapical lesions in OPGs [42].

In a recent study by Ezhov (2021) [43], the overall diagnostic performance of two
groups, one aided by AI and the other unaided, was compared in oral CBCT evaluation.
The AI system used in this study included modules for tooth and jaw segmentation, tooth
localization and enumeration, periodontitis, caries, and periapical lesion detection. The
results showed that the AI system significantly improved the diagnostic capabilities of
dentists, with higher sensitivity and specificity values observed in the AI-aided group than
in the unaided group (sensitivity: 0.8537 vs. 0.7672; specificity: 0.9672 vs. 0.9616).

Several systematic reviews and meta-analyses have been conducted on the utilization
of AI for identifying caries and periapical lucencies [44–55]. In a recent comprehensive study
by Rahimi [54], the accuracy of classification models for caries detection was evaluated
across 48 studies. The reported diagnostic accuracy varied significantly based on the
imaging modality, ranging from 68% to 99.2%. The diagnostic odds ratio, which indicates
the effectiveness of the test, also varied greatly from 2.27 to 32,767 across studies. The
study concluded that deep learning models show promise for caries detection and may aid
clinical workflows. One of the earliest meta-analyses conducted in 2019 on the computer-
aided detection of radiolucent lesions in the maxillofacial region [46] yielded a pooled
accuracy estimate of 88.75% (95% CI = 85.19–92.30); however, only four studies were
included. A more recent meta-analysis by Sadr [52] included 18 studies and revealed
that the pooled sensitivity and specificity were 0.925 (95% CI, 0.862–0.960) and 0.852 (95%
CI, 0.810–0.885), respectively. The authors concluded that deep learning showed highly
accurate results in detecting periapical radiolucent lesions in dental radiographs. These
findings suggest that multimodal AI programs may serve as first-line diagnostic aids and
decision support systems, improving patient care at multiple levels. Figure 2 shows a
sample of the Diagnocat report.

Figure 2. Part of the automatic diagnostic report from a CBCT scan was obtained prior to orthodontic
treatment on a 24-year-old male. The software automatically identified the absence of teeth 18 and 28,
as well as changes in the remaining teeth, primarily consisting of attrition and the presence of dental
fillings. The program has recommended further consultations as necessary.
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3.2.2. Cephalometric Analysis

Cephalometric analysis (CA) is an important diagnostic tool in orthodontics that
has been in use since 1931 [56]. Over the years, advancements in technology have rev-
olutionized CA by replacing manual assessments with digital software. This approach
simplifies the measurement process and provides an automatic display of the analysis
results. Automated CA has been shown to be more stable and repeatable than manual
analyses, which rely heavily on operator-dependent landmark identification and often
exhibit significant variability [57–60]. Accurate and repeatable landmark identification is
crucial for reliable CA outcomes. Several studies have demonstrated the effectiveness of AI
in identifying cephalometric landmarks. Although lateral radiography remains the most
commonly used method in CA, recent AI advancements have sparked renewed interest in
the use of cone-beam computed tomography (CBCT) [61].

The effectiveness of AI in identifying cephalometric landmarks has been studied since
1998 [62]. Numerous studies have used various automated methods and have consistently
achieved high accuracy in landmark identification [59,60,63–72]. A recent study by Hwang
et al. (2020) [60] concluded that automated cephalometric landmark identification can
be as reliable as an experienced human reader. Similarly, Kim et al. [65], Lee et al. [71],
and Dobratulin et al. [63] achieved landmark definition accuracies between 88% and 92%
using AI. These authors also found that, compared with manual methods, AI methods
demonstrated greater accuracy in landmark identification and reduced the time and human
labor required. In other studies conducted by Hwang et al. [59] and Yu et al. [70], the authors
found no statistically significant differences between the results of automated cephalometric
analysis and those calculated via manually identified landmarks. Additionally, AI has been
shown to significantly improve the workflow of practices, reducing analysis time by up to
80 times compared to manual analysis [72]. Figure 3 shows the definitions of the sampled
cephalometric landmarks.

 

Figure 3. Sample of automatic cephalometric landmark tracings performed using CephX (A) and
WebCeph (B) on an 18-year-old male. The results of Downs cephalometric analysis superimposed on
tracings (B). Measurements outside the standard range marked in red and with asterix *.

The utilization of CBCT in CA was first reported in the 2000s [73], but its use has
remained limited due to inefficiency and time constraints. However, recent advancements
in AI have revived interest in CBCT-based CA. Several studies [74–81] have shown that AI
techniques are accurate and efficient for automatically identifying and analyzing landmarks,
surpassing manual approaches. Kim et al. [80] found that the repeatability of artificial
neural networks was higher than achieved by human reades, while Muraev et al. [81]
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reported that artificial neural networks (ANNs) performed as well as or better than inexpe-
rienced readers in identifying landmarks. However, Bao et al. (2023) [82] recently revealed
that manual tracing is still necessary to increase the accuracy of automated AI analysis,
indicating the importance of manual supervision.

Meta-analyses have generally shown high accuracy in identifying cephalometric
landmarks [83–89]. However, the results are strongly dependent on predefined thresholds,
with lower accuracies reported at a 2 mm threshold [83,85,88]. Serafin et al. [89] conducted
a study in 2023 and reported a mean difference of 2.44 mm between three-dimensional (3D)
automated and manual landmarking. A meta-regression analysis indicated a significant
association between publication year and mean error, suggesting that recent advances in
deep learning (DL) algorithms have significantly improved landmark annotation accuracy.
Overall, AI tools have shown promising results in automated cephalometric analyses, but
caution is advised due to potential biases in evaluated studies [83–85,87].

3.2.3. Determination of Skeletal Age

Growth and maturation play crucial roles in orthodontics because they directly im-
pact the effectiveness of orthodontic treatments, which are often timed to coincide with
periods of rapid growth and developmental changes in facial structure. Previous studies
have demonstrated that tailoring treatments to align with the patient’s growth phases
can enhance treatment outcomes [90,91]. Additionally, some studies suggest that dental
maturation is linked to the patient’s skeletal class [92]. Accurately assessing the rate of
growth and stage of facial development is crucial in orthodontic treatment to achieve long-
term results and minimize post-treatment changes caused by ongoing facial growth [93].
However, growth dynamics during adolescence differ greatly among individuals, making
it insufficient to rely solely on chronological age for estimating the amount of remaining
growth [94,95].

Skeletal age, which can be assessed using cervical vertebral maturation (CVM) or wrist
X-rays, is a more suitable parameter for evaluating individual growth [90,96–99]. While
wrist X-rays are contraindicated in standard diagnostic orthodontic routines, the CVM
can be assessed using lateral cephalometric X-rays [33]. In recent years, there has been a
growing body of scientific evidence supporting the diagnostic accuracy and effectiveness
of AI in assessing skeletal age based on both wrist X-rays and CVM [100–105]. Despite
the proven diagnostic accuracy of AI in skeletal age assessment, particularly with wrist
X-rays and even index finger X-rays, concerns remain regarding the accuracy of CVM-based
models [106,107]. Studies on this topic have yielded varied results, with agreement rates
with human observers ranging from 58% to more than 90% [107–112]. Seo et al. (2021)
reported that CNN-based models achieved more than 90% accuracy in CVM assessments,
suggesting that automatic diagnosis using lateral cephalometric radiographs can accurately
determine skeletal maturity [109]. However, exercise caution is important when evaluating
the results of AI in CVM assessments. Other studies have reported notable discrepancies,
particularly during crucial orthodontic treatment stages around the growth peak, when
accuracy tends to decrease [95,110].

Caution is advised when interpreting AI-assisted CVM assessment studies due to the
limited number of expert readers used to establish the gold standard for evaluation. Errors
made by these readers may have influenced the study results and subsequently impacted
the performance of the AI algorithm [104]. The lack of scientific evidence in meta-analyses
highlights the need for a broader examination of the role of AI in CMR. A recent systematic
review by The Angle Orthodontist reported that the model accuracy for test data ranged
from 50% to more than 90%. The authors emphasized the importance of conducting new
studies to develop robust models and reference standards that can be applied to external
datasets. While these findings are encouraging, we anticipate that future advancements in
AI technology will enhance the diagnostic accuracy of CMR tools, potentially making them
comparable to wrist X-ray assessments for skeletal maturity.
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3.2.4. TMJ Evaluation

Osteoarthritis (OA) is a condition that affects joints and is characterized by the gradual
deterioration of joint cartilage, bone remodeling, and the formation of osteoproliferative
bodies [113]. Temporomandibular joint osteoarthritis (TMJOA) is a specific type of tem-
poromandibular disorder that can cause significant joint pain, dysfunction, and dental
malocclusion and a decrease in overall quality of life [113]. The examination of TMJ func-
tion and morphology is crucial in orthodontic and dental treatments [114]. TMJOA is one
of the causes of malocclusion and facial asymmetry [115,116]. Radiographic examination,
such as OPG/CBCT, confirms the presence of TMJOA by revealing bony changes [117],
while MRI is the preferred modality for evaluating joint discs [114].

Recent studies have demonstrated the high diagnostic performance of AI in detecting
and staging TMJOA [117–121]. These studies have shown the potential for automated,
detailed assessment of joint morphology using various imaging techniques, including
OPG, CBCT, and MRI. Therefore, the authors anticipate that the use of AI systems for TMJ
diagnostic imaging will contribute to future research on early detection and personalized
treatments for OA.

The few reviews and meta-analyses conducted on this topic showed the overall
moderate-to-good accuracy of the tested models in TMJOA detection [122–126]. The
2023 study by Almasan [123] showed that the pooled sensitivity and specificity of AI in
panoramic radiograph TMJOA detection accounted for 0.76 (95% CI 0.35–0.95) and 0.79
(95% CI 0.75–0.83), respectively. Similar results related to this topic were reported by
Xu [126], who reported a pooled sensitivity, specificity, and area under the curve (AUC) of
80%, 90%, and 92%, respectively. A more comprehensive study carried out by Jha et al. [125]
analyzed 17 articles for the automated diagnosis of masticatory muscle disorders, TMJ
osteoarthrosis, internal derangement, and disc perforation. The results of the meta-analysis
showed the high diagnostic accuracy of the tested AI models, with accuracy and specificity
ranging from 84% to 99.9% and 73% to 100%, respectively.

3.2.5. Extraction Decision Making

One of the most challenging issues during orthodontic treatment is deciding whether
extraction is mandatory in a particular case. A variety of factors associated with the identi-
fied orthodontic defect, patient preferences, expected outcomes, sociocultural factors, and
the professional position of the orthodontist influence the patient’s attitude toward the
proposed orthodontic extraction therapy [127–129]. On the other hand, decisions related
to extractions are influenced by the experience, training, and philosophy of the orthodon-
tist [130–133]. All these factors render the extraction decision during orthodontic treatment
very challenging, even for an experienced practitioner. Furthermore, conclusions regard-
ing the treatment undertaken can greatly vary among experts, especially in borderline
cases [134–137].

Several AI tools have been introduced in recent years to support therapeutic deci-
sion making in orthodontics [94,138,139]. Initial studies on extraction decision aids have
shown promising results, with AI algorithms achieving over 80% agreement with expert
decisions [140–144]. Xie’s study (2010) [144] revealed an 80% concurrence in extraction
decisions between AI and experts, although only 20 cases were analyzed. Jung and King
evaluated an ANN system [142], which achieved a 93% success rate in diagnosing extrac-
tion versus nonextraction cases based on 12 cephalometric variables and an 84% success
rate for the detailed diagnosis of specific extraction patterns.

Similar results were achieved by Li et al. (2019) [143], who reported a 94% accuracy
for extraction versus nonextraction predictions, 84.2% for extraction patterns, and 92.8%
for anchorage patterns. These studies identified several features that are important in
predicting treatment efficacy, such as crowding of the upper arch, position of anterior teeth,
lower incisor inclination, overjet, overbite, and capability for lip closure. However, it is
important to note that these studies have significant limitations that may introduce bias.
For instance, the AI systems were trained using examples provided by a limited number of
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experts, which may reflect the treatment philosophies of those experts without considering
the validity of those approaches. Additionally, important dental findings, such as large
dental fillings, periapical lesions, periodontal damage, previous endodontic treatment, and
missing teeth, were not considered [129,141–144].

Given these limitations, it is important to acknowledge that making a definitive de-
cision on whether to proceed with orthodontic extraction therapy is often challenging,
especially in borderline cases. Clinicians need to carefully evaluate the advantages and
disadvantages of each treatment approach and consider the overall clinical situation. Ad-
ditionally, the use of extraction decision-making tools in clinical practice carries the risk
of being influenced by a specific treatment philosophy, which could impact patient care.
Practitioners should strive to develop individualized treatment plans for their patients and
not be influenced by rigid treatment “philosophies” [128].

3.2.6. Orthognathic Surgery Decision Making and Planning

Despite significant developments in orthodontics and surgery, there is a lack of clearly
established criteria for qualifying patients for surgical procedures. This issue becomes
particularly problematic in borderline cases, where the orthodontist faces the decision
of whether to refer the patient for surgical treatment or camouflage treatment [145,146].
The primary issue that determines the further fate of a patient is the identification of
patients who benefit from orthognathic surgery. The diagnosis of a surgical case is usually
confirmed via lateral cephalograms, which are the primary method for assessing sagittal
skeletal deformities. The effectiveness of both the AI and ML algorithms has already been
proven to identify orthognathic surgery diagnoses with over 90% accuracy [117,147–150].
One interesting study carried out by Jeong et al. [151] evaluated soft tissue profiles based
on facial photographs. The evaluated CNN yielded 89% accuracy in correctly classifying
surgical cases [151].

There is a limited yet promising body of literature that assesses the performance of
AI in orthognathic surgery treatment planning [140,152,153]. Knoops et al. conducted a
study in which they applied a 3D morphable model (3DMM) to automatically diagnose
patients, categorize their risk levels, and generate simulations for orthognathic surgery
treatment plans [153]. This approach achieved a sensitivity of 95.5% and a specificity of
95.2%, with an average accuracy of 1.1 ± 0.3 mm. Additionally, the positive and negative
predictive values were 87.5% and 98.3%, respectively [153]. Chung et al. proposed a
technique for the automatic alignment of CBCT images with optically scanned models
using a DeepPose regression neural network [152]. This method surpassed the accuracy of
previously top-performing techniques by 33.09% [152]. In a previously mentioned study by
Choi et al., a model accurately predicted the need for surgery and provided an extraction
plan for surgical patients, achieving an accuracy ranging from 88% to 97% [140].

However, it is important to mention that the research discussed above is subject to the
same limitations mentioned in the chapter on extraction decision making. These limitations
stem from the lack of strict guidelines, which results in a heavy reliance on expert decisions
and opinions. A systematic review conducted by Smith et al. [154] further supports this
notion by indicating that the results of current studies cannot be easily generalized due to
their significant heterogeneity. The authors carefully concluded that AI might be a useful
tool in planning orthognathic surgery. However, additional studies are needed.

It is worth noting that the abovementioned research shares the same limitations as
those discussed in the extraction decision-making chapter, primarily due to the absence
of clear guidelines. This leads to a heavy dependence on expert decisions and opinions.
A systematic review by Smith et al. [154] further highlighted the significant heterogeneity
among current studies and the difficulty in generalizing their results. The authors cautiously
concluded that AI could be a valuable tool in orthognathic surgery planning, but further
research is necessary.
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3.2.7. Treatment Outcome Prediction

Orthodontists face the challenge of selecting the most appropriate treatment strategy
for each patient based on their individual expectations, socioeconomic conditions, cul-
tural background, and skills. However, procedures such as extractions and orthognathic
surgeries are irreversible and can result in permanent patient dissatisfaction. Therefore,
accurately predicting treatment outcomes is crucial for both practitioners and patients.
Fortunately, a growing body of literature demonstrates the effectiveness of AI in predicting
orthodontic and orthognathic treatment outcomes [155–163].

The model proposed by Park et al. [161] achieved high accuracy in predicting treatment
outcomes for Class II patients, with a mean error of 1.79 ± 1.77 mm. In a recent study by
Tanikawa et al. [163], a DL model was used to predict the 3D outcomes of orthodontic and
orthognathic treatment in Japanese patients, resulting in mean errors of 0.69 ± 0.28 mm and
0.94 ± 0.43 mm for the orthodontic and surgical patient groups, respectively. Similarly, Park
et al. [160] evaluated a DL algorithm that accurately predicted treatment outcomes in terms
of 3D facial changes, with a mean prediction error of 1.2 ± 1.01 mm. Other studies have also
achieved high accuracies in predicting facial symmetry in orthognathic patients [156,158]
and 3D facial soft tissue changes in cleft patients after orthognathic surgery [164].

In addition to treatment outcomes, AI has also been used to predict patients’ experi-
ences during clear aligner treatment. Xu et al. [159] developed a system that achieved close
to 90% prediction accuracy in predicting patients’ pain, anxiety, and quality of life. This
study highlights the importance of considering patient experience and shifting the focus
from solely cosmetic or functional outcomes.

A recent scoping review [165] revealed that AI models are not only efficient but
also outperform conventional methods in orthognathic treatment planning and outcome
prediction. This review highlighted the reliability and reproducibility of these models,
suggesting their potential to improve clinical outcomes, especially for less experienced
practitioners. However, a recent meta-analysis [166] emphasized the need for caution and
restraint when adopting AI advancements in orthodontics.

3.2.8. Patient Monitoring

The COVID-19 pandemic has brought attention to the importance of social distancing,
remote work, and telemedicine [167]. Orthodontic treatment typically lasts approximately
20 months [168] and requires regular progress monitoring and potential complications.
Traditional methods of monitoring can be time-consuming and repetitive. However, recent
advancements in orthodontics, such as self-ligating systems and aligners, along with
the implementation of telemedicine, have led to the development of dental monitoring
(DM) [169].

The DM system consists of three integrated platforms: a mobile app for patients, a
web-based Doctor Dashboard®, and a movement-tracking algorithm that analyzes pictures
taken by the patient. The goal of DM is to reduce in-office visits, detect aligner incidents and
misfitting, and personalize treatment for each patient [170]. Several studies have already
demonstrated the value of DM in orthodontic treatment, including reducing chairside time,
improving patient compliance [171,172], early detection of orthodontic emergencies [173],
reducing orthodontic relapse [174], remote monitoring of aligner fit [169,174,175], and
improving oral hygiene status [176]. Interestingly, Homsi et al. [177] reported that digi-
tally reconstructed models obtained remotely were as accurate as those obtained through
intraoral scans.

However, the implementation of AI in remote care for orthodontic patients is still
an underexplored topic with limited evidence. A recent systematic review [178] showed
that DM showed promise in improving aligner fit and reducing the number of in-office
visits during ongoing orthodontic therapy. These findings emphasize the need for further
research in this area.
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3.3. Implementation Considerations

While the potential of AI to improve patient management in orthodontics is vast, its
impact has been proven in only a limited number of cases. Most of the literature on this
subject consists of retrospective studies without support from large randomized controlled
trials. However, we might expect such studies in the coming years due to the exciting
nature of this topic and the increasing supply of AI solutions. Financial investments and
the number of introduced AI technologies are rapidly growing; in 2022, there were 69 new
FDA-approved products associated with USD 4.8 billion in funding. By 2035, product-year
funding is projected to reach USD 30.8 billion, resulting in 350 new AI products [8].

Despite many optimistic studies demonstrating the high performance of AI algorithms
in a variety of tasks, the further incorporation of AI algorithms into everyday clinical
practice remains a matter for the future. Most of the aforementioned programs were
introduced within the past 2–3 years. On average, 17 years are required for medical
innovations to be implemented in clinical practice [179,180]. The process of implementing
AI in workflows and clinical practice requires meeting a number of requirements to ensure
sufficient clinical quality and patient safety. As indicated by Pianykh [9], there are still
important issues to overcome. The first issue is the lack of reproducibility. AI models are
typically developed using limited and specific datasets, which makes it challenging for
them to perform well on a wide range of data. The second issue is the lack of adaptivity.
Existing AI models are not designed to constantly adjust to changes in their environment.
The third issue is the absence of robust quality control mechanisms for AI, which increases
susceptibility to data errors, outliers, and sudden shifts in trends. Finally, there is a lack of
integration between AI algorithms and workflows, which prevents them from effectively
adapting to changes in the data environment. To address these issues, continuous learning
AI needs to be developed. This approach enables the AI tool to adapt continuously to
changes in the data [9]. With continuous learning, AI algorithms can make live adjustments,
preventing performance deterioration over time. Like in any technology used in medicine,
there is a need for a sufficient AI governance process to maintain the quality of results and
ensure patient safety [181,182]. The need for continuous evaluation of algorithm quality
should be kept in mind to prevent degradation in performance and to allow appropriate
early intervention. Moreover, privacy issues, safety concerns, and health inequities (such
as AI algorithms that exacerbate racial or income disparities) are a few more general issues
related to the application of AI in medicine, and they have recently been highlighted in
The Lancet [183]. While a wide range of AI products are available, scientific evidence
regarding their validation and effectiveness in general medicine and specific fields such as
orthodontics remains limited [184].

Despite the availability of a wide range of products, there is still limited scientific
evidence regarding the validation and effectiveness of AI products in general medicine and
narrow fields such as orthodontics [184]. Despite the generally optimistic results of various
AI tools, the issues highlighted above underscore the necessity of exercising considerable
caution when introducing AI into daily practice.

4. Conclusions

Undoubtedly, AI has the potential to revolutionize medicine, particularly in the field of
diagnostic imaging, including orthodontics. The continuous advancement of AI algorithms
that support pretreatment diagnostic processes allows the visualization of outcomes and
facilitates decision making during treatment, placing orthodontics among the disciplines
benefiting the most from the introduction of AI technology. However, due to the high
complexity and associated unpredictability of AI, these tools should be treated with caution,
and their results should be regularly and manually validated.
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Abstract: Background: Intraoral radiography in the right-angle technique is the standard procedure
to examine the peri-implant bone level in implant follow-up and implant-related studies. For
the implementation of the right-angle or parallel technique, mostly ready-made image receptor
holders are used. The aim of this experimental study is to analyze changes in the measurement
of standardized peri-implant defects caused by a deviation in the position of the image receptor.
Methods: Eleven Xive® implants (Dentsply Sirona, Bensheim, Germany) were placed in bovine bone,
and peri-implant defects of varying depths were created. The preparations were fixed in a specially
made test stand, and intraoral radiographs were taken using the right-angle technique with standard
film holders at various horizontal and vertical projection angles. Defect measurement was carried
out with the imaging software Sidexis 4 V 4.3 (Dentsply Sirona, Bensheim, Germany). Results: With
increasing angular deviation, larger deviations between the measured and the real extent of the defect
occurred. Vertical tilting caused significant distortion, while horizontal rotation showed less effect.
Conclusion: Intraoral radiography only provides a valid representation of the peri-implant bone level
for follow-up or as a tool in implant-related studies if a reproducible projection direction is assured.

Keywords: peri-implant bone level; intra-oral radiography; implantology

1. Introduction

Intraoral radiography using the right-angle technique is the standard procedure to
examine the peri-implant bone level. It is indispensable for implant follow-up and also
serves as a basis for the assessment of peri-implant bone loss and, thus, the diagnosis of peri-
implantitis. It is also the preferred technique to analyze peri-implant bone level in implant-
related studies [1,2]. Peri-implant inflammation is the main cause of loss of previously
osseointegrated dental implants, with a prevalence of 22% (2131 patients, 8893 implants) [3].
While in peri-implant mucositis, the inflammatory cell infiltrate is limited to the supracrestal
soft tissue interface, in peri-implantitis, it is spread to the bony implant site [4]. This is
a serious complication that, if left untreated, will progress, leading to pain and other
signs of inflammation, and may ultimately result in implant loss. Part of standardized
implant aftercare is to recognize, classify, and treat early signs of peri-implant inflammation
to prevent the progression to more advanced stages. Taking an intraoral radiograph to
evaluate the crestal bone level is part of the strategy. It is recommended to take an intraoral
radiograph using the right-angle or parallel technique at the time of installation of the
prosthetic component as a baseline and to repeat this examination at regular intervals [5]. In
the case of manifest peri-implantitis, the type of bone loss, i.e., whether it is an intraosseous
defect or a supra-alveolar manifestation, or whether there are mixed forms [6], can already
be estimated. Furthermore, the peri-implant bone level or the development and progression
of peri-implantitis can be influenced by a wide variety of variables [2], including implant
surface, abutment connection, prosthetic concepts, hygiene ability, etc. Consequently,
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radiographic imaging of the peri-implant bone is a common research method in studies in
the field of implantology [7,8]. A clear depiction of the crestal bone level and the verification
of the existence and/or progression of bone loss in periodically repeated radiographs with
the same projection geometry are essential for the comparison to earlier images or other
implants. Particularly in scientific studies, this is of utmost importance [9–11].

In daily dental practice, intraoral radiographs represent the standard tool to assess
the crestal bone level around dental implants. The spatial relationship between the beam
source, object, and image receiver essentially determines the two-dimensional radiograph
formation during the recording. The projection of three-dimensional defects onto two-
dimensional image receptors is associated with typical misrepresentations. These include:

• Image enlargement through projection magnification;
• tilting of the examination objects, misinterpretation of the edges of the examination

object/sites on the image; and
• an inaccurate evaluation method for distance measurements within the image [12].

In order to obtain representations that are as accurate as possible, it is recommended
to reduce the influence of these factors as much as possible. Images are taken using
standardized film holders in combination with a right-angle or parallel technique [13]. The
image receptor is aligned via the film holder at a defined angle to an indicator ring, onto
which the tube is placed flush. This means that the central beam is always perpendicular to
the image receptor axis. In addition, the holder should be aligned with the patient’s bite on
a bite plate so that the image receptor is positioned parallel to the tooth or implant axis [1].
Even if this is not often the case, at least a reproducible alignment of the central beam with
the object axis should be achieved for the correct assessment of changes in the crestal bone
level. Since reference values such as the implant length are often known, measurements
can also be made, and thus a quantitative analysis of changes over time can be carried out.
These measurements usually take place in the submillimeter range [14]. A weakness of this
method is the uncertainty of how the film holder is placed and deflected by the patient’s
bite, which is not a constant parameter and can be different with each examination. Being
able to estimate the dimensions of such deviations is important for assessing the accuracy
of the image. Since calculating geometric distortions cannot be established in everyday life,
guideline values are of great importance [1].

The aim of this experimental study is to assess the effect of deflection of the right-angle
holder on the measurement results of standardized peri-implant defects.

2. Materials and Methods

Uncooked bovine ribs were used for the implantation because they have the same
properties as a human jawbone. The ribs were encased in SnowWhite plaster to ensure
stability. As a next step, eleven Xive® implants (Dentsply Sirona, Bensheim, Germany) with
a diameter of 3.8 mm and a length of 11 mm were placed in the bones. The implantation was
carried out according to the protocol specified by the manufacturer. All drilling was carried
out with a fixed drill bit, which ensured that the identical axis could be maintained exactly
every time. (Figure 1a) Subsequently, implants were placed. Insertion torque exceeded
25 Ncm for all implants.

After implant insertion, a circumferential defect was created using a trephine bur in
the implant axis. Eleven defects with depths of 2, 2.5, 3, 4, 5, 6, 7, 8, 9, 10, and 11 mm were
created. (Figure 1b) Water cooling was applied throughout the complete drilling process.

To ensure accurate and repeatable measurements with exactly defined parameters, a
test environment was created (Figure 2a).
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(a) (b) 

Figure 1. Implant placement and defect creation (a) Drill press to maintain the exact drilling direction.
(b) Creation of defect around a previously inserted implant with the trephine bur.

(a) (b) 

Figure 2. Experimental setting (a) test stand. (b) Prepared bovine ribs and positioned radiographic
film rigidly fixated to the radiation tube.

The mechanics contained here made it possible to change the angle between the
radiation tube and the test objects in precise, predefined steps. By this, a biangular deviation
in the vertical and horizontal directions was imitated. (Figure 2b) The displacement of the
angle was minus 15 degrees to plus 15 degrees in steps of 5 degrees in the vertical plane
and minus 8 degrees to plus 8 degrees in steps of 3 degrees in the horizontal plane. The test
stand was designed by a technical engineer (Konrad Felix Fellner e.U., Graz, Austria) in
the programs Rhino V4® (Robert McNeel & Associates, Seattle, Washington, DC, USA) and
Solidworks 2017® (Dassault Systèmes SolidWorks Corporation, Waltham, MA, USA).

The individual parts were manufactured through 3D printing using the Fused Filament
Fabrication additive process. Polyactic acid 3D printing filament (PLA) was chosen as
the material because of its good physical properties and easy availability. PLA is largely
resistant to most common solvents and does not affect X-rays. The used cylinder head
screws and ball bearings were kept outside the region of interest. The characteristics of the
test stand were:
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• A platform for fixing the objects to be X-rayed
• Adjustment options for adjusting the object to the respective axis pivot points
• Two independently rotatable axes
• Angle markings for referencing, measurement, and data collection
• An adjustable holder for the X-ray sensor and X-ray machine

The platform, to which the test object was fixated, was positioned at an angle in the
room and held by appropriate components so that it could be moved freely. This changed
the projection angle of the rigidly positioned central beam.

The horizontal rotation of the platform allowed seven different settings with the
angular positions −8◦, −5◦, −3◦, 0◦, 3◦, 5◦, and 8◦. The vertical axis allowed the angle
settings of −15◦, −10◦, −5◦, 0◦, 5◦, 10◦, and 15◦. (Figure 3) The ribs encased in plaster were
positioned centrally on the platform to allow free movement in all directions.

 

Figure 3. Mechanism to adjust horizontal and vertical angulation.

The X-ray tube (Heliodent Plus, Dentsply Sirona, Bensheim, Germany) was set in
a zero-degree position parallel to the holding arm of the digital sensor at a distance of
8 cm from the image receptor. The fixed models were imaged radiographically with a
tube current of 7 mA, a tube voltage of 60 kV, and an exposure time of 0.06 s using the
right-angle technique.

The Sidexis 4 V 4.3 imaging software (Dentsply Sirona, Charlotte, NC, USA) was used
to measure the depiction of the defects on the radiographs. The measurement tool was
calibrated based on the implant length of 11 mm.

Every defect was traced individually using the Sidexis measurement tool parallel to
the implant axis, starting from the crestal bone edge. Defects were 2 to 11 mm deep. Each
defect was pictured 49 times in different directions, ranging from −15 to +15 degrees in the
vertical dimension and from −8 to +8 degrees in the horizontal dimension.

The data were collected in an Excel® spreadsheet. (Microsoft 365, Version 2207 (Build
15427.20194), Microsoft, Redmond, Washington, DC, USA). The deviation of the measuring
depth from the true depth of the defect was calculated. Statistical analysis to assess the
results included ANOVA and regression analysis using SPSS software (IBM SPSS Statistics
26.0, IBM Corporation, Armonk, NY, USA) at a 5% significance level.

3. Results

Altogether, 539 images were analyzed. The deviation of the measured dimensions of the
depicted defects from the known true defect depths was 0.0 to 4.6 mm (mean 0.7 ± 0.7 mm)
(Figures 4 and 5).
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Figure 4. Mean measurement errors of all 11 defects (2.5–11 mm) of all horizontal and vertical
deflections.

  

Figure 5. Measurement error due to vertical deviation of the projection. Mean over all defects and
defects with 3, 5, 7, 9, and 11 mm. A greater vertical deviation (−15 to 15 degrees, colored lines) of
the projection direction led to a larger measurement error. (Each mesh section equals 0.5 mm, with
horizontal rotation at the corner points of the mesh.) Note the extreme outliers in the 7 mm defect.

When viewed in terms of the length of each individual defect, the mean results of each
defect differed in relation to the correspondent real depth between 7% and 28%, respectively,
from 0.34 mm to 1.34 mm (mean 0.70 ± 0.24). This resulted in mean deviations of 15.2%
(± 5.0%).

Vertical tilting alone resulted in mean deviations of 0.34 to 1 mm (mean 0.65 ±0.26 mm)
or 7% to 20% (mean 13.9 ± 5.4%) (Table 1). In the horizontal plane, measurements differed
from real lengths by 0.34 mm to 0.5 mm (mean 0.42 ± 0.06) or 8% to 10% (mean 8.6 ± 1%)
(Table 1).
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Table 1. Relative mean deviations in regard to deflection across all 11 defects. (columns—horizontal
deflection (−8◦ to +8◦), lines—vertical deflection (−15◦ to +15◦)).

Deflection −8 −5 −3 0 3 5 8

−15 28% 21% 22% 20% 20% 21% 22%
−10 21% 17% 18% 19% 13% 19% 25%
−5 12% 12% 12% 9% 11% 12% 10%
0 8% 9% 8% 7% 9% 9% 10%
5 9% 7% 10% 9% 9% 13% 11%
10 2% 15% 15% 15% 15% 16% 16%
15 16% 18% 18% 18% 16% 20% 15%

The deeper the defect, the greater the deviation that appeared when the angle changed
horizontally and vertically. The smallest deviation from the actual length in the range of
seven to 10% was found in the vertical zero-degree position, even with horizontal angular
rotation. The more the vertical angle differed from the zero-degree position, the greater the
mean deviation. (Table 1, Figure 5) On the other hand, differences barely increased in the
horizontal direction, as the rotation increased.

An ANOVA analysis of variance showed that the influence of the vertical tilt was
highly significant, but the results for the horizontal twist were not. Furthermore, Pearson’s
correlation coefficient showed a positive correlation between vertical tilt and measurement
error. An exception were the results of the 7 mm defect, some of which showed noticeably
high outliers (Table 2).

Table 2. Mostly positive correlation of vertical tilting to measurement deviation.

Defect 2 mm 2.5 mm 3 mm 4 mm 5 mm 6 mm 7 mm 8 mm 9 mm 10 mm 11 mm

PCC * r = 0.177 r = 0.857 r = 0.190 r = 0.619 r = 0.734 r = 0.607 r = −0.606 r = 0.803 r = 0.478 r = 0.094 r = 0.827
p = 0.224 p < 0.001 p = 0.192 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p < 0.001 p = 0.519 p = 0.519 p < 0.001

* Pearson’s correlation coefficient (PCC).

A regression analysis also confirmed a significant connection between vertical tilting
and the resulting measurement difference (p < 0.001), but none for horizontal rotation
(p = 0.372).

The largest average deviation of the defects occurred at the −8◦ horizontal and −15◦
vertical degree settings. Rotating in the negative degree range brought the defect closer
to the radiation source. At the same time, the distance to the image sensor increased.
Consequently, distortion was more pronounced and measured lengths, and therefore, the
differences to the real lengths were larger in all values of the negative direction of rotation
(Figure 6).

The mean range from the shortest to the longest measurement of a defect was 2.61 mm
(±1.12 [0.95; 5.06]) or 51% (±25% [18.2%; 93%]) in relation to the depth of the corresponding
defects (Figure 7).
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Figure 6. Mean measurement deviations across all defects with horizontal (−8 to +8 degrees) and
vertical tilting (−15 to +15 degrees).

 
Figure 7. Range of most extreme measurements for all defects in relation to the defect dimension.

4. Discussion

The study demonstrated that tilting of prefabricated right-angle holders led to mea-
surement errors when evaluating peri-implant bone defects in intraoral radiographs. A
vertical deflection resulted in a greater length deviation than a horizontal deflection. Al-
though horizontal rotation alone had no real effect on the measurement deviations, an
even greater deviation was evident when horizontal rotation was correlated with verti-
cal rotation. The results deviated from the true defect size by an average of 15.2%. The
maximum range of deviations occurred in the 7 mm defect, where the shortest and longest
measurements differed by 5 mm; the mean range was 2.61 mm (±1.12 [0.95; 5.06]) or 51%
(±25% [18.2%; 93%]) of the defect size. Nevertheless, considering the wide distrubtion
of measurements with extreme outliers in the 7 mm defect, errors in execution must be
considered probable. To the best of our knowledge, there is only one comparable experi-
mental study that calculated a 11.4% distortion if the film holder is tilted 30% in the vertical
direction [10,15].

There are several imaging modalities that can be used for radiological diagnostics
in dental practice. Since the turn of the millennium, the classic procedures of intraoral
radiography and panoramic radiography have been joined by cone-beam-computed to-
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mography (CBCT), which allows in-office cross-sectional diagnostics. Before CBCT was
established, this was mainly carried out using computed tomography, for which patients
had to be referred to a radiology institute or to a specialized radiologist. The advantages of
cross-sectional imaging are apparent. While in two-dimensional imaging, the structures
that lie one behind the other in the beam path are superimposed, cross-sectional imaging
makes it possible to display the structures separately from one another. In the case of
peri-implant defects, this means that the buccal and lingual parts of the peri-implant bone,
which can also be affected by an osseous lesion, can potentially also be visualized.

In the case of peri-implant bony defects, this means the three-dimensional extent of the
defect and the parts that are located buccaly or orally to the implant, as well as revealing
fenestration and dehiscence defects, might be better depicted [16,17]. Studies by Ritter et al.
and Steiger-Ronay et al. concluded that measurements of distal and mesial bone levels are
equally accurate with intraoral radiography and CBCT [18,19].

Kühl et al. compared the diagnostic capacity of different dental imaging modalities in
the depiction of peri-implant defects in a cadaver study [20]. Six implants were inserted
into a human edentulous lower jaw. Defects with known depth and three-dimensional
configuration were created. Conventional intraoral radiography in parallel technique using
a film holder, digital panoramic radiography, cone-beam-computed tomography with a
volume of 8 × 8 and a voxel size of 0.125, and computed tomography with a slice thickness
of 0.72 mm were employed. For intraoral radiography, CBCT, and computed tomography,
the mandible was fixated in an individualized Plexiglas panel.

In their study, intraoral radiography performed best, with the highest sensitivity
and specificity over all defects, even though only the mesial and distal bone surrounding
the implant could be depicted. Furthermore, despite superimposition and distortion,
panoramic radiography yielded the best results in determining the defect type (two-, three-,
or four-wall defect). This was even the case in two-wall defects, where the buccal and
oral parts of an implant—areas that are usually not clearly shown on two-dimensional
images—are affected (classification of Renvert and Giovannoli 2012 [21]).

On the other hand, panoramic radiography showed the worst sensitivity for 1 mm de-
fects. These small defects were discovered best by CBCT, but CBCT also showed the lowest
specificity for 3 mm defects. Computed tomography yielded the lowest overall sensitivity.

Consequently, despite the technology-specific shortcomings of two-dimensional imag-
ing, conventional or digital intraoral radiography is still the gold standard for picturing the
peri-implant bone [2,22]. It is a widely accepted technique for the long-term evaluation of
marginal bone changes, especially at interproximal sites, of osseointegrated implants [23].
For this, there are several main reasons: First, the high sensitivity and specificity in depict-
ing osseous lesions of all dimensions, as mentioned above, are the most important capacities
of intraoral radiography. This is probably due to the high spatial resolution of the technol-
ogy, with 10 to approximately 25 line pairs per mm (lp/mm), whereas three-dimensional
imaging techniques display only 1–2 lp/mm or even less (computed tomography) [24].
Further, the widespread availability and cost-effectiveness of intraoral radiography are
supporting its practicability and, consequently, its daily use. The possibility of standard-
ized image acquisition through the use of image holders allows use in the area of years of
postoperative follow-up. And last but not least, intraoral radiography is associated with the
lowest patient exposure to radiation of all dental imaging modalities [25,26]. In general, the
long-cone paralleling technique, supported by positioning devices, is used. For posterior
intraoral radiographs with the widely used photo-stimulable phosphor storage, a radiation
dose of 1.2 μSv to 2 μSv arises [27].

Despite the low patient doses in dental radiography, the International Commission
on Radiological Protection (ICRP) considers the linear non-threshold model when recom-
mending radiation safety guidelines. The cumulative effects of low-dose radiation could
trigger cytotoxic alterations and genetic instability in sensitive tissues and organs [28].
Dentoalveolar cone-beam-computed tomography (CBCT) has been advocated as a superior
radiologic method but is potentially linked to higher radiation doses of 11–674 μSv [25,29].
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The three-dimensional depiction of defects might offer additional information. This could
be particularly beneficial in the detection of small defects or the planning of invasive proce-
dures. Nevertheless, it has to be considered that titanium implants cause extensive metal
artifacts. The depiction of the implant is increased in size by 12–15%, and consequently,
the buccal bone is clearly visible and reduced by about 0.3 mm, which makes the dentist’s
assessment with respect to implant-bone density and thickness massively difficult [30,31].
This is probably the main difference in imaging defects around implants compared to
defects around natural teeth. Therefore, CBCT should not be used routinely to assess
peri-implant bone defects [32].

In summary, two-dimensional imaging (e.g., periapical or panoramic radiography
in cases with multiple implants) should be the first selection criterion for the assess-
ment and monitoring of bone levels around the implant following its placement and
osseointegration [33].

Many factors can influence the peri-implant bone level. The most common cause of
crestal bone loss is peri-implantitis. The definition of this infection-related inflammatory
disease was not uniform until the World Workshop on the Classification of Periodontal and
Peri-implant Diseases and Conditions, which took place in Chicago (USA) in November
2017. The World Workshop was co-sponsored by the American Academy of Periodontology
(AAP) and the European Federation of Periodontology (EFP) [34].

Since then, peri-implantitis has been defined by the following triad:

• Bleeding and/or suppuration on gentle probing;
• Increased probing depth compared to previous examinations;
• Bone loss.

If no baseline information is available, the following findings may indicate peri-
implantitis:

• Bleeding and/or suppuration on gentle probing;
• Probing depths of ≥6 mm;
• Bone level ≥ 3 mm apical to the most coronal section of the intraosseous implant portion.

But even before this classification, all definitions included, in varying degrees, the loss
of the alveolar jawbone. In the case of manifest peri-implantitis, the intraoral radiograph is
used, among other things, not only to diagnose the disease but also to assess the further
course or the success of the therapy. It is recommended to perform a baseline radiograph at
the timepoint of installation of the prosthetic component as an initial reference to which
further images are compared in follow-up [35].

Other possible factors influencing the peri-implant crestal bone level are mechanical
stress, especially in the case of occlusal miscontact or bruxism, or inflammatory stimuli due
to the materials used or the nature of the implant-abutment connection [36–38].

The therapeutic protocol, such as the time of implantation, the healing time, and the
healing conditions, may also have an impact [14,36]. These factors are scientifically investi-
gated in controlled clinical studies. In these studies, the intraoral right-angle radiograph
is often used as a diagnostic method, and ready-made image holders might have been
used. The results are mostly in the millimeter, not infrequently even in the submillimeter
range [8,39].

A recent study demonstrated high inter-observer consistency in bitewing images of
high quality [40]. The high spatial resolution and low radiation dose are ideal for the
necessary repeated recordings over many months and years. Furthermore, the quality of
cross-sectional imaging is substantially limited around dental implants due to metal-related
extinction or beam-hardening artefacts. For this reason and also due to lower spatial
resolution and higher radiation dose, cross-sectional cone-beam-computed tomography is
not routinely used to examine the peri-implant bone. On the other hand, the superiority of
CBCT in the assessment of peri-implant bone defects was demonstrated in a dog study [41].
Especially vestibular dehiscences could not be visualized on the intraoral radiographs.
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Intraoral radiographs are summation images with the typical associated shortcomings:
The superimposition of all objects between the radiation source and the image receptor,
since the beam of rays spreads out in a cone shape, the magnified depiction of the imaged
object, and the image distortion, or unequal magnification in spots, owing to the oblique
position of the object. The extent of magnification is directly connected with the position of
the image receptor and its distance to the radiation source, or with the ratio of the film-focus
distance to the focus-object distance. This aspect was not particularly addressed in the
experimental setting of the presented study because the film focus distance was a fixed
value. In the oral cavity, the possible causes of a tilted object or film position as a cause of
distortion are varied. In the maxilla, a strong inclination of the palate and/or a low palate,
and in the mandible, interference with the floor of the mouth may force the image receptor
out of its ideal position [1].

Furthermore, uncertainties in the determination of the crestal reference point for
length measurements might cause measurement errors. The depiction of the crestal level
of the peri-implant bone could be ambiguous due to the superimposition of bone images
corresponding to the crest on the buccal and the lingual sides that may not coincide.

Consequently, the correct recognition of the reference points at the interface between
the alveolar bone and the implant might be difficult [1].

In order to at least minimize the importance of these influencing factors, identical
recording conditions are crucial to ensuring that the images are comparable. Commercially
available image receptor holders are intended to ensure these reproducible conditions. The
radiographic film or sensor is rigidly fixed in these holders, thereby achieving a constant
right angle to the central beam of the radiation source if the X-ray tube is positioned
correctly on the holder. In addition, the holder has a bite block that is used to position it in
relation to the depicted object. When the patient bites down on the block, the sensor should
align itself parallel to this object, usually a tooth or an implant.

The key problem is that the final bite position of each individual patient is not exactly
determined by the design of such holders. Deviations in the contact surface or twisting
or tilting of the holder are easily possible in the daily routine and may be different each
time. For example, anatomic obstacles such as the tongue or the hard palate may prevent
the holder from aligning itself perpendicular to the object. This intended position is also
not reached if the patient does not close the mouth completely, for example, due to pain or
gagging. If the contact area is small and the position of the bite block is therefore unstable,
the risk of tilting is even greater.

About 20–30 years ago, the distortion of intraoral radiographs showing periodontal
defects was a common topic in scientific papers [42–48]. Back then, in vivo comparison with
measurements of defects during periodontal surgeries was the gold standard to examine
the accuracy of measurements on intraoral radiographs [43]. The horizontal and vertical
angulation differences of the central beam from the orthoradial projection and radiographic
magnification were calculated, for example, by interpreting the depiction of the wires
placed in known distances from the film holder [49,50]. It has to be considered that many
factors may cause biases when interpreting in vivo measurements. Defects are irregularly
shaped, and reference structures are not always clearly shown. The deflection of the central
beam is not known but calculated. These factors add up to deviations that can additionally
occur when interpreting the images.

The experimental setting of the presented study, with uniform defects of known length
and fixed deflections of the central beam, ruled out some of these uncontrollable influences.

The results demonstrated that deviations in the tenth of a millimeter range can easily
occur if the image holder is twisted or tilted, even under these idealized conditions. The lim-
itations of this study are due to its experimental setting. Measurement errors might even be
greater in real-life situations, where additional factors like the local anatomy might exert an
additional influence. These factors might lead to inconsistencies in the technical parameters
of the image acquisition, like the film-focus distance or even the more pronounced tilting
of the image holder. Real-life peri-implant defects come in various configurations, and the
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identification of a reference point might be difficult [49]. Furthermore, deviations in the in-
terpretation of the radiographs might occur. These aspects were not addressed in this study,
which means that the magnitude of the measurement errors could be underestimated.

Therefore, results obtained with the use of pre-fabricated right-angle image holders
to assess the peri-implant bone level have to be interpreted with caution. The lack of
reproducibility of the measurement conditions is even more relevant than the deviation of
the measurement compared to the actual defect size. As part of studies, the production of
individually adapted image holders might assure identical alignment of the image receptor
at each radiographic examination [51–54]. The bite block is individually adjusted using
silicone or plastic materials.

However, there are a few points to consider when making such holders with individu-
alized bite blocks.

Soft and flexible materials, such as silicone, may be more susceptible to incorrect
positioning, especially if they are only supported on one side. These inaccuracies can
mean that a better representation of the crestal bone level cannot be achieved with such
holders [1].

Designing bite blocks with a larger support or that cross the dental arch might help
increase the accuracy of the method. Sadek et al. demonstrated in a study comparing two
images taken at three-month intervals in vivo that measurements using individual X-ray
positioning stents provided more precise and reproducible images than those fabricated
with conventional film holders [55].

5. Conclusions

The assessment of the peri-implant bone level with intraoral radiographs may be
biased if ready-made image holders are used. Vertical tilting of the image holder may result
in distortion of images in the tenths of a millimeter range. The use of individualized film
holders may produce comparable results over a longer period of time and thus ensure
comparability between implants in scientific studies on the influence of various biological
or technical parameters on bone healing or the peri-implant bone level.
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Abstract: Background: Accurate assessment of thyroid cartilage invasion in squamous cell carcinoma
(SCC) of the larynx remains a challenge in clinical practice. The aim of this study was to assess
the diagnostic performance of contrast-enhanced ultrasound (CEUS), contrast-enhanced computed
tomography (CECT), and magnetic resonance imaging (MRI) in the detection of non-ossified thyroid
cartilage invasion in patients with SCC. Methods: CEUS, CECT, and MRI scans of 27 male patients
with histologically proven SCC were evaluated and compared. A total of 31 cases were assessed via
CEUS and CECT. The MR images of five patients and six cases were excluded (one patient had two
suspected sites), leaving twenty-five cases for analysis via MRI. Results: CEUS showed the highest
accuracy and specificity compared with CECT and MRI (87.1% vs. 64.5% and 76.0% as well as 84.0%
vs. 64.0% and 72.7%, respectively). The sensitivity and negative predictive value of CEUS and MRI
were the same (100%). CEUS yielded four false-positive findings. However, there were no statistically
significant differences among the imaging modalities (p > 0.05). Conclusions: CEUS showed better
diagnostic performance than CECT and MRI. Therefore, CEUS has the potential to accurately assess
non-ossified thyroid cartilage invasion and guide appropriate treatment decisions, hopefully leading
to improved patient outcomes.

Keywords: non-ossified thyroid cartilage; CEUS; CECT; MRI; laryngeal cancer

1. Introduction

Imaging of the local spread of laryngeal cancer plays an important role in choosing a
suitable treatment strategy, such as organ-sparing therapy, radical surgery, or combined
therapy. The decision regarding which treatment strategy to employ affects the effectiveness
of treatment and quality of life [1–3]. The role of imaging is more crucial in discriminating
between T3 and T4 stages than between T1 and T2 stages according to the tumor-node-
metastasis (TNM) classification. As reported in the review by Deganello et al. [4], patients
with T4 stage tumors have a higher risk of developing lymph node metastases, which also
affects both prognosis and treatment planning. Therefore, radiologists often face great
challenges in evaluating subtle findings.

Both contrast-enhanced computed tomography (CECT) and magnetic resonance imag-
ing (MRI) are the main and most widely used modalities for laryngeal imaging; most
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guidelines leave the choice between the two techniques up to local protocols and scan-
ner availability. In CECT, one of the most controversial issues in the assessment of the
tumor invasion of non-ossified thyroid cartilage is a similar post-contrast density of the
tumor and the non-ossified thyroid cartilage [5]. In these cases, dual-energy computed
tomography (DECT) or MRI may provide added value. In particular, the study published
by Becker et al. [6] demonstrated that the application of revised MRI criteria led to an
overall statistically significant improvement in the assessment of thyroid cartilage invasion.
However, none of the cross-sectional techniques outperform the others on the specific issue
of non-ossified thyroid cartilage [5–10].

Contrast-enhanced ultrasound (CEUS) can be used to assess and quantify microcircu-
lation in normal and pathological conditions with a good acoustic window [11]. Moreover,
it has been widely used in clinical practice to diagnose hepatic and renal pathologies [12,13].
In a recent publication, CEUS showed potential in assessing non-ossified thyroid cartilage
invasion [14]. Non-ossified thyroid cartilage and adjacent laryngeal cancer are well visual-
ized on CEUS due to the differences between non-enhancing non-ossified thyroid cartilage
and enhancing adjacent laryngeal cancer. Therefore, the detection of enhancement along
the course of a thyroid lamina contacting a tumor suggests infiltration. However, there
is currently a lack of studies and data that can strongly support the use of CEUS as an
additional imaging modality in the diagnostic algorithms for determining the local spread
of laryngeal cancer more accurately.

Therefore, the purpose of this study was to assess the diagnostic value of CEUS,
compared with that of CECT and MRI, in the detection of non-ossified thyroid cartilage
invasion in SCC of the larynx.

2. Materials and Methods

2.1. Patients

Between 2021 and 2023, a prospective comparative study was carried out at the
Hospital of Lithuanian University of Health Sciences Kaunas Clinics. A total of 38 patients
with histopathologically proven SCC of the larynx were enrolled in this study. The inclusion
criteria were as follows: an available CECT scan demonstrating pathological infiltration
adjacent to the non-ossified tract of the thyroid cartilage or its clear infiltration; no history
of previous laryngeal–hypopharyngeal surgery or chemoradiation; and having undergone
surgery planned after multidisciplinary team discussion. Eleven patients were excluded
because they refused surgical treatment or did not attend further consultations or undergo
further surgery.

All 27 male patients meeting the inclusion criteria were subjected to CEUS and MRI.
Informed consent was obtained from all participants before the study. The study was
conducted according to the guidelines of the Declaration of Helsinki. Ethical approval
was obtained from Kaunas Regional Biomedical Research Ethics Committee (protocol No.
2021-BE-10-00016; dated 2021).

2.2. CECT Examination

Multislice CT examinations were performed using an Aquilion ONE TSX-301 scanner
(Toshiba, Tokyo, Japan) with the following parameters: 120 kVp; specific effective mAs for
each patient based on the patient’s size and tissue thickness; collimation, 128 × 0.625 mm;
field of view, 260 mm; and matrix, 512 × 512. The patients were asked to assume a supine
position, breathe quietly, and avoid coughing and swallowing. The field of view was from
the skull base to the aortic arch. Scanning was performed without and with intravenous
contrast media (65–100 mL) with a 50 mL saline flush to obtain contrast-enhanced images
with a 60–80 s delay after administration; the concentration of iodine in the contrast agent
was 320–370 mg/mL. Images were reconstructed for axial (parallel to the plane of the true
vocal cords), sagittal, and coronal (perpendicular to the plane of the true vocal cords) planes
with soft tissue and bone algorithms (2 mm in thickness).
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2.3. CEUS Examination

CEUS examination was performed using a Philips Epiq 7 (expert-class) US system
(Philips Healthcare, Best, The Netherlands) with a 5–12-MHz linear transducer. The patients
were asked to assume the supine position with their necks extended. The larynx and its
surrounding structures were evaluated in the transverse and longitudinal sections. The
distance between the area of lesion contact to the non-ossified thyroid cartilage seen via
CECT and the upper border of the thyroid lamina was measured via CECT and then used
as a reference to target the same area through CEUS.

CEUS examination was performed by administering an intravenous bolus of SonoVue
(Bracco SpA, Milan, Italy) (5 mL, followed by saline flush) [14]. The scan was performed
with a frequency of 12 MHz and a mechanical index of 0.8. The patients were asked to
refrain from swallowing and coughing during the examination. Dynamic perfusion of the
tumor and peritumoral tissues was observed and recorded in the hard drive of the device
for about 1 min. If there was more than one suspected site of invasion, the CEUS procedure
was repeated after 10 min.

2.4. MRI Examination

MRI examination was performed using a Philips Ingenia 3.0T scanner (Philips Health-
care, Best, The Netherlands) with dedicated head–neck 20-channel parallel imaging array
coils. The patients were imaged in the supine position and asked to breathe quietly and
refrain from swallowing and coughing during the scanning. Axial images were captured
parallel to the plane of the true vocal cords; coronal images were obtained perpendicular to
this plane. The MRI protocol employed is specified in Table 1.

Table 1. MRI protocol.

Sequence Plane Slice Thickness, mm Repetition Time, ms Time to Echo, ms Field of View, mm

High-resolution
T2-weighted turbo spin

echo Dixon

Axial, coronal,
sagittal 2.5–3 2888 80 190–210

High-resolution
T1-weighted turbo spin

echo Dixon
Axial 2.1–2.5 634 8 190–210

DWI and ADC Axial 2 14,439; 220 66 250

Contrast-enhanced
high-resolution

T1-weighted turbo spin
echo Dixon

Axial, coronal 2.1–2.5 634 8 190–210

DWI, diffusion-weighted imaging; ADC, apparent diffusion coefficient.

2.5. Image Analysis

The analysis of CEUS images was performed by two radiologists with >4 and
>20 years of experience, respectively. The findings from the CECT and MRI examina-
tions were interpreted by one head-and-neck radiologist with >20 years of experience
in head-and-neck imaging. The radiologists were not blinded to the clinical and CECT
information during the analysis of CEUS and MRI images.

2.5.1. CEUS Imaging

CEUS images were evaluated and interpreted by both radiologists during examination
and post-processing. The non-ossified thyroid cartilage was considered infiltrated by a
tumor when contrast enhancement was observed (Figure 1). When the cases were evaluated,
there was no disagreement between the radiologists.
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(a) 

 

(b) 

Figure 1. True-positive findings through axial CECT and CEUS. (a) In this CECT image, a partial
bilateral ossification of the thyroid cartilage with a similar tissue density between the tumor (T) and
the non-ossified thyroid cartilage (red arrow) can be seen; (b) CEUS image taken after intravenous
contrast material administration showing the enhancement of the tumor (T) with invasion of the right
anterior part of the non-ossified thyroid cartilage (asterisks); the adjacent hypoechogenic cartilage is
non-invaded (white arrows).

2.5.2. Cross-Sectional Imaging

CECT and MRI images were evaluated and interpreted according to previous arti-
cles [6,7,9,15].

In CECT images, non-ossified thyroid cartilage invasion was positive when the follow-
ing criteria were met: a focal cartilage defect in close proximity to the tumor was found;
replacement of the cartilage by soft tissue with enhancement matching that adjacent to
the cartilage occurred; and the lesion was in direct contact with the thyroid cartilage and
densities were indistinguishable (Figure 2). Findings obtained via CECT were considered
negative if the densities between the tumor/pathologic infiltration and the non-ossified
cartilage were distinguishable.

When conducting MRI, thyroid cartilage invasion was diagnosed when the thyroid
lamina showed abnormal signal intensity matching the signal of the tumor in T2-weighted
image (T2WI), T1-weighted image (T1WI) (before and after contrast administration), DWI,
and ADC map (Figure 3). When the thyroid lamina showed a T2WI signal, enhancement,
and an ADC value higher than those of the tumor, the abnormal signal was classified
as inflammation.

2.6. Histologic Examination

A pathologist with >20 years of experience evaluated the surgical specimens according
to the existing guidelines described elsewhere [16]. To ensure precise correspondence
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between radiological findings and pathology, the suspected area of invasion was indicated
by radiologists on an anatomical sketch of the larynx that accompanied each specimen.

2.7. Statistical Analysis

The IBM SPSS Statistics 20.0 (IBM Corp. in Armonk, NY, USA) statistical software pack-
age was used in this study. Sensitivity, specificity, accuracy, negative predictive value (NPV),
and positive predictive value (PPV) of CEUS, CECT, and MRI in evaluating non-ossified
laryngeal cartilage involvement were assessed by comparing results with histopathological
findings [17,18]. Accuracy was calculated according to the following formula:

Accuracy =
TP + TN

TP + TN + FP + FN

where TP is true positive; TN denotes true negative; FP denotes false positive; and FN
denotes false negative.

McNemar’s test was used to compare the accuracy of imaging modalities. A p value
of <0.05 was considered statistically significant.

(a) 

 

(b) 

 

Figure 2. Bilateral glottic cancer adjacent to the non-ossified thyroid cartilage lamina. (a) Axial CECT
findings on the left side were false-positive for tumor invasion (red arrow). (b) CEUS image of the left
side at the same level as (a) in the transverse plane shows true-negative findings, i.e., non-enhanced
non-ossified cartilage (white arrows).
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(a) (b) 

 
(c) 

Figure 3. Supraglottic squamous cell carcinoma on the left side. (a) Axial CECT represents two sites,
namely, sites that were false-positive anteriorly (yellow arrow) and true-positive posteriorly (red
arrow), whereas MRI (b) contrast-enhanced high-resolution T1-weighted turbo spin echo Dixon and
CEUS (c) findings were true-negative anteriorly (white arrow) and true-positive posteriorly (red
arrows), respectively.

3. Results

In this prospective study, 27 male patients with a mean age of 63 years (SD, 8.7; range,
46–84 years) were enrolled.

Overall, there were 31 cases, as four patients had two suspected sites of non-ossified
thyroid cartilage invasion. All 31 cases were assessed using CEUS and CECT. The MR
images of five patients (corresponding to 6 cases, as one patient had two suspected sites)
were non-diagnostic due to major artifacts, leaving 25 cases for analysis via MRI.

There were 14 cases (51.9%) of glottic SCC and 13 cases (48.1%) of transglottic SCC
with the majority showing a G2 degree of differentiation (85.2%). The patients’ distribution
by pT staging is shown in Table 2.

In six cases (19.4%), histological proof of non-ossified thyroid cartilage invasion was
obtained. The diagnostic performance of imaging studies is shown in Table 3. There were
no statistically significant differences among the modalities (p > 0.05). CEUS and MRI
showed a NPV of 100%. CEUS had four false-positive findings (Figure 4); however, the
PPV was higher than those of CECT and MRI (60% vs. 30.8% and 33.3%, respectively).
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Table 2. Distribution of the patients according to pT staging.

pT Group n (%)

pTis 1 (3.7)
pT1 7 (25.9)
pT2 7 (25.9)
pT3 8 (29.6)
pT4 4 (14.8)

Staging was performed according to the American Joint Committee on Cancer/Union for International Cancer
Control (AJCC/UICC), 8th Edition, guidelines.

Table 3. Diagnostic performance of CEUS, CECT, and MRI in the assessment of non-ossified thyroid
cartilage invasion.

Imaging
Modality

TP,
n

TN,
n

FP,
n

FN,
n

Sensitivity,
% (95% CI)

Specificity,
% (95% CI)

Accuracy,
% (95% CI)

PPV,
%

NPV,
%

CEUS (n = 31) 6 21 4 0 100.0
(54.1–100.0)

84.0
(63.2–95.5)

87.1
(70.2–96.4) 60.0 100.0

CECT (n = 31) 4 16 9 2 66.7
(22.3–95.7)

64.0
(42.5–82.0)

64.5
(45.4–80.8) 30.8 88.9

MRI (n = 25) 3 16 6 0 100.0
(29.2–100.0)

72.7
(49.8–89.3)

76.0
(54.9–90.6) 33.3 100.0

  
(a) (b) 

 
(c) 

Figure 4. Supraglottic squamous cell carcinoma on the right side anteriorly adjacent to non-ossified
cartilage inner lamina. (a) Axial CECT and (c) CEUS findings were false positive (red arrow) for tumor
invasion of the thyroid cartilage, whereas MRI findings, as shown in (b), in axial contrast-enhanced
high-resolution T1-weighted turbo spin echo Dixon images were true negative (white arrow).
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There were no statistically significant differences between these imaging modalities
(p > 0.05). CEUS, contrast-enhanced ultrasound; CECT, contrast-enhanced computed to-
mography; MRI, magnetic resonance imaging; TP, true positive; TN, true negative; FP, false
positive; FN, false negative; PPV, positive predictive value; NPV, negative predictive value.

4. Discussion

In the current study, we aimed at evaluating the diagnostic performance of CEUS,
CECT, and MRI in detecting non-ossified thyroid cartilage tumor invasion, taking postop-
erative histopathological examination as the gold standard. Our results show that based on
the presence of enhancement, CEUS allows for the discrimination of invaded (i.e., enhanc-
ing) from normal (i.e., non-enhancing) non-ossified thyroid cartilage. CEUS, CECT, and
MRI evaluation demonstrated high accuracy (87.1%, 64.5%, and 76%, respectively) with
minor differences. Moreover, CEUS was slightly superior to other modalities employed in
this study in detecting non-ossified thyroid cartilage tumor invasion.

The detection of laryngeal cartilage invasion can significantly influence the choice
of optimal treatment strategy and the prognosis of SCC of the larynx. Currently, the
choice of optimal treatment strategy is controversial. However, in the case of thyroid
cartilage invasion or its suspicion, transoral laryngeal microsurgery (TOLMS) should be
ruled out due to possible non-radical tumor removal, and in such cases, open partial
horizontal laryngectomy (OPHL), total laryngectomy, or non-surgical treatments should be
considered [2,3,19–21]. In addition, deep tumor invasion into the thyroid cartilage leads
to negative outcomes through treatment with radiation therapy [21]. Therefore, for the
selection of an optimal treatment plan avoiding complications and incomplete resection
as well as improving disease control and survival, an accurate clinical and radiological
assessment of local spread, especially the most controversial invasion of the cartilage,
is necessary.

Cross-sectional imaging with multi-slice CT or MRI is designed to map deep tumor
spread to the submucosal soft tissues and cartilaginous framework. CECT examination
can be quickly performed, is widely available, and allows volumetric acquisition with a
submillimetric voxel size: the short acquisition time minimizes the risk of motion artifacts,
while the high spatial resolution allows the detection of subtle areas of tumor invasion of
soft tissue spaces and cartilage [9,22,23].

MRI has higher contrast resolution, which is boosted by the possibility of combining
different pulse sequences. In the literature, this potential has mainly been exploited to
assess cartilage invasion [6,24], and MRI is reported to have significantly higher sensitivity
than CECT for cartilage invasion [22]. A recent meta-analysis of studies involving patients
with laryngo–hypopharyngeal cancer reported pooled sensitivities of 88% for MRI and
66% for CT, with specificities of 81% and 90%, respectively, in the detection of cartilage
invasion [22]. Expectedly, CT’s performance was more heterogeneous than that of MRI,
as it differed when taking into account which type of cartilage was involved: when only
thyroid cartilage was analyzed, the sensitivity was 69%, which was close to that in our
study (66%), but the specificity was higher (86% vs. 64%). Based on the results of the
above-mentioned meta-analysis and our current study, we can assume that the diagnosis
of thyroid cartilage invasion poses significant challenges that are better handled by MRI
than CT.

However, most studies evaluating the diagnostic performance of imaging techniques
in the detection of cartilage invasion tend to focus—intentionally or unintentionally—on
the ossified cartilage. This occurs for several reasons: first, because, in most cases, invasion
involves the ossified parts, and second, because CT and MRI better visualize the invasion
of ossified cartilage, manifesting with a panel of findings including sclerosis, erosion, or
destruction with cartilage replacement by tumor tissue [5]. This is mainly due to the lack
of differences in density in CT images between the tumor and the non-ossified thyroid
cartilage and because of the overlapping features of the tumor and non-neoplastic changes
such as reactive inflammation, edema, and fibrosis in MRI images [22,24]. Peritumoral
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inflammation is another potential confounding factor at the interface between a tumor and
cartilage, although the combination of different sequences may improve differentiation
when conducting MRI.

DECT is another promising imaging modality that has been analyzed in recent years.
One research group [25] used DECT to evaluate the spectral attenuation curves of tumor
tissue and non-ossified thyroid cartilage. Virtual monochromatic images (VMIs) of different
energy levels showed that tumor tissue density dropped in higher-kiloelectron-volt VMIs,
while the non-ossified cartilage maintained high attenuation, allowing distinguishment
between the two. However, this study did not directly evaluate non-ossified cartilage
invasion by tumor tissue.

US was also previously investigated for its possible role in solving the problem of thy-
roid cartilage invasion. Indeed, US seemed to uniquely take a place among cross-sectional
modalities for evaluating non-ossified cartilage invasion, as the larynx is a superficial
structure, and because it best visualizes the non-ossified parts, which present the most
diagnostic challenges when conducting CT and MRI scans [14,26,27]. One study involv-
ing 62 patients with laryngeal or hypopharyngeal cancer showed that US and CECT had
sensitivities of 98% and 91%, respectively, and equal specificities of 75% [26]. The authors
speculated that clear visualization of the fat plane between the tumor and the cartilage as
well as independent movement of the thyroid cartilage and adjacent tumor tissues con-
tributed to the higher sensitivity of US [26]. The results of the previously mentioned studies
prompted the cited researchers to further analyze the possibilities of US examination by
incorporating CEUS.

Our study aligns with the study by Hu et al. [14] in terms of showing a higher accuracy
of CEUS than CECT (90% and 83%, respectively) in detecting thyroid cartilage invasion,
even though there were the following relevant differences in the methodological part: In
our study, the exact site of possible non-ossified thyroid cartilage invasion as indicated
by CECT examination was further investigated using CEUS and MRI and postoperative
histopathological examination. Moreover, the radiologist who carried out the CEUS and
MRI examinations and the pathologist were not blinded to the CECT findings. To the
best of our knowledge, this is the first study comparing CEUS, CECT, and MRI regarding
the specific topic of non-ossified cartilage invasion. Although we did not observe statisti-
cally significant differences among the three imaging modalities (p > 0.05), based on the
promising results, we suggest that CEUS may be considered a usable imaging modality
complementary to CECT and MRI for the assessment of non-ossified thyroid cartilage in the
non-infrequent event of equivocal CECT and/or MRI findings. One of the limitations of this
study is its small sample size. A second limitation is that the CECT and MRI images were
assessed by a single expert/observer. Moreover, in our practice, in some cases, matching
the suspected site seen in CECT images to the site observed in CEUS images was difficult
due to the small region of interest. In the future, this issue could be solved by fusing
CECT with US, and this should be performed by a head-and-neck radiologist due to their
comprehensive knowledge of laryngeal anatomy and CECT imaging. Moreover, only one
region of interest can be investigated at a time; therefore, we reinjected a contrast agent for
the evaluation of another site of tumor invasion, leading to the extended examination time.

5. Conclusions

CEUS showed slightly higher diagnostic values in the detection of non-ossified thyroid
cartilage invasion in laryngeal and hypopharyngeal cancer than CECT and MRI. This may
result in CEUS being an important problem-solving tool in routine clinical practice that can
be used to confidently assess non-ossified thyroid cartilage invasion and guide appropriate
treatment decisions, hopefully leading to improved patient outcomes. Further studies are
needed to increase the number of observations and confirm the evidence obtained.
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Abstract: Abnormalities of dental development and anatomy may suggest the presence of congenital
or acquired anomalies. The detection of abnormalities, therefore, is an important skill for radiologists
to achieve. Knowledge of dental embryology and an understanding of the radiologic appearances
of teeth at various stages of maturation are required for the appreciation of abnormal dental devel-
opment. While many tooth abnormalities are well-depicted on dedicated dental radiographs, the
first encounter with a dental anomaly may be by a radiologist on a computed tomographic (CT)
or magnetic resonance (MR) exam performed for other reasons. This article depicts normal dental
anatomy and development, describing the appearance of the neonatal dentition on CT and MRI,
the modalities most often encountered by clinical radiologists. The radiology and dental literature
are reviewed, and key concepts are illustrated with supplemental cases from our institution. The
value of knowledge of dental development is investigated using the analysis of consecutive MR
brain examinations. Finally, the anatomical principles are applied to the diagnosis of odontogenic
infection on CT. Through analysis of the literature and case data, the contrast of dental pathology with
normal anatomy and development facilitates the detection and characterization of both congenital
and acquired dental disease.

Keywords: teeth; embryology; anatomy; computed tomography; magnetic resonance imaging;
odontogenic infection

1. Introduction

Abnormalities of dental development and anatomy often suggest the presence of
congenital or acquired anomalies [1,2]. The detection of abnormal dental development
or anatomy, therefore, is an important skill for radiologists to achieve. Knowledge of
dental embryology and an understanding of the radiologic appearances of teeth at various
stages of maturation are required for the appreciation of abnormal dental development
and anatomy.

While a complete description of the radiologic appearance of teeth at all stages of
development from fetal to and throughout adult life is ideal, investigating the neonatal
dentition is valuable for several reasons: (1) the variable stages of dental development
present in the neonatal period represent most of the developmental stages seen throughout
life; (2) these stages also include cellular and mineralized tissues, providing a wide range
of imaging appearances helping to demonstrate key radiology principles; (3) abnormalities
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that appear at this age are more likely associated with other anomalies; (4) understanding
early dental development, as seen in the neonatal period, reinforces the appreciation for
mature tooth anatomy, which is needed to identify acquired conditions, such as infection.

While many abnormalities of the dentition are well-depicted on dedicated dental
radiographs [3], the first encounter with a dental anomaly may be by a radiologist on
a computed tomographic (CT) or magnetic resonance (MR) exam performed for other
reasons [4–6]. Further, most dental radiographs are interpreted by dental clinicians and
not viewed by a radiologist in a medical setting. This review describes normal dental
anatomy and development, describing the appearance of the neonatal dentition on CT and
MRI, the modalities most-often encountered by clinical radiologists. The radiology and
dental literature are reviewed, and key concepts are illustrated with supplemental cases
from our institution. We analyze a consecutive series of neonatal brain MR examinations
demonstrating the clinical value of knowledge of dental development. Finally, anatomical
principles are applied to the diagnosis of odontogenic infection on CT. The focus on imaging
modalities more commonly encountered by non-dental specialists is intended to broaden
the knowledgebase of providers who may see the patient or patient images prior to referral
to a dentist. The information presented in this manuscript provides a foundation for
understanding dental imaging at all stages of dental development.

2. Materials and Methods

A combination of journal articles, textbooks and personal educational materials by the
authors were used to summarize the anatomy and embryology of developing teeth and their
radiologic appearances on CT and MRI. The knowledge and principles learned through this
investigation were then applied to a series of patients who underwent neonatal brain MR
imaging for a variety of reasons. Consecutive-term neonatal patients who underwent brain
MR at our institution were retrospectively analyzed after IRB approval. The review was
performed by two neuroradiologists with American Board of Radiology (ABR) subspecialty
certificates in neuroradiology with clinical practices focusing on pediatric neuroradiology.
Demographic, clinical, and radiological data were compiled in tabular form and descriptive
statistics were computed. The application of dental anatomical principles to the diagnosis
of odontogenic infection was shown using case examples.

3. Results

3.1. Anatomy of the Dental Arch

In adult humans, a full dental complement comprises 32 teeth, housed in 2 bilaterally
symmetric arches [7]. In each quadrant (half an arch) beginning in the midline, humans
have two incisors (central and lateral), one canine, two premolars (first and second), and
three molars (first, second, and third) (Figure 1). Similar to the adult dentition, the primary
dentition is housed in two bilaterally symmetric arches. In a full complement, each quadrant
contains (beginning from midline) two incisors (central and lateral), one canine, and two
molars (first and second) (Figure 1). By convention, the direction along the arch toward the
midline is referred to as mesial, whereas the direction on the arch away from the midline is
termed distal.

Several different dental notation systems exist, and not all dental professionals use the
same system. Consequently, the best way to refer to teeth mimics the following paradigm:
side; arch; tooth (i.e., right maxillary lateral incisor)—in particular when referring to
primary dentition. Familiarity with the common numbering system used for adult teeth is
also important (Figure 2) [8].
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Figure 1. Arrangement of teeth within permanent and primary dental arches.

 

Figure 2. American Dental Association Universal Numbering/Lettering System for permanent and
primary dentition.

An abnormal number of teeth can result from missing or supernumerary teeth. The
most common supernumerary tooth is located between the two central incisors, termed a
mesiodens (Figure 3) [9]. Excluding third molars, the most common congenitally missing
permanent teeth are maxillary lateral incisors and mandibular premolars followed by
maxillary lateral incisors and maxillary second premolars [9,10]. Congenital absence of
primary teeth is very rare and is generally, but not always, followed by agenesis of the
succedaneous tooth [11,12]. The general term for less than a full complement of teeth is
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hypodontia, whereas the term for extra teeth is hyperdontia. Since third molar development
is variable, missing third molars is not typically categorized as hypodontia. When few teeth
develop, the term ‘oligodontia’ can be used. Two other processes can lead to confusion in
the number of teeth present: fusion and gemination. Fusion occurs when two developing
tooth germs partially merge during development (Figure 4). Gemination of a tooth germ
results in partial twinning of a tooth germ during development (Figure 5). A useful tip for
distinguishing between the two entities is to count the teeth: when a fused or geminated
tooth germ is present and counted as one tooth, the total number of teeth will be one shy of
the normal complement in the setting of fusion, but normal in gemination [13].

Figure 3. Supernumerary tooth (*) situated in between the roots of the central incisors, termed a
mesiodens, shown on a dedicated dental radiograph.

Figure 4. Panoramic radiograph demonstrating congenital absence of right mandibular lateral incisor
(up arrow), manifesting as increased space surrounding the right mandibular canine (down arrow).
The left mandibular lateral incisor and canine are fused (*). When counted as one tooth, the patient
had one less than expected tooth in the lower left quadrant, confirming that this was a fusion of two
teeth as opposed to the gemination of a single tooth.

159



J. Clin. Med. 2024, 13, 1187

Figure 5. Geminated primary lower lateral incisor shown radiographically (*) and photographically
following extraction. When counted as one tooth, the patient had the appropriate number of teeth,
confirming this was a geminated tooth as opposed to the fusion of two teeth.

3.1.1. Anatomy of Tooth Structure

The mature tooth is composed of enamel, dentin, and pulp [14]. The tooth can be
divided into two segments: the crown and root. The crown contains all three types of
tissues whereas the root contains only dentin and pulp (Figure 6). The outer enamel layer
of the crown is 96% inorganic and entirely acellular. Within the crown, just underneath
the enamel lies the less mineralized dentin (70% inorganic). This layer is also acellular but
contains cellular processes from the dentin-producing odontoblasts, which reside in the
periphery of the underlying pulp. The pulpal tissue contains blood vessels, connective and
lymph tissue, and nociceptive fibers, and has a coronal component (pulp chamber) as well
as a root component (pulp canal) [15]. The tip of the root, where nerves and blood vessels
enter the pulp, is termed the apex [16]. It is an important structure as it is the last structure
to be formed and failure to form a narrow apex may suggest pathology.

3.1.2. Periodontal Tissues

The tissues surrounding the tooth, termed the periodontium, consist of cementum,
periodontal ligament, alveolar bone, and gingiva. Cementum is the thin cellular layer
surrounding the root, which allows attachment of the periodontal ligament. The peri-
odontal ligament is a thin (200 microns) tissue layer that extends from the alveolar bone
to the cementum [17]. The presence of this periodontal ligament space around a focus
of very dense but disorganized tissues may suggest odontoma (Figure 7). Alveolar bone
houses and supports the teeth within the maxilla and mandible. Finally, the gingiva is the
soft tissue covering of the alveolar bone and forms an important tooth–mucosa junction
(Figure 6).
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Figure 6. Basic dental and periodontal anatomy.

Figure 7. Sagittal section CT demonstrating heterogeneous mineralized tissues with evidence of bone
and enamel densities. The uniform surrounding radiolucency (white arrow) suggests the presence of
a periodontal ligament space compatible with a diagnosis of an odontoma.
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3.2. Dental Development
3.2.1. Initiation of Odontogenesis and Bud Stage

Odontogenesis results from a complex interaction between the specialized oral ep-
ithelium termed the dental lamina and the underlying mesenchyme derived from neural
crest cells, termed ectomesenchyme [18–20]. It is the mesenchymal cells that first signal the
initiation of tooth formation, through a process termed induction. In response to inductive
signals, portions of the dental lamina proliferate downwards into the mesenchyme, forming
a tuft of epithelial cells with surrounding mesenchyme called a tooth bud or bud stage [21].

3.2.2. Cap Stage

Secondary to unequal epithelial proliferation, the tuft of cells begins to form a cap
around densely packed mesenchymal cells. This stage, referred to as the cap stage, marks
the beginning of morphodifferentiation and histodifferentiation. A depression forms in the
cap of epithelial cells, creating the enamel organ, which will produce the future enamel. The
condensing mass of mesenchyme is now referred to as the dental papilla, which will form
the future dentin and pulp tissue. The surrounding sac, also composed of mesenchyme,
forms the dental follicle, which eventually gives rise to the periodontal tissues [21]. The
enamel organ, dental papilla, and dental follicle comprise the tooth germ. A tooth germ
may be referred to as a tooth bud, but this should not be confused with the bud stage
(Table 1).

Table 1. Key terms in dental development and embryology.

Ectomesenchyme
Mesenchymal Tissue Derived from Neural

Crest Cells (Ectoderm)

Tooth germ
A developing tooth containing enamel organ,

dental papilla, and dental follicle. Also referred
to as tooth anlagen.

Enamel organ
Epithelial-derived structure that helps form the

crown of a developing tooth, specifically
providing the cells that produce enamel.

Dental papilla

Condensed mass of ectomesenchyme
surrounded by enamel organ, which ultimately

forms the dentin and pulp of the
developing tooth.

Dental follicle
Ectomesenchyme surrounding dental papilla,
which becomes cementum and periodontal

ligament. Also referred to as dental sac.

3.2.3. Bell Stage

As histodifferentiation and morphodifferentiation continue, the cap assumes a bell
shape. The enamel organ contains an inner and outer enamel epithelium and central
cellular substances termed stellate reticulum and stratum intermedium, which serve as
nutritional support to the enamel epithelium, allowing the enamel organ to separate from
the dental lamina. The cells of the stellate reticulum produce glycosaminoglycans, which
draw water into the enamel organ, providing further structural support to the enamel organ
and contributing to folds to create the appropriate shape of the future crown. Additionally,
during this stage, the dental papilla separates into an outer layer of future dentin-secreting
cells (odontoblasts) and a central mass of cells that forms the primordium of the future
pulp. The follicle at this time is mostly amorphous and increases collagen production
(Figure 8A) [21].
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Figure 8. Diagram representation of histology of tooth germ in the bell stage (A) and post-apposition
maturation stage (B). The differentiating features include the collapse of the dental organ and presence
of mineralized tissue in the bell stage. The transition between these stages has corresponding imaging
findings (see radiological correlations section).

It is at about this time that the primordia for the permanent teeth may arise as ex-
tensions of the epithelium associated with the primary tooth germ. Permanent teeth that
arise in this fashion are referred to as succedaneous teeth. Non-succedaneous teeth include
all permanent molars and are thought to arise separately from posterior extensions of the
dental lamina.

3.2.4. Apposition and Maturation

At the end of the bell stage, there is a collapse of the dental organ with loss of the
glycosaminoglycan layer and consequent loss of water. This collapse allows for simple
diffusion to provide nutrients to the inner enamel epithelium, which is now terminally
differentiated. The cells of the inner enamel epithelium, now termed ameloblasts, and
the outer cells of the dental papilla, now termed odontoblasts, are primed to secrete the
precursors to enamel and dentin, respectively. This next phase is known as the appositional
stage, where partially calcified enamel and dentin matrices are secreted and serve as a
framework for further calcification. The maturation stage is characterized by completion of
calcification (Figure 8B).

3.2.5. Root Formation

As the crown continues calcifying, the roots are still developing. At the edges of
the crown, the inner and outer enamel epithelium proliferates downwards, forming a
double-layered sheath separating the dental papilla from the surrounding follicle, termed
Hertwig’s root sheath. Unlike in the enamel organ, there is no stellate reticulum or stratum
intermedium in the root sheath and, therefore, no ameloblasts are formed. The odontoblasts
of the outer dental papilla interact with the root sheath and are signaled to produce the
dentin of the root. The basement membrane of the root sheath subsequently breaks down,
and specialized cells of the dental follicle termed cementoblasts produce cementum along
the newly exposed dentin surface. While the cementum is forming on the roots, the central
cells of the dental papilla form the pulp chamber and canal system. Other specialized cells
in the dental follicle go on to form the periodontal ligament attaching to cementum and
adjacent alveolar bone [21]. This process continues until the sheath converges at the root
apex, which may 2–3 years after the crown of the tooth erupts into the oral cavity [22–24].
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3.2.6. Eruption

Eruption sequences are fairly consistent and well-documented in the literature but are
beyond the scope of this article [25,26]. All primary tooth germs and first permanent molar
tooth germs are detectable by MRI at birth [27]. It is important to note, however, that at
birth, none of the teeth are erupted into the oral cavity. An erupted tooth at birth is termed
a natal tooth, and a tooth which erupts within the first 30 days of life is termed a neonatal
tooth, both of which are abnormal but may or may not be associated with pathology [28,29].
The majority of natal and neonatal teeth (≥90%) are the primary teeth (most commonly
the mandibular incisors) and not supernumerary teeth [30]. Another important pearl is
that of symmetry. Development tends to be bilaterally symmetric and, to a lesser degree,
symmetric among the maxillary and mandibular arches. When correlating cross-sectional
findings with radiographs, it should be noted that significant mineralization is required for
a developing tooth to appear opaque on X-ray, whereas the unmineralized tooth germ can
be visualized much earlier on CT or MRI, as further detailed below.

3.2.7. Post-Maturation Changes

Once a tooth is fully formed, the odontoblasts continue to lay down new dentin,
which gradually narrows the pulp chamber and canal. The cessation of continued dentin
formation and narrowing of the pulp chamber is a radiologic sign of pulpal necrosis
(Figure 9).

Figure 9. An 18-year-old female with tooth pain. (A) Sagittal-reformatted CT shown in bone windows
reveals a periapical lucency (asterisk) involving the left maxillary central incisor, compatible with
a cyst, granuloma, or abscess, in keeping with a diagnosis of periapical periodontitis. (B) Coronal-
reformatted CT demonstrating a widened pulp chamber of the left maxillary central incisor (down
arrow) relative to the right maxillary central incisor (up arrow), indicative of remote/chronic pul-
pal necrosis.

3.3. Radiologic Correlations of Embryological Development

Dental arches are readily identified on imaging by the presence of teeth or tooth
germs. On axial imaging, the dental arch is U-shaped. Axial sections demonstrate arch
asymmetry nicely and can be viewed to quickly screen for missing or supernumerary teeth.
Axial imaging also depicts the presence of both primary and secondary teeth on the same
image, with secondary teeth arising lingual to the primary dentition (Figure 10). Coronal
and sagittal imaging can further detect dental abnormalities, including displacement and
associated lesions (Figure 11). Curved-plane coronal CT reformats can be performed to
show the entirety of the dental arches in a manner similar to that of panoramic tomography
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(Figure 12) [31,32]. When viewing the cross-sectional anatomy of teeth using CT, it is
critical to appropriately set the window and level of the image to be able to distinguish the
enamel and dentin layers. Wider window levels increase visibility of the dentin–enamel
junction (Figure 13) [33]. Three-dimensional CT reconstructions can also be performed
of the dental arches (Figure 14) [34–36]. Developmental abnormalities, such as agenesis
and supernumerary teeth, can be determined simply by identifying the dental arches
and counting teeth and teeth germs. More subtle abnormalities, however, require greater
knowledge of the radiologic appearances of the teeth and teeth germs at various stages
of development.

 

Figure 10. Axial section T2WI MRI: primary maxillary teeth in maturation stage with permanent
maxillary central incisors (CI′) and first molars (M1′) in pre-appositional stages.

 

Figure 11. Coronal section T2WI MRI: primary maxillary canines and incisors in maturation stage
of development.
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Figure 12. Curved plane coronal CT reconstruction in a 28-month-old child, presented in a manner
similar to that of panoramic tomography. The horizontal green line reflects an image processing artifact.

Figure 13. Sagittal section CT shown in bone window and level (left). On the right, the window has
been widened and the level has been increased to allow demonstration of the enamel and dentin
components of the dentition.

Visualization of subtle abnormalities can also be hindered by the limitations of imaging
modalities. While modern CT scanners acquired images at sub-1 mm resolution, they
are often reconstructed at thicker sections (~3 mm) to reduce image noise [37]. MRI,
on the other hand, is typically acquired in thick sections with gaps between slices to
reduce noise and limit the time on the MR scanner and/or under sedation. Due to these
limitations, some abnormalities may be better demonstrated on conventional radiography,
which exhibits excellent spatial resolution but suffers from the overlapping of structures
inherent to a projection imaging technique in comparison to the cross-sectional techniques
emphasized here.
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Figure 14. Three-dimensional CT reconstruction of the dental arches in a neonate revealing the
numerous bony crypts in which multiple primary teeth are developing.

There are a few radiologic principles that aid interpretation of dental development on
MRI and CT:

1. Hydrophilic tissues have greater water content and consequent higher signal on
T2-weighted sequences and decreased density on CT;

2. Calcification on MRI presents as hypointense on T2-weighted imaging. On CT, calcifi-
cation presents as increased density with density greater or equal to bone.

The two simple principles stated above, when combined with the knowledge of dental
anatomy and development allow for radiologic–anatomic correlations. Similar to brain
imaging, the MR appearance of teeth varies with the stage of development. Analogous to
the detection of abnormal myelination on MR, abnormal dental maturation can be readily
assessed based on intrinsic T2 properties of developing teeth. Prior to the apposition of
enamel and dentin, the developing tooth is largely hydrophilic, which leads to a hyper-
intense signal on T2-weighted imaging. Following collapse of the enamel organ and
apposition of enamel and dentin, the high mineral content largely devoid of water yields
the hypo-intense regions on T2-weighted MRI (Figures 15 and 16).

Identification of individual teeth can be aided by the cross-sectional appearance of the
developing crown. Incisor crowns, which are described as wedge- or chisel-shaped, are
seen as rectangles in the coronal plane and triangular in the sagittal plane. Canine crowns,
on the other hand, are pyramidal in shape and are seen as triangular in coronal, sagittal,
and axial sections. Molars and premolars, which are box-shaped, are rectangular in cross-
sections. Keep in mind that displacements, rotations and abnormal eruption patterns can
alter the appearance of crowns on cross-sectional imaging. When this occurs, 3D imaging
or curved plane reformats can be employed. Molar crowns can be further identified by
the presence of multiple peaks, called cusps. Pre-molars have two cusps, one buccal and
one lingual. Molars have between four and five cusps with a central groove running in the
mesial–distal direction.
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Figure 15. Axial section MRI demonstrating pre-appositional permanent mandibular first molars
presenting uniformly hyperintense (*) and post-appositional primary second molars in the same
patient presenting with areas of hypointensity/low signal (#).

Figure 16. T2-weighted axial MRI through the maxillary dental arch/palate showing a developing
primary second molar in the post-appositional phase (long arrow). Note the dark signal corre-
sponding to areas of increased mineralization. Posterior to this tooth germ is a developing first
permanent molar tooth germ in the earlier pre-appositional phase without internal areas of dark
signal (short arrow).

A closer look at the MRI appearance of a developing tooth germ in a post-appositional
stage demonstrates an envelope of partially mineralized, hypo-intense enamel and dentin
derived from the enamel organ and outer layer of dental papilla, respectively. This hy-
pointense layer envelops the non-mineralized dental papilla, which demonstrates enhance-
ment and T2 hyperintensity. Surrounding the enamel organ and dental papilla, the dental
follicle exhibits similar MR attributes as the dental papilla, as it is composed of the same
ectomesenchyme derived from neural crest cells. All tooth germs develop inside a bony
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crypt. The wall of the crypt is comprised of compact bone, which presents as a hypointense
rim surrounding the tooth germ on MRI (Figures 17 and 18).

Figure 17. Post-appositional tooth germ anatomy shown diagrammatically (left) and as seen on axial
MRI (right). On MRI, mineralized structures appear hypointense (dark), whereas water/cellular
components are hyperintense (bright).

Figure 18. Post-appositional tooth germ anatomy shown on T2-weighted coronal MRI. Note the
hypointense (dark) signal corresponding to hypocellular mineralized tissues (bony crypt and enamel).

On CT, post-appositional tooth germs demonstrate hyperdensity of the developing
crown (enamel and dentin), with relative hypodensities corresponding to the unmineralized
dental papilla and dental follicle. The bony crypt housing the tooth germ, being comprised
of bone, is hyperdense on CT (Figure 19). Prior to the convergence of the root sheath, the
root apex is open and flared with a “blunderbuss” appearance (Figure 20) [38]. Knowledge
of this normal appearance can help differentiate root resorption from a pathologic process
vs. normal development. Comparison with the contralateral side is also helpful.
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Figure 19. Post-appositional tooth germ anatomy of a central incisor on CT. Note the hyperdense
appearance of the mineralized bony crypt and mineralizing crown (enamel and dentin) of the tooth
relative to the hypodense appearance of the dental follicle and papilla.

Figure 20. Obliquely reformatted CT demonstrating a mature root apex of the maxillary first premolar
(black arrow) and the developing root of maxillary second molar palatal root. Note the flared
appearance of the root apex with a “blunderbuss” appearance (white arrow). The increased lucency
around the apex should not be mistaken for pathology.
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The etiologies of abnormal dental development are variable and it is often not feasible
to determine the etiology radiographically. However, understanding the types of abnor-
malities can occasionally suggest an underlying cause (Figures 21 and 22). A malformation
is an abnormality in morphogenesis secondary to an intrinsically abnormal developmen-
tal process. A disruption is an alteration to a previously normal developmental process
(Figure 23). A deformation is an abnormality in morphogenesis secondary to abnormal
forces on a normal developmental process. This is exemplified by space constrictions
placed on a developing root resulting in an abnormal curvature termed a dilacerated root
(Figure 24) [39].

 

Figure 21. Eight-day old male with holoprosencephaly. Axial T2-weighted MRI demonstrates a
single central incisor tooth germ. This appearance is associated with holoprosencephaly the diagnosis
and should direct attention to potentially associated abnormalities in the brain.

Figure 22. Fetal T2-weighted MRI showing single central incisor of a patient (up arrow) and the
failed thalamic separation (*) compatible with holoprosenchephaly.
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Figure 23. (A) Three-dimensional CT reconstruction of a patient with CHARGE syndrome and cleft
lip and palate (arrow). (B) The presence of a cleft through the dental arch is frequently associated
with missing and ectopic teeth (arrow).

Figure 24. Dedicated dental radiograph demonstrating the presence of an unerupted supernumerary
mesiodens (white arrow), which exerted mass effect on the left maxillary central incisor, resulting in
a deformation deformity known as a dilacerated root (black arrows).

3.4. Application of Principles to Consecutive MR Exams

The information and principles outlined above were retrospectively applied to a
series of fifty patients who underwent neonatal brain magnetic resonance imaging for a
variety of reasons. Fifty consecutive-term (≥38 weeks gestation) neonatal patients (mean
age 8.7 ± 8.1 days, range 0–27 days, median 6.5 days) who underwent brain MR at our
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institution were retrospectively analyzed after IRB approval. Review was performed by
two neuroradiologists with ABR subspecialty certificates in neuroradiology with clinical
practices focusing on pediatric neuroradiology. There were 25 males and 25 females. The
most common clinical indications for the MRI examination included seizure (n = 16),
hydrocephalus (n = 8), and hypoxic ischemic encephalopathy (n = 7).

Overall, the tooth germs were small, with the maximum size of 4–5 mm in greatest
dimension in nearly all patients. All 20 deciduous teeth were visible in every patient. In all
50 patients, the primary teeth were in the early maturation stage of development with little
to no root development. Greater mineralization was seen in the crowns (post-appositional
phase) of primary first molars when compared to the second molars. Permanent tooth
mineralization was not observed in any patient. Except for a single patient, all patients had
bilateral pre-appositional-stage permanent mandibular and maxillary central and lateral
incisors as well as bilateral maxillary and mandibular permanent first molars developing
posterior to the primary second molars. The exception was a child with Down syndrome
who had only central maxillary incisors and mandibular molar permanent teeth germs
at the time of imaging. In 36 of 50 patients (72%), permanent bilateral maxillary and
mandibular canine tooth germs were visible. No premolar, second molar, or third molar
tooth germs were visualized.

3.5. Anatomical and Imaging Correlations to Odontogenic Infectious Disease

A thorough understanding of dental maturation not only facilitates diagnosis of
disorders of development but can also aid in the diagnosis of pathologic processes of fully
formed teeth, the most common of which include odontogenic infections. Odontogenic
infection can be categorized into diseases of the tooth (decay) or the periodontal supporting
structures (periodontal disease). Many clinical and radiological reports on infectious
disease involving the dentition and supporting tissues do not distinguish between decay
and periodontal disease. In fact, these are two distinct entities with unique etiologies,
pathophysiologies, and treatments. Knowledge of the anatomy and common imaging
appearances can assist in distinguishing these two sources of odontogenic infection.

3.5.1. Dental Decay Pathophysiology

Despite its colloquial name, dental decay is an infection like any other, with a bacterial
pathogen, the requirement of a susceptible host, and a food substrate [40]. The decay
process begins with biofilm formation; bacterial consumption of carbohydrates, resulting
in acid production; and demineralization of the outermost tooth structure—enamel. This
stage is asymptomatic. As the process continues, the next mineralized layer encountered
is the dentin, an inorganic hard tissue produced by living cells located in the soft tissue
pulp deep to the dentin. These cells send processes out into the dentin, which can sense
temperature and osmotic gradients. This stage is often symptomatic, presenting with
sensitivity to sweet or cold food or drink. If the disease goes untreated, the decay will
progress to involve the pulp causing pulpitis. Patients with pulpitis often have lingering
sensitivity to painful stimuli. At this stage, the pain cannot be localized to a specific tooth,
as the pulpal tissue has pain but not proprioceptive fibers. When bacteria exit the apex
of the root canal, the surrounding periodontal tissues become inflamed; this condition is
called periapical periodontitis. This stage of the disease presents with well-localized pain
to palpation of the involved tooth, as the periodontal tissues contain proprioceptive nerve
fibers, unlike the pulp. Again, if untreated, spread of infection through the bony cortex
can result in a subperiosteal or soft tissue abscess formation and cellulitis with or without
systemic involvement.

3.5.2. Dental Decay Radiologic Correlations

While dedicated dental radiographs provide optimal evaluation of the teeth, these
are not routinely encountered by radiologists. More likely, a panoramic radiograph or a
CT will be obtained. Regardless of the modality, the hallmark image findings of decay are
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the same—radiolucency of the crown and periapical tissues. During the initial stages of
decay resulting in demineralization, the hallmark image finding is lucency of the crown
(Figure 25). As demineralization continues, cavitation of the crown may occur, yielding the
radiographic appearance of missing coronal tooth structure [6,41].

Figure 25. Sagittal section CT demonstrating lucency (white circle) within the enamel and dentin
layer of a maxillary first molar, compatible with decay.

Extension of decay into the pulp chamber may occur with or without cavitation result-
ing in pulpitis. The pulpitis stage cannot be identified radiographically. The progression of
bacterial proliferation through the canal and into the periapical periodontal tissues results
in a demineralization of the alveolar bone, manifesting as a periapical radiolucency on
radiograph or CT (Figure 26) or hyperintensity on T2-weighted MRI [42]. It is important
to note that periapical periodontitis can be present without a visible periapical radiolu-
cency [43]. Further, in the case of a tooth treated with root canal therapy, the periapical
radiolucency may persist indefinitely even after successful treatment. Importantly, in some
cases of periapical infection, the surrounding bone becomes sclerotic in a reactive process
called condensing osteitis. In other patients, infection spreads through the outer cortex of
the maxilla or mandible and results in a subperiosteal abscess and cellulitis [44].

3.5.3. Periodontal Disease Pathophysiology

Periodontal disease begins with the formation of subgingival plaque (biofilm), which
causes gingivitis [45]. The inflamed gingiva creates a deep sulcus (the space between the
gum and tooth), which is difficult to clean and is relatively oxygen poor. This local environ-
ment is conducive to the proliferation of pathologic bacteria known to cause periodontal
disease, specifically, Gram-negative rods, which secrete a lipopolysaccharide endotoxin.
This toxin is highly inflammatory and produces a robust host response that leads to the
destruction of alveolar bone, periodontal ligament and the gingival attachment to the
tooth. This results in an even deeper gingival pocket that is even more difficult to clean.
The progressive loss of periodontal support ultimately leads to tooth loss. At any point
during this process, an abscess can form within the periodontal tissues, an occurrence that
is typically visible clinically.
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Figure 26. Coronal CT demonstrating periapical radiolucencies (arrows) involving decayed right
maxillary lateral incisor and canine, indicative of periapical periodontitis.

3.5.4. Periodontal Disease Radiologic Correlations

The hallmark imaging finding of periodontal disease is bone loss. However, unlike
in decay, the bone loss begins at the alveolar crest and progresses inferiorly [46]. There
are two general categories of bone loss, horizontal and vertical. Figure 27 demonstrates
an example of horizontal bone loss. Depending on the state of the adjacent soft tissues,
horizontal bone defects may or may not represent active disease but imply that periodontal
tissue destruction has occurred either from present or past disease. A vertical bony defect,
on the other hand, suggests active disease. This is because a vertical bony defect is almost
always accompanied by a deep gingival sulcus, which is unhygienic and very conducive to
periodontal pathogenic bacterial proliferation (Figure 28).

Figure 27. Sagittal section CT demonstrating horizontal bone loss, a sequela of periodontal disease.
Note the alveolar crest (arrow) below its normal location at the crown–root junction (dashed line).
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Figure 28. Sagittal section CT showing a vertical bony defect (arrow) posterior to the mandibular
second molar, indicative of periodontal disease. In this case, the mesial-angulated third molar is
contributing to the vertical bony defect, precluding adequate hygiene.

4. Conclusions

This article reviews normal dental anatomy and development and describes the MRI
and CT appearance of developing teeth in the neonatal period. This period is comprised of
very active development, with various stages of maturation, resulting in a varied radiologic
appearance. Knowledge of normal radiologic appearances of developing and mature teeth
can help in the identification of congenital and acquired pathology as well as the prevention
of misdiagnosis of normal development as pathologic.

Future Directions

Despite the inclusion of the dentition on several radiologic examinations obtained for
non-dental pathology, little is taught in medical school or radiology residency pertaining
to the normal appearance of developing teeth. The dissemination of knowledge in a
formalized manner is critical to bridging this knowledge gap. Further, opportunistic
screening for odontogenic disorders on examinations ordered for other indications can
improve patient outcomes and should be explored.
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