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Improving accuracy for inferior
alveolar nerve segmentation with
multi-label of anatomical adjacent
structures using active learning in
cone-beam computed tomography
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Recent advancements in deep learning have revolutionized digital dentistry, highlighting the
importance of precise dental segmentation. This study leverages active learning with the three-
dimensional (3D) nnU-net and multi-labels to improve segmentation accuracy of dental anatomies,
including the maxillary sinuses, maxilla, mandible, and inferior alveolar nerves (IAN), which are
important for implant planning, in 3D cone-beam computed tomography (CBCT) scans. Segmentation
accuracy was compared using single-label, adjacent pair-label, and multi-label relevant anatomic
structures with 60 CBCT scans from Kooalldam Dental Hospital and externally validated using data
from Seoul National University Dental Hospital. The dataset was divided into three training stages for
active learning. The evaluation metrics were assessed through the Dice similarity coefficient (DSC) and
mean absolute difference. The overall internal test set DSCs from the multi-label, single-label, and pair-
label models were 95%, 91% (paired t-test; p=0.01), and 93% (p=0.03), respectively. The DSC of the
IAN in the internal and external datasets increased from 83% to 79%, 87% and 81%, to 90% and 86%
for the single-label, pair-label, and multi-label models, respectively (all p=0.01). Prediction accuracy
improved over time, significantly reducing the manual correction time. Our active learning and multi-
label strategies facilitated accurate automatic segmentation.

Keywords Active learning, Cone-beam computed tomography, Dental segmentation, Inferior alveolar nerve,
Multi-label segmentation

The field of dentistry has remarkably advanced in recent years, propelled by the integration of cutting-edge
technologies such as machine learning and artificial intelligence (AI)!. This advancement has highlighted the
rise of digital dentistry as a key field component. The application of emerging technologies such as augmented
reality, robotics, and three-dimensional (3D) printing in dentistry has increased’. Among them, 3D printing
has facilitated the creation of medical devices such as implant surgery guides, patient-specific implants, and
maxillofacial implants®*. Augmented reality has been leveraged for surgical training, and robots have been
incorporated into implant surgery and orthodontics®. Implementing these technologies requires precise 3D
information on patients, with accurate segmentation of anatomical structures being crucial®. Ensuring that
the implant is inserted with optimal depth and stability is paramount when performing dental implantation.
This must be achieved without compromising the integrity of the maxillary sinus (MS) or the inferior alveolar
nerves (IAN). Accurate dental segmentation is vital for digital dentistry and the development of patient-specific
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devices, significantly influencing clinical applications, including diagnosis, treatment planning, and outcome
evaluation. However, segmenting dental images, particularly anatomical structures, requires considerable
time from anatomical experts and proficiency in dental imaging devices, rendering the segmentation process
labor-intensive and expensive’. Including clinically significant structures, such as the MS and AN, increases
the complexity of the labeling process. Thus, deep learning has emerged as a method for automating dental
segmentation, reducing the workload of clinicians, and improving both the accuracy and efficiency of the
process®!11.

Therefore, many segmentation studies have been performed on individual dental anatomy structures,
including maxillary sinus, condyle, mandible, and maxilla. Morgan et al. used 3D U-Net architecture and
achieved 98.4% accuracy on maxillary sinus'2. Shaheen et al. developed a model based on 3D U-Net for teeth
segmentation and achieved a 90% dice score!®. Brosset et al. segmented the mandibular condyle with a dice
score of 94%, Jha et al. developed a condyle segmentation model using 3D U-Net with 93% accuracy, and Lo
Giudice et al. segmented the mandible with 97% accuracy!'*~!6. Many further studies have applied their complex
frameworks to segment IAN. Lahoud et al. achieved 77% accuracy at mandibular canal segmentation using 3D
U-Net models. Lim et al. achieved a 58% dice score using the nnU-Net architecture, whereas Jeoun et al. derived
an 87% dice score using Canal-Net!”18,

However, the effectiveness of deep learning models depends on the availability of extensive, high-quality
annotated datasets, which makes labeling these datasets resource-intensive. To overcome this challenge and
enhance the accuracy of the training process, active learning has been adopted as an effective solution!®-2!.
Moreover, previous studies faced inefliciencies in training because they only focused on individual labels, which
required additional models to be created for different label splits when necessary. When predictions were made
based on a model that considered only single labels, there were limitations in evaluating the relative positions
of other anatomical structures. This study describes an active learning framework to reduce labeling efforts
even with limited training data from cone-beam computed tomography (CBCT) scans, aiming to validate the
accuracy and efficiency of segmentation using multi-labeled data.

Methods

Overall process of active learning

Figure 1 describes the active learning process of dental segmentation. Initially, an expert manually segmented
MS, maxilla, mandible, and IAN in 24 cases of CBCT scans. The 3D nnU-net model was trained on 18 manually
segmented CBCT scans using single-label, adjacent pair-label, and multi-label models of relevant structures.
In the case of the multi-label model, all labels were made into one image. For the pair-label model, the oral
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Fig. 1. Overall procedure of active learning for segmentation of dental anatomy. CT, computed tomography;
DSC, Dice similarity coeflicient; IAN, inferior alveolar nerves; MAD, mean absolute difference; MS, maxillary
sinuses.
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structures were divided into the MS and maxilla for the upper, and mandible and IAN for the lower. Subsequently,
the trained model was employed to generate prediction labels of test sets (N=6). The performance of these
segmentations was evaluated using the Dice similarity coefficient (DSC) and mean absolute difference (MAD)
metrics. Finally, the segmented outputs from the trained model were manually corrected to serve as additional
training data for the next stage. This cycle of utilizing both existing and newly corrected data for further training
was repeated to improve the model’s performance.

Image acquisition and segmentation

This study was approved by the Institutional Review Board of Asan Medical Center (IRB no. 2024 —0485) and
performed according to the principles of the Declaration of Helsinki. The requirement for informed consent was
waived owing to the retrospective nature of this study. A total of 60 anonymized CBCT scans (i-CAT FLX V17,
Imaging Sciences International, Hatfield, PA, USA) were acquired from patients who visited Kooalldam Dental
Hospital to diagnose malocclusion and establish a treatment plan between 2017 and 2020 (Table 1). Most patients
at the hospital had dental prostheses, and the CT scans were selected explicitly for these individuals. Patients
with severe metal artifacts from multiple metal prostheses or restorations were excluded, making segmenting
the surrounding anatomical structures difficult. Patients with severe maxillofacial deformities, edentulism, or a
significant number of missing teeth were also excluded from the training data.

For external data, a total of 10 computed tomography scans (Somatom Sensation 10, Siemens AG, Erlangen,
Germany) were obtained from Seoul National University Hospital (IRB no. ERI20022; Table 1). Key anatomical
structures relevant to dental surgery, including the MS, mandible, maxilla, and IAN, were segmented using
the Mimics software version 17 (Materialize Inc., Leuven, Belgium). The left maxillary sinus (LMS) and right
maxillary sinus (RMS) were segmented using a threshold function (—1024 to —400 Hounsfield Units (HU)),
with regions manually selected and further refined through manual corrections. The mandible and maxilla were
segmented using a threshold function (300 to 3000 HU) and manually corrected. The maxilla was cut from the
temporomandibular joint, the highest point in the axial direction from the segmented mandible. The left inferior
alveolar nerve (LIAN) and right inferior alveolar nerve (RIAN) were manually segmented, with all segmented
structures verified by JWP, an orthodontist with over 25 years of experience.

Preprocessing and training architecture

Most patients had dental prostheses, resulting in high HU values ranging from 2000 to 3000. This situation can
affect the normalization process, as the intensity of dental anatomical structures may appear different in patients
without dental prostheses. The presence of metal artifacts from these prostheses often leads to higher maximum
HU values, which can distort the perceived intensity of anatomical structures unrelated to the disease being
studied. In contrast, such discrepancies are not present in cases without dental prostheses, where maximum
HU values remain stable. To address this issue and minimize the impact of metal artifacts, we adjusted the HU
values in our CBCT scans. The average HU value for the maxillary sinus is —~1000. The average HU values for the
mandible range from 93 to 1157, while the maxilla has average values between 153 and 1753. Additionally, the
mandibular canal has an average HU value of —700in the CBCT scans®>~2*, The clipping range was set from — 500
to 500 to ensure effective differentiation of values. Values below — 500 were adjusted to —500, while values above
500 were capped at 500. This adjustment establishes an ideal window width, creating a consistent threshold that
significantly delineates the airway region, extracts metal artifacts, and highlights differences in tissue densities by
reducing the impact of extreme values®. Given the variation in average values across anatomical structures, HU
values are clipped within the range of —500 to 500 to enhance visibility after normalization. So, these values were
normalized between 0 and 1 using min-max normalization to improve convergence during training, activation
function compatibility, and avoid numerical instability at deep learning model. We utilized a 3D full-resolution
nnU-Net architecture, which is a deep learning-based segmentation method that automatically configures itself,
including preprocessing, network architecture, training, and post-processing for medical or dental tasks based
on U-Net architecture?®.

Active learning
When dividing data into stages for active learning, the number of stages and amount of data entering each stage
should be correctly determined. Accordingly, two models with three and four stages were created.

Dataset Internal data External data

Institute Kooalldam ) Sequl Ngtional .
Dental Hospital | University Hospital

Dataset 60 10

Manufacturer Imaging Sciences | SIEMENS

Pixel spacing (mm) 0.3 0.39-0.44

Slice thickness (mm) 0.3 1

KVP 120 120

Matrix Size 768 x768 x 576 512x512%226

Age (Min / Mean / Max) | 17/ 26.46 / 39 17/21.4/27

Sex (M / F) 21/39 5/5

Table 1. Dataset acquired from two hospitals and details of computed tomography protocols.
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For the three-stage model, in the first stage, 18 datasets (14 training and 4 validation) were employed.
These dataset labels were manually segmented by two experts and confirmed by a dentist with over 25 years of
experience, establishing a solid gold standard for the initial stage. In the second stage, 36 datasets (28 training
and 8 validation) were employed, including the datasets from stage 1 and the predicted labels corrected using
the Mimics software. In the third stage, 54 datasets (42 training and 12 validation) were employed, incorporating
new patient CBCT datasets and further enhancing the model’s performance (Fig. 2).

For the four-stage model, in the first stage, 14 datasets (10 training and 4 validation) were employed. These
initial datasets were manually segmented by experts and confirmed by an experienced dentist to establish a
reliable gold standard. In the second stage, 28 datasets (20 training and 8 validation) were employed, including
the datasets from stage 1 and new datasets specific to stage 2. The predicted labels were manually corrected using
the Mimics software, setting a new gold standard for the subsequent stage. In the third stage, 42 datasets (30
training and 12 validation) were employed, ensuring the model’s robustness and accuracy. In the fourth stage,
an additional 12 new patient datasets were added, making a total of 54 datasets (39 training and 15 validation)
(Fig. 2).

The model’s performance was evaluated using six test datasets after each training stage. As the training stage
progressed, the model’s weights from the previous stage were refined by incorporating additional data for the
next stage and existing training data from the last stage. Additionally, the accuracy of the active learning model
in dental segmentation was evaluated using 10 external CBCT datasets (Fig. 2).

Training configurations

The model was developed utilizing TensorFlow version 1.14.0 and underwent training on an NVIDIA TITAN
RTX 24GB GPU. Each phase of the learning process comprised 500 epochs, with a batch size set to 1. For
optimization, the model used the Stochastic Gradient Descent optimizer, featuring a learning rate of 0.01,
momentum of 0.99, and a weight decay set at 0.0005 to prevent overfitting of the model”, in addition to
employing a random rectified linear unit function. Data augmentation strategies were implemented to enhance
model robustness, including scaling within 0.85-1.25, and independent rotations around each axis within — 15°
to 15°. The training loss was quantified using the average Dice coefficient loss. Since we separated labels for left
and right, the training protocol was designed to exclude axis-based flips to maintain label integrity.

Evaluation and statistical analysis

We used DSC and MAD as evaluation methods for the predicted labels. The DSC primarily focused on the
overlap between the predicted and actual segment labels. It is sensitive to the proportion of actual positive
results, making it suitable for evaluating the general accuracy of segmentation areas. Segmentation accuracy
was evaluated by comparing the DSC between the gold standard and the predicted results. The DSC analysis
was conducted using the image analysis metrics package, scikit-learn version 1.3.2, in Python version 3.10.5. To
assess improvements across stages, a paired t-test was used to compare DSC between each stage using IBM SPSS
Statistics v25.00 (IBM Corp., New York, USA).
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Fig. 2. Three stages of the active learning process with incremental datasets. LIAN, left inferior alveolar nerve;
LMS, left maxillary sinuses; RIAN, right inferior alveolar nerve; RMS, right maxillary sinuses.
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The MAD quantifies the spatial accuracy of segmentation boundaries, highlighting the alignment between
predicted and actual boundaries. To analyze shape differences of segmentation between manual segmentation
and the single-label, pair-label, and multi-label models, each set of labeled data was converted into Standard
Triangulated Language (STL) format. A distance map was used to compare each STL file using the 3-matic
software (version 9; Materialise, Leuven, Belgium), facilitating a detailed comparison of the segmented outputs.
The mean absolute distance was calculated to comprehensively measure the distance between the surfaces of the
gold standard and predicted segmentation models.

Labeling efficiency was evaluated by comparing the time between manual segmentation and single-label,
pair-label, and multi-label model prediction, each with manual correction. The labeler measured the manual
segmentation time using a timer while performing the labeling task, recording the segmentation time for each
label separately. The correction time at each stage includes preprocessing time, prediction time, and manual
correction time. This correction time was calculated using various models, and the manual segmentation model
was compared using a paired t-test. Additional datasets were included at each stage for comparisons between
different stages, so the Mann-Whitney U test was employed for reliability testing.

Results

Segmentation accuracy

The DSC results of the three-stage and four-stage models were compared to distribute stages for efficient and
high-performance active learning. The overall average DSC of 95.55% (90.05% for IAN) was significantly
better than 94.27% (86.95% for IAN) of the four-stage model (Supplementary Table 1). We also compared
the DSC results of stage 1 using multi-label between models that used preprocessing and those that did not
(Supplementary Table 2). To address the issue of excessively high HU value due to metal artifacts, we clipped
the model and confirmed that there was a significant difference in the maxilla compared to the model that did
not perform preprocessing. Based on this result, we divided the datasets into three stages with preprocessing of
clipping in subsequent comparisons.

Table 2 shows the DSC of models trained with single-label, pair-label, and multi-label across different stages.
The average values of DSC for all six classes increased throughout each stage at all of the single-label, pair-label,
and multi-label models. The average DSC for the LIAN significantly increased from 78.61% (95% confidence
interval (CI): 77.64 to 79.57%) to 84.48% (CI: 81.25 to 87.72%; p=0.03), 82.02% (CI: 78.83 to 85.20) to 86.48%
(CI: 84.43 to 88.54; p<0.01), and from 86.47% (CI: 84.68 to 88.25) to 89.93% (CI: 88.95 to 90.91; p<0.01).
Meanwhile, the DSC for the RIAN significantly Rose from 79.46% (CI: 75.57 to 83.35) to 82.54% (CI: 79.66

DSC (%)

Datasets Internal

Networks | Class Stage 1 Stage 2 Stage 3 External
LMS 97.55+1.02 | 98.07+0.45 98.44+0.43 95.31+0.73
RMS 98.78+0.43 | 97.12+1.50 98.69+0.25 95.46+0.64
Maxilla | 84.16+7.51 | 86.63+7.80 86.24+6.02 85.42+2.29

Single-label | Mandible | 96.71+3.44 | 95.40+4.11% 96.77 +3.44 96.77+1.03
LIAN 78.61+1.21 | 84.20+2.70%* 84.48+4.04* 79.90+2.07
RIAN 79.46+4.86 | 82.25+3.99* 82.54+3.59 79.32+3.22
Total 89.2149.53 | 90.61+7.65* 91.19+7.76* 88.55+7.74
LMS 98.34+0.54 | 96.50+2.38 98.83+0.43* 96.76+1.53%

fj;rl;:')’el RMS 98.78+0.57 | 98.55+0.95 99.09+0.29 96.30+1.86
Maxilla | 85.79+5.51 | 87.92+6.75 89.78+4.83 86.22+3.15
Mandible | 96.67+3.37 | 95.93+3.29 97.4843.19%* 97.76+0.68°

Pair-label | LIAN 82.02+3.98 | 85.71+2.81%% 86.48+2.57** 83.27+3.42%

(lower) RIAN 80.96+5.08 | 84.44+2.81% 86.59+1.87%5 | 82.84+4.09
Total 90.43+8.54 | 91.51+6.70° 93.04+6.18°°55 | 90.52+7.06%
LMS 98.82+0.31 | 99.09+0.27* 99.11+0.28* 98.79+0.315% 99
RMS 98.97+0.35 | 99.32+0.20%% 99.32+0.22* 97.95+2.34550¢
Maxilla | 94.08+1.40 | 95.50+0.77* 95.7340.84** 86.66+3.55

Multi-label | Mandible | 98.57+0.27 | 98.92+0.16* 99.05+0.17* 98.41+0.2555¢
LIAN 86.47+2.22 | 88.60+1.28**° 89.93+£1.22°%59 | 87.31£2.40%9¢
RIAN 84.74+4.65 | 88.79+2.29%0%9 | 90.18+1.80*°5¢ | 86.09 +4.0355¢
Total 93.61+6.31 | 95.03 +4.80*%,5599 | 9555+4.19%*5¢ | 92,53 +6.415999

Table 2. Comparison of Dice similarity coefficients for internal and external test sets among each stage of
single-label, pair-label, and multi-label models. *Paired t-test p < 0.05, **p <0.01 compared with stage 1. SPaired
t-test p<0.05, $p<0.01 compared with the single-label model. ?Paired t-test p <0.05, *?p < 0.01 compared with
the pair-label model. DSC, Dice similarity coefficients; LIAN, left inferior alveolar nerve; LMS, left maxillary
sinus; RIAN, right inferior alveolar nerve; RMS, right maxillary sinus.
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to 85.41; p=0.24), 80.96% (CI: 76.89 to 85.03) to 86.59% (CI: 85.09 to 88.09; p=0.03), and from 84.74% (CI:
81.02 to 88.46) to 90.18% (CI: 88.74 to 91.62; p<0.01) for the single-label, pair-label, and multi-label models,
respectively. Segmentation accuracy using external CBCT datasets with a multi-label model achieved an average
DSC of 92.53% + 6.41%, showing the good performance on the overall medical image (Supplementary table
3). Figure 3 displays a distance map illustrating the MAD between the gold standard label and the predictions
from the single-label, pair-label, and multi-label models. The root-mean-square values were 0.008+0.234,
0.008+0.237, and 0.007+0.268 mm for the single-label, pair-label, and multi-label models, indicating the
accuracy of the segmentation. When comparing the difference between the gold standard and predictions, all
values remained <0.83 mm for the single-label model (0.42 mm for IAN), 0.82 mm for the pair-label model
(0.37 mm for IAN), and <0.9 mm for the multi-label model (0.34 mm for IAN). These results confirm that the
model trained using multi-labels makes good predictions at the Spatial boundaries of medical images.

Comparison of segmentation time

Segmentation time, a crucial metric for assessing labeling efficiency, was measured. The total time spent on
manual segmentation, as well as segmentation using single-label models followed by manual correction,
and multi-label models followed by manual correction, was recorded as 285 min 18 s+ 14 min 6 s, 29 min
40s+2 min 17s,and 20 min 17 s+ 50 s, respectively (Table 3). These data underscore the significant reduction in
time required for segmentation when leveraging trained models, especially for the multi-label models, compared
with traditional manual segmentation methods (p <0.01). The time taken to perform manual corrections after
predictions from a trained model decreases with the progression of each stage (p <0.01).

Discussion

Accurate segmentation of anatomical structures in CBCT scans is crucial in digital dentistry, dental implants, and
surgical planning. However, the process remains labor-intensive and time-consuming. Our study has successfully
and efficiently segmented important dental anatomies, including the MS, maxilla, mandible, and IAN, using
3D nnU-Net in an active learning framework. We found that overall segmentation accuracy improved when
adjacent anatomical structures were learned. By simultaneously training the model on these related structures,
we enhanced its ability to recognize and understand their locations and relationships. As a result, our approach
demonstrated robust performance, even when tested on external datasets. This study utilized active learning,
which segments the learning process into discrete stages rather than simultaneously inputting the entire training
dataset. The main reason behind this strategy is to enable more efficient Al-coordinated learning by manually
correcting only the incorrect parts of the predicted label. Furthermore, even when no solid gold standard label
is determined for training the model, automated segmentation is generally performed to create new labels for
the entire dataset from labels of small datasets. This way, active learning can effectively reduce the time and labor
required to segment anatomical structures from medical images. As the stages progress sequentially through
active learning, the model’s segmentation accuracy has increased (Tables 2 and 3). Comparing the DCS of stages
1 and 3, the LIAN label significantly improved in the single-label model; the LMS, mandible, LIAN, and RIAN
in the pair-label model; and the LMS, RMS, maxilla, mandible, LIAN, and RIAN label in the multi-label model.

(b) (©)

0.30
0.20 !
010 —
-0.00 !
010 =
(e) ® -0.20 I
-0.30

Fig. 3. Comparison of the distance map in three-dimensional models from the front view between the gold
standard label and (a) single-label, (b) pair-label, and (c) multi-label models. Distance map of the inferior
alveolar nerves between the gold standard label and (d) single-label, (e) pair-label, and (f) multi-label models.
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Class Time Total Time
MS 17 min 29 s+ 1 min 28 s
Maxilla 117 min 45 s+8 min 39 s
Manual 285 min 18 s+14 min 6 s
Mandible | 129 min 57 s+7 min 38 s
TIAN 20 min 7 s£2 min 21 s
MS 6min42s+1min2s
Maxilla 5min19s+43s
Single-label 29 min 40 s+2 min 17 s*
Mandible | 7min 08 s+54s
TIAN 10 min 31 s+34s
MS 5min54s+22s
Maxilla 5min20s+30s
Pair-label 26 min 17 s+ 1 min 32 s*¢
Mandible | 5min48s+44s
IAN 9min 13s+32s
Multi-label Total 20 min 17 s £50 s*9

Stage 2 18 min 39 s+2min1s
Manual correction

Stage 3 16 min 37 s+ 1 min 4 s¥

Table 3. Time required of six classes for manual segmentation and prediction from 3D nnU-Net with manual
correction in stage 3 on internal datasets. *Paired t-test, p <0.01 compared with manual segmentation. $Paired
t-test, p <0.01 compared with the single-label model. ?Paired t-test, p <0.01 compared with the pair-label
model. Y"Mann-Whitney U test, p <0.01 between manual correction time at stages 2 and 3. IAN, inferior
alveolar nerves; MS, maxillary sinus.

Author, year of publication | Model Dataset | DSC (%)
Jaskari et al., 2020%° CNN 637 58
Lim et al,, 2021"7 nnU-Net 98 58
Lahoud et al., 20223 3D U-Net 235 77
Canal-Net
18
Jeoun et al,, 2022 (Bidirectional ConvLSTM) >0 87
Cipriano et al., 20222 3D U-Net 347 62
. 3 TANSegNet
Krishnam et al., 2023 (3D ShuffleNetV2) 11,000 |92
Our study 3D nnU-Net 60 90

Table 4. Comparison with the state of the Art in inferior alveolar nerve segmentation. DSC, Dice similarity
coefficients.

Since segmentation accuracy gradually improved as the stage progressed, the time to perform manual correction
was significantly reduced to approximately 7% (Table 3).

Moreover, IAN accuracy significantly differed when comparing the three-stage and four-stage models. Labels
of the MS, maxilla, and mandible were not significantly different between the two models (Supplementary Table
1). Because the size of the validation dataset of the four-stage model was insufficient, and because the weights
from the first stage were received and used again in the next stage, the validation dataset entered into the first
stage was used at every stage, thus indicating a high possibility of overfitting. When few datasets are available for
learning, despite active learning being beneficial, judging and selecting an appropriately sized dataset per stage
are crucial rather than overly subdividing the stages.

Different training methods for dental anatomies were compared, utilizing single-label, pair-label, and multi-
label techniques. The segmentation accuracy showed significant differences among predictions from these three
learning approaches. Specifically, the RIAN segmentation accuracy significantly differed between the stage 3
single-label model and the pair-label model. Significant differences in the LIAN and RIAN segmentation
accuracy were observed between the single-label and multi-label models and between the pair-label and multi-
label models. For the IAN, the average DSC improved from 83% with the single-label model and 87% with the
pair-label model to 90% with the multi-label model. Thus, the multi-label of relevant structure labels significantly
enhanced accuracy, whereas the single-label and pair-label learning may yield suboptimal outcomes.

The maximum distance between the gold standard and predictions was 0.83, 0.82, and 0.9 mm for the single-
label, pair-label, and multi-label models, respectively. The discrepancy between the gold standard and single-
label, pair-label, and multi-label prediction can be attributed to the over-segmentation of the maxilla. Regarding
the maxilla, numerous thin bone segments were observed, and many sections were not unified. Consequently, no
additional post-processing was performed after the prediction. This led to errors in the small segments that were
not addressed during the manual segmentation process. For the IAN, all values were <0.42, 0.37, and 0.34 mm
for the single-label, pair-label, and multi-label models, respectively. When clinically inserting an implant, the
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target error is 1.5 to 2 mm?®. When inserting an implant in clinical practice, the average and maximum errors
are 1.12 and 4.5 mm, respectively?’. Thus, our segmentation was within the acceptable error range, indicating a
consistent and reliable performance in segmenting the IAN with multi-label training strategies.

Previous studies have documented DSC values for IAN segmentation ranging from 60 to 80% across various
architectures!®?>3031 Lim et al. achieved a DSC of 58% using the nnU-Net architecture with a dataset of 98
cases'”. Krishnan et al. developed an encoder model based on the 3D ShuffleNetV2 architecture, achieving a
DSC of 92% with 11,000 datasets®2. The IAN segmentation in our study demonstrated a similar or slightly higher
performance than those of other studies, even with a limited dataset (Table 4).

Our study has several limitations. First, the lack of a multi-center approach limited the diversity of the
CBCT data used, thus restricting the generalizability of our results. To overcome this limitation, multi-center
and multi-vendor research with more data will be conducted in the future. This will improve segmentation
accuracy across various clinical environments, thereby increasing the robustness of the findings. Second, the
limited data availability hindered further performance enhancements for specific anatomical structures. Hence,
future studies should use larger datasets to assess the stability and efficiency of the segmentation process more
comprehensively. This will address current limitations and could reveal new insights into the capabilities and
limitations of the methodologies used. Third, since the test sets used in our study differed from those used
in other studies, additional validation using a standard dataset was needed. Fourth, our study emphasizes the
efficiency gains of segmentation but does not evaluate the ease of use of clinicians regarding our automated
method. We are currently conducting further research on segmenting the dental anatomy of the respective
model to establish a surgical plan. This research includes the development of a semi-automatic or fully automatic
implant insertion robot, as well as treatments utilizing 3D printing. As part of these studies, we plan to conduct
a satisfaction survey to evaluate clinicians’ perceptions of the accuracy of the segmentation model, its usefulness
in actual clinical practice. Lastly, we only used the 3D nnU-net model for the training model. In further studies,
we will compare and analyze the performance of various models.

Conclusion

The findings underscore the importance of utilizing multi-label and active learning strategies to achieve enhanced
dental segmentation accuracy, even with small datasets. Deep learning significantly improved accuracy and
efficiently reduced labeling time within digital dentistry, particularly in diagnosis and treatment planning.
Insights gained from active and multi-label learning methods will pave the way for future advancements in
accurately segmenting complex dental anatomies, indicating a promising direction for continued research and
application.

Data availability
Datasets in the study are available from the corresponding author upon reasonable request with our IRB allow-
ance.
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