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Effectiveness of the Multilayered
Caries Model and Visuo-tactile
Virtual Reality Simulator for
Minimally Invasive Caries Removal:
A Randomized Controlled Trial

AP Dwisaptarini ¢ S Suebnukarn ¢ P Rhienmora ¢« P Haddawy ¢ S Koontongkaew

Clinical Relevance

Differentiation and selective removal of carious dentin are important in minimally invasive
caries treatment. The virtual reality simulator and multilayered model of a carious tooth
reconstructed from micro-CT images representing the infected and affected carious layer
with different colors and hardnesses provide visuo-tactile sensation for training in

minimally invasive caries removal.

SUMMARY

This work presents the multilayered caries
model with a visuo-tactile virtual reality sim-
ulator and a randomized controlled trial pro-
tocol to determine the effectiveness of the
simulator in training for minimally invasive
caries removal. A three-dimensional, multilay-
ered caries model was reconstructed from 10
micro-computed tomography (CT) images of
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deeply carious extracted human teeth before
and after caries removal. The full grey scale 0-
255 yielded a median grey scale value of 0-9,
10-18, 19-25, 26-52, and 53-80 regarding dental
pulp, infected carious dentin, affected carious
dentin, normal dentin, and normal enamel,
respectively. The simulator was connected to
two haptic devices for a handpiece and mouth
mirror. The visuo-tactile feedback during the
operation varied depending on the grey scale.
Sixth-year dental students underwent a pre-
training assessment of caries removal on ex-
tracted teeth. The students were then ran-
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domly assigned to train on either the simula-
tor (n=16) or conventional extracted teeth
(n=16) for 3 days, after which the assessment
was repeated. The posttraining performance
of caries removal improved compared with
pretraining in both groups (Wilcoxon, p<0.05).
The equivalence test for proportional differ-
ences (two 1-sided #-tests) with a 0.2 margin
confirmed that the participants in both
groups had identical posttraining perfor-
mance scores (95% CI=0.92, 1; p=0.00). In
conclusion, training on the micro-CT multi-
layered caries model with the visuo-tactile
virtual reality simulator and conventional
extracted tooth had equivalent effects on
improving performance of minimally invasive
caries removal.

INTRODUCTION

Dental caries is the localized destruction of suscep-
tible dental hard tissues by acidic by-products of
bacterial fermentation of dietary carbohydrates.
According to GV Black in 1908,% the science of
cariology and the technicalities of operative dentist-
ry should be integrated in teaching and research of
caries treatment. Dentistry in the 20th century
shifted toward a minimal intervention approach,
leading to changes on how and when to treat caries.
The concept includes the use of all available
information and techniques ranging from accurate
diagnosis of caries, caries risk assessment, and
prevention to technical procedures in repairing
restorations.® The disease should be treated first;
the surgical approach should be undertaken only as
a last resort and then with the removal of as little
natural tooth structure as possible. The endpoint of
caries excavation in cavity preparation is to remove
infected carious dentin as selectively as possible,
while preserving affected carious dentin.* Avoiding
over-excavation will preserve remaining tooth struc-
ture and offer longevity of restorations.® Unlike
management of superficial or moderate caries le-
sions, managing very deep lesions requires more
delicate skills. Conserving tooth structure and
preserving pulp vitality contribute to a longer and
better prognosis by avoiding pulp exposure as well as
providing optimum bonding strength for adhesive
restorations. In the symptomless case of a deep
carious lesion, removing all infected dentin in an
area that will probably expose the pulp should be
avoided. Sealing the lesion will significantly de-
crease the number of bacteria by removing their
nutritional sources.®®

Treatment of dental caries, like other disciplines of
dentistry, can be associated with unwanted or
unforeseen procedural errors. The first step toward
increasing patient safety in dental treatment is for
all clinicians to acquire knowledge and skill in the
early stage of training. Current practice in caries
removal starts with gaining access through the
enamel to the softened, infected carious dentin.
The dentinoenamel junction (DEJ) is cut further
until hard—and in some dental schools—stain-free
dentin is reached. The end point of caries removal
close to the pulp varies according to the country,
dental school, and dentist.” Dental students are
usually taught to assess dentin texture only by the
touch of the dental probe. The dentin’s darkening
color, sensitivity, and wetness are useful but difficult
to recognize.’® Currently, skill acquisition in caries
treatment follows an apprenticeship approach,
which consists of close, expert supervision in pre-
clinical settings and transfer of these skills to the
clinic. This method of training may subject patients
to discomfort, risk of complications, and prolonged
procedure times, creating a clinical governance
dilemma. At the same time, there may be limited
access to apprenticeship training in more complex
scenarios, with corresponding difficulty in training
the student in a time-effective manner.

With the significant and consistent development of
medical imaging and virtual reality (VR) research,
minimal intervention training in dentistry should
move toward more interactive and realistic environ-
ments. Using microcomputed tomography (micro-
CT) permits construction of three-dimensional (3D)
images of tooth and bone structural parameters from
computerized axial tomography in the order of
micrometers.!’ VR and image-processing programs
incorporate 3D images obtained from CT scanners
and transform them into patient-specific anatomic
models that provide human-computer interaction
with the manipulation of realistic environments.?
Tactile sensation is important in dental skill acqui-
sition, which can be achieved by incorporating haptic
devices that allow users to interact with simulated
oral tissues and dental instruments designed for
each specific procedure in a virtual environment.'?
The users perform operations such as sensing,
scraping, and cutting soft and hard tissues with
realistic force feedback to the operator’s hands.
Several VR programs have been developed for dental
application.'*!” Recently, a multilayer model that
mimics real tooth structures with different hard-
nesses was developed in a study for caries-removal
training. The study aimed at caries-removal training
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at repetitive training times.'® However, these stud-
ies worked on shallow carious lesions with no
difference between layers. The VR simulators allow
students and experts to practice dental procedures
anywhere and anytime with no incremental cost.
The students trained by the VR system showed
performance equal to or significantly greater than
those trained by conventional methods.!*'” Evi-
dence as to the negative aspects of VR include initial
setup costs, faculty training, and the lack of a variety
of content and current educational simulation
programs.'® A study comparing the effectiveness of
conventional training and VR simulation in opera-
tive dentistry training indicated that VR-based skills
acquisition was unsuitable as the sole method of
feedback and evaluation for novice dentists.Z’

Differentiation between infected and affected
carious dentin is important in minimally invasive
caries treatment. The goal is to remove infected
carious dentin as selectively as possible through
maximum preservation of affected carious dentin. To
our knowledge, there is no VR- simulated carious
tooth model that resembles a deep carious lesion
likely to expose the pulp with infected and affected
tissue in which caries removal needs to be done very
carefully. This work presents a new, 3D, multilay-
ered carious tooth model that reveals infected and
affected carious dentin for the visuo-haptic VR
simulator. Visual and haptic VR feedback, while
cutting through each carious layer, varies depending

Operative Dentistry

Figure 1. Acquisition of micro-CT
images. (A): Extracted permanent
molars with deep carious lesion. (B):
Minimally invasive caries removal
guided by FACE. (C, D): Micro-CT
scanning. (E): DICOM file slide No.
1630 showing infected carious dentin,
affected carious dentin, normal den-
tin, and enamel.

on the micro-CT density. A randomized controlled
trial protocol presented in this study aims to
determine the stimulation’s effectiveness when used
as an alternative to conventionally extracted teeth
for minimally invasive caries-removal training. We
tested the hypothesis that there is no difference in
performance between the conventional training
group and the simulation training group.

METHODS AND MATERIALS

Multilayered Caries Modeling and Visuo-
Haptic Virtual Reality Simulator

3D micro-CTs (SkyScan 1172; Bruker, Brussels,
Belgium) of 10 extracted permanent molars with
deep carious lesions were acquired before and after
minimal caries removal guided by fluorescence-aided
caries excavation (FACE; Sirona, Hanau-Wolfgang,
Germany) (Figure 1); the original patient could not
be identified. Micro-CT creates a 3D map of x-ray
attenuation coefficient of materials within an object,
corresponding to the x-ray opacity of an object. As a
result, it is likely to separate various segments of a
material from each other by density thresholding.
Immersion of x-rays by hard- and soft-tissue layers
of a tooth such as dental pulp and enamel increases
with decreasing x-ray photon energy, and that
relative difference in absorption also decreases with
less x-ray energy. A grey scale value that micro-CT
produces is a single number that represents the
brightness of the pixel. The most common pixel
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Figure 2. The simulator (A) had a high-speed bur for cutting enamel
(B) and slow-speed bur for removing carious dentin (C).

format is the byte image, in which this number is
stored as an 8-bit integer, giving a range of possible
values from 0 to 255. Typically, zero is assumed to be
black, and 255 is taken to be white.?!

In this study, we used a semi-automated, slice-by-
slice hand contouring approach, the current segmen-
tation gold standard using 10 datasets of extracted
permanent molars with deep carious lesions.??
Snake algorithms based on large image gradients
were used to recognize the contours of edges of
interest.? The full gray scale 0-255 yielded a median
gray-scale value of 0-9, 10-18, 19-25, 26-52, and 53-
80 regarding dental pulp, infected (soft) carious
dentin, affected (hard) carious dentin, normal den-
tin, and enamel, respectively.

3D reconstruction of each tooth was performed
using 2500 two-dimensional images processed by the
volume-rendering method. Segmentation of the
multilayered, carious model selectively represented
enamel, infected dentin, affected dentin, healthy
dentin, and dental pulp. The model was generated by

Figure 3. 3D models of extracted human teeth were reconstructed
from micro-CT images. The infected carious dentin is represented as
a darker, dull brown color, and the affected carious dentin is seen as a
light brown color. The FACE mode that represents infected carious
dentin is a red-fraction color layer.

the subtraction process of the micro-CT images
before and after the removal of caries.

VR operates on a 2.8-GHz Pentium 4 PC, with 256
MB RAM and a 13-inch computer monitor connected
to two haptic devices. Two Omni haptic devices
(SensAble, Inc, Woburn, MA, USA) for the handpiece
and mouth mirror were used, which allowed 6° of
freedom for positional sensing and generated 3° of
freedom for force feedback.?* The force feedback,
while cutting through each carious layer, varied
depending on the micro-CT density value. The
number of volumetric sample points of the cutting
tool model immersed into tooth voxels was detected.
The immersed sample points indicating the depth
penetrated were removed corresponding to the shape
of the bur and the amount of force applied to the
tooth surface. The simulator had a high-speed bur
for cutting enamel and slow-speed bur for removing
carious dentin. Visual feedback consisted of tooth
deformation, color, and amount of tooth removed
during the operation. The percentages of each
carious layer remaining while cutting were dis-
played in real time (Figure 2). The infected carious
dentin was represented as a darker dull brown color,
and the affected carious dentin was seen as a light
brown color imitating a natural carious tooth (Figure
3). The simulator also had FACE mode, representing
infected carious dentin as a red-fraction color layer
initiated by the porphyrin produced by the bacteria
when lit by the system. A brownish color is seen
when affected dentin is reached, similar to the
presence of sclerotic dentin produced by chronic
caries. The FACE mode ensured that all infected
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| Assessed for eligibility (n=35)|

Figure 4. Flow chart of participants in
the randomized controlled trial.

Excluded (n=3)
- Not meeting inclusion criteria (n=3)

|Randomized (n=32)‘

|

Allocated to control group (n=16)

- Pre-training assessment of caries
removal on extracted tooth (n=16)

- Received 3 days caries removal training
on extracted teeth (n=16)

Allocated to experiment group (n=16)

- Pre-training assessment of caries
removal on extracted tooth (n=16)

- Received 3 days caries removal training
on virtual reality (n=16)

}

|Discontinued intervention (n=0)|

|Discontinued intervention (n=0)|

Analysed (n=16)
- Post-training assessment of caries
removal on extracted tooth (n=16)

Analysed (n=16)
- Post-training assessment of caries
removal on extracted tooth (n=16)

dentin was eliminated during the caries-removal
procedure.

Randomized Controlled Trial of Efficacy for
Minimally Invasive Caries-Removal Training

A prospective randomized controlled and blinded
trial was conducted to test the hypothesis that
training with the experimental group’s multilayered
caries model and visuo-tactile VR simulator will
produce performance scores in caries-removal train-
ing similar to those obtained from conventional
training with carious extracted teeth.

Sample Size

A continuous response variable from independent
control and experimental participants with one
control per experimental participant was studied.
In a previous study,?® the response within each
participant group was normally distributed, with a
standard deviation of 0.25—the true difference in
the experimental and control means. As a result, 16
participants in each conventional training group and
VR group were employed to reject the null hypoth-
esis that the population means of the experimental
and control groups are equal, with a probability of
0.8. The type I error probability associated with the
test of this null hypothesis was 0.05. Sixth-year
dental students were recruited. Exclusion criteria
were as follows: 1) had experience with the simulator
or 2) received a score below 70% in knowledge
assessment of minimally invasive caries removal. All
participants gave their written informed consent,

which was approved by the institutional ethics
review board.

Study Design

Participants were randomly assigned to either the
experimental group (caries-removal training with
micro-CT multilayered caries model and visuo-
tactile VR simulator) or the control group (conven-
tional training with carious extracted teeth). A
statistician not involved with the study undertook
the randomization using sealed opaque envelopes
(Figure 4). The study had a pretraining/posttraining
control group design. On pretraining day (day 1),
each participant was asked to perform minimally
invasive caries removal on one extracted tooth. On
training days (days 2, 3, and 4), 16 participants in
the control group practiced caries removal on two
extracted teeth, and 16 participants in the experi-
ment group practiced caries removal on 2 micro-CT
multilayered carious teeth using the visuo-tactile VR
simulator. In the control group, the carious and
undermined enamel was prepared with a cylindrical
bur (Meisinger, Neuss, Germany) using a high-speed
handpiece with water coolant until direct vision into
the entire cavity was achieved. Caries removal on
the peripheral walls and pulpal floor was performed
using a tungsten carbide round bur with a low-speed
handpiece. The goal was to eliminate the infected
dentin and preserve the affected dentin, as con-
firmed by the FACE system. The training process
was similar in the experimental group, in which
caries removal was carried out in the simulator. On
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Table 1. Pretraining and Posttraining Performance Scores Between Caries Removal Training With Micro-CT Multilayered Caries
Model and Visuo-Tactile VR Simulator (Experimental Group) and Training With Extracted Carious Teeth (Control Group)
(Mean+=SD)

Virtual Reality (Experimental) Group) (n=16) Extraction (Control) Group (n=16)
Pretraining Posttraining Pretraining Posttraining

Enamel 4.64+2.54 6.64+1.57 5.00+2.93 6.23+1.57

DEJ 5.27+1.27 6.36+1.36 5.156+2.42 6.81+1.89

Superficial dentin 3.45+2.34 7.42+1.06 3.91£1.70 6.01£1.10

Deep dentin/pulpal floor 0.36+0.47 1.76+0.32 0.35+0.52 1.25+0.49

Total 13.23+2.50 20.41£2.56 13.36:2.08 19.09+2.51

posttraining (day 5), each participant was asked to
perform minimally invasive caries removal on one
extracted tooth similar to pretraining.

The main outcome measure in both groups was
performance scores assessed by an expert blinded to
trainee and training status. The secondary outcome
measures were tooth mass loss and task completion
time. To determine the performance score, three-
point scales were applied to four walls (buccal,
lingual, mesial, distal), judged in four areas (enamel,
DEJ, superficial dentin, deep dentin/pulpal floor),
with 0 defined as “infected dentin left/pulp chamber
perforation,” 1 as “overprepared or overexcavated
enamel/reaching sound dentin,” 2 as “no undermined
enamel/no carious enamel.” The total maximum
performance score was 26. Each tooth’s mass was
measured and recorded in grams before and after the
caries removal procedure on a digital analytical
balance accurate to 0.0001 g. The percentage of tooth
mass removed for each tooth was calculated. The
total time taken to complete the task was measured
to an accuracy of 0.01 minute.

Statistical Analyses

The Wilcoxon test was used for nonparametric data
and matched pairs to examine differences between
pretraining and posttraining caries-removal perfor-
mance scores in the same group. The Mann-Whitney
test was used for unmatched data to detect any
differences between the experimental and control
groups. The dependent #-test and independent ¢-test
were used to compare the tooth-removal and task-
completion time within and between the experimen-
tal and control groups. Statistical significance was
defined as a p value less than 0.05. All analyses were
undertaken using SPSS version 21.0 (SPSS, Inc,
Chicago, IL, USA). Results between the experimen-
tal and control groups were compared using an
equivalence test for proportional differences (2 one-
sided t-tests, [TOST]) with a 0.2 margin. The TOST
method effectively tests the hypothesis that two

estimates are equivalent within a statistically
computed equivalence range. The lower the p value,
the more similar the estimates can be concluded to
be, and if the p value is less than the critical cutoff
(0.05), then the two estimates can be assumed to be
statistically equivalent. Statistical tests with p
values of less than 0.05 were considered significant.

RESULTS

Thirty-five sixth-year dental students were recruit-
ed. Three students were not admitted to the study
due to their experience with VR simulation. None of
the participants in the control or experimental
groups dropped out before completing the posttrain-
ing assessment. Table 1 shows that the pretraining
mean total performance scores of the experimental
group (13.23+2.50) and control group (13.36+2.08)
were almost identical. The Mann-Whitney test
confirmed that there were no significant differences.
The mean posttraining performance scores were
significantly higher than the pretraining scores in
both experimental (13.23+2.50 to 20.41+2.56) and
control groups (13.36+2.08 to 19.09+2.51) (Wilcox-
on, p<0.05), indicating that performance significant-
ly improved after training in both groups. The
average posttraining performance score for the
experimental group (20.41+2.56) was not signifi-
cantly different from that obtained for the control
group (19.09+2.51), indicating that performance
improved similarly in minimally invasive caries-
removal training with the micro-CT multilayered
caries model and visuo-tactile VR simulator (exper-
imental group) and training with carious extracted
teeth (control group).

The equivalence test for proportional differences
confirmed that participants in both groups had
identical posttraining performance scores (TOST,
95% CI=0.92, 1; p=0.00). However, comparing the
mean performance scores in four areas (enamel,
DEJ, superficial dentin, deep dentin/pulpal floor),
the average posttraining performance score of
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(Mean=SD)

Table 2. Tooth Mass Removed and Task Completion Time Between Caries Removal Training With Micro-CT Multilayered Caries
Model and Visuo-Tactile VR Simulator (Experimental Group) and Training With Extracted Carious Teeth (Control Group)

Virtual Reality (Experimental) Group) (n=16)

Extraction (Control) Group (n=16)

Pretraining Posttraining Pretraining Posttraining
Tooth mass removed (g) 4.98+2.61 5.68+2.48 5.87+3.41 6.73+2.38
Task completion time (s) 14.90+7.14 10.82+4.17 14.18+7.29 10.87+4.47

superficial dentin for the experimental group
(7.42+1.06) was significantly greater than that
obtained for the control group (6.01+1.10). Similar-
ly, the average posttraining performance score of
deep dentin/pulpal floor for the experimental group
(1.76£0.32) was significantly greater than that
obtained for the control group (1.25+0.49). There
were no differences in tooth mass removed and task
completion time after training in both groups (Table
2).

DISCUSSION

Differentiation and selective removal of infected and
affected carious dentin is important in training
minimally invasive caries treatment. Traditional
caries removal in restorative treatment aims to
eliminate all softened parts of a cavity, which is
assumed to be mandatory to terminate the caries
process. Some dental schools still teach removal of
all lesions until reaching stain-free and “hard,”
healthy tissue in the entire area.?® However, caries
progression does not always turn into worst-case
scenarios such as pulpitis or pulp necrosis, despite
leaving some areas of infected dentin. Many bacteria
still exist in a cavity from which all soft dentin has
been eliminated, regardless of the excavation system
used.?’ Significantly lower organism activity would
be achieved when active cariogenic mass and part of
the demineralized dentin is removed; hence, excava-
tion on a deep pulpal floor need not be aggressive.?®

Several techniques have been developed for re-
moving carious layers selectively, such as conven-
tional slow-speed tungsten carbide bur, caries detec-
tor application, chemical excavation, laser, and
fluorescence-aided caries excavation (FACE), which
is a direct method to clinically differentiate between
infected and affected carious dentin. Because several
oral microorganisms produce orange-red fluoro-
phores as by-products of their metabolism (porphy-
rins), infected carious tissue will fluoresce, especially
in the red fraction of the visible spectrum due to the
presence of proto- and mesoporphyrins.?? One study
has shown that the number of bacteria remaining

after FACE excavation is statistically lower than
after traditional or caries-detected excavation.®°

In the current study, we developed a multilayered
caries model for minimally invasive visuo-haptic
simulation using micro-CT. Our model represented
real dental materials such as enamel, sound dentin,
infected dentin, affected dentin, and dental pulp
with different mechanical hardnesses. Furthermore,
the model delivered different colors for separating
infected dentin from affected dentin as guided by the
FACE system for selectively removing the carious
layers: red for infected dentin and brown for affected
dentin. The simulator considered caries-removal
training in a minimal intervention manner. FACE
prevented widening the cavity size significantly by
removing infected dentin effectively compared with
other systems.®’ We also presented high-speed or
low-speed cutting with diamond or tungsten carbide
burs, providing enamel cutting for cavity access or
delicate caries excavation in the dentin layer.

Interactive visualization and tactile sensation
from VR technology have opened new paradigms in
clinical practice.’> VR is a human-computer inter-
face that facilitates highly interactive visualization
and control of computer-generated, 3D-specific tis-
sue models and their related components with
sufficient detail and speed to simulate a sensorial
experience similar to reality. The haptic systems
provide force feedback through the tactile receptors
in the skin and the proprioceptive receptors in
muscles, tendons, and joints of the operator’s
hands.’ In a caries-removal procedure, tactile
sensation in the fingers is essential because touching
the surface can be as useful as seeing it. Force
feedback in VR simulators reveals the advantage in
calculus and caries detection.’®3? A multilayered
virtual tooth model was generated to provide
different tactile sensations in each layer of tooth
structure that simulated the real experience in a
haptic VR training system; thus, the participant felt
a cutting perception similar to that of a real tooth by
differential force feedback.

The results of a randomized controlled trial in this
study showed the improvement in caries removal
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outcomes for sixth-year dental students before and
after participating in a designed training protocol.
As in previous studies on clinical skill training,?42®
the participants showed that performance improve-
ment in scores of minimally invasive caries removal
was not different after training sessions with the VR
simulator and the extracted teeth in a phantom
head. The explanation for these results is that the
VR simulator is designed specifically to mimic the
same hand motions and visualization as those used
during dental procedures. Our model uses the
virtual 3D model of carious teeth reconstructed from
micro-CT images similar to those of Yoshida and
others,® yet provides more detail in the infected and
affected carious layers with different colors and
hardnesses, which are helpful for visuo-tactile
sensation. The students experienced caries removal
in the same way as using a real tooth.

Interesting results were obtained regarding the
caries removal in dentin. Students trained with the
VR simulator had a better caries-removal perfor-
mance score on the superficial and deep dentin
layers, possibly due to the current VR simulator
that contributes to the training of minimally
invasive removal of carious dentin. The students
were able to receive different color and force
feedback when cutting through enamel, infected
dentin, affected dentin, and pulp. They also re-
ceived augmented feedback on the percentage of
sound tooth structure and carious dentin removed
from each layer during the operation. Moreover,
changing from a high- to a slow-speed bur for
cutting enamel and carious dentin was allowed in
the current VR simulation. Some educators are
concerned that students who become skillful with
simulators might not be able to transfer these skills
to the clinic,® but our students’ posttraining
performance confirmed that the minimally invasive
caries-removal skills acquired on a VR simulator
actually improved on real teeth.

Although VR simulation may require an initial
investment in terms of software, costs must be
balanced against those of traditional training.
Nevertheless, VR training is becoming an attractive
option as it requires little running cost; once bought,
these devices are always available for use and allow
for repeatable skills training. The limitation of this
work is that students interact with a 3D model of a
single tooth that is reconstructed from micro-CT
images. It would be useful to incorporate more
virtual environments of the whole clinical setting
by using a head-mounted display to get true 3D and,
especially, hand-tool alignment. More work should

be done to incorporate outcome scoring and video
feedback to show where errors occur in the proce-
dure.

CONCLUSIONS

The initial results from developing a multilayered
caries model and visuo-tactile VR simulator for
minimally invasive caries-removal training are very
encouraging. Training on a VR simulator and
conventional extracted teeth had equivalent effects
in improving minimally invasive caries-removal
performance. This simulator, with further refine-
ment, has excellent potential to benefit the mini-
mally invasive approach.
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