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Abstract
IntroductionĹ VirtuaѴ reaѴity ŐVRő dentaѴ simuѴators are gaining momentum as a usefuѴ 
tooѴ to educate dentaѴ studentsĺ To dateķ no VR dentaѴ simuѴator exercise has been 
designed which is capabѴe of reѴiabѴy providing vaѴidatedķ meaningfuѴ cѴinicaѴ feed-

back to dentaѴ studentsĺ This study aims to measure the concurrent vaѴidity of the as-

sessment and the provision of quaѴitative feedbackķ pertaining to cavity preparations 
by VR dentaѴ simuѴatorsĺ
MethodsĹ A cavity preparation exercise was created on a VR dentaѴ simuѴatorķ and 
assessment criteria for cavity preparations were deveѴopedĺ The exercise was per-
formed ƐƏ times in order to demonstrate a range of performancesķ and for eachķ 
the simuѴator feedback was recordedĺ The exercises were subsequentѴy threeŊdimen-

sionaѴѴy printedķ and ƐƑ cѴinicaѴ teachers were asked to assess the preparations ac-

cording to the same criteriaĺ InterŊrater reѴiabiѴity ŐIRRő between cѴinicaѴ teachers was 
measured using a freeŊmarginaѴ muѴtirater kappa vaѴueĺ CѴinicaѴ teacher assessment 
responses were compared with the VR simuѴator responses and percentage agree-

ments caѴcuѴatedĺ
ResuѴtsĹ IRR vaѴues for each exercise ranged from ƏĺƒƖ to Əĺƕƕ ŐѵƖĺƒƖѷŊѶѶĺƓѶѷőĺ The 
assessment of smoothness Őκfree ƏĺƔѶķ ƕѶĺƕƖѷő and abiѴity to foѴѴow the outѴine Őκfree 
ƏĺƔѵķ ƕƕĺѶѶѷő demonstrated highest agreement between cѴinicaѴ teachersķ whiѴst the 
assessment of undercut Őκfree ƏĺƐƔķ ƔƕĺƔѶѷő and depth Őκfree ƏĺƑѶķ ѵƓĺƏƖѷő had the 
Ѵowest agreementĺ The modaѴ percentage agreement between cѴinicaѴ teachers and 
the VR simuѴator wasķ on averageķ ƕѶѷ across aѴѴ exercisesĺ
ConcѴusionĹ The resuѴts of this study demonstrate that it is possibѴe to provide reѴi-
abѴe and cѴinicaѴѴy reѴevant quaѴitative feedback via a VR dentaѴ simuѴatorĺ Further 
research shouѴd Ѵook to empѴoy this technique across a broader range of exercises 
that heѴp to deveѴop other compѴex operative dentaѴ skiѴѴsĺ
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ƐՊ |ՊINTRODUC TION

DentaѴ students must be capabѴe of carrying out basic operative 
dentaѴ procedures prior to treating reaѴ patients safeѴy and effec-

tiveѴyĺƐķƑ Many of these skiѴѴs are compѴex to Ѵearnķ invoѴving the 
acquisition and appѴication of knowѴedge and the deveѴopment of 
fine motor skiѴѴsĺ PreŊcѴinicaѴ operative dentaѴ training is commonѴy 
carried out within a cѴinicaѴ skiѴѴs Ѵaboratory and within Europeĸ the 
vast majority of these are equipped with mechanicaѴ patient simu-

Ѵatorsķ commonѴy referred to as ľphantom headsĿĺƒ These phantom 
heads exist typicaѴѴy as repѴicas of a human head and torsoķ fitted 
with jaws that contain either extracted human or pѴastic typodont 
teethĺ Phantom heads are used as a basis for both teaching and 
assessing the necessary operative techniques in order to demon-

strate that students are safe to progress to treat patientsĺ Despite 
the ubiquitous nature of the cѴinicaѴ skiѴѴs Ѵaboratoryķ the construct 
is resourceŊintensiveķ in terms of timeķ staffingķ restorative mate-

riaѴs and tooth substratesĺƓ

In dentistryķ virtuaѴ reaѴity ŐVRő simuѴators are computerŊbased 
systems that attempt to recreate aspects of the reaѴ worѴd and often 
incorporate physicaѴ interactivity through haptic technoѴogy that 
provides tactiѴe force feedback to the userĺ VR simuѴators have been 
successfuѴѴy empѴoyed in the Ѵearning of highŊrisk procedures in avia-

tion and surgeryĺƔķѵ These systems are gaining momentum as a usefuѴ 
tooѴ to educate dentaѴ studentsĺƕķѶ The reported advantages of VR 
simuѴation in dentaѴ education incѴude 9-11:

Ŏ The potentiaѴ to provide iterative and unѴimited practicaѴ Ѵearning
Ŏ GreatѴy reduced overheads for resource consumabѴes and teach-

ing staff
Ŏ Immediateķ objective feedback
Ŏ The abiѴity to create taiѴored and standardised exercises

It is cѴear that VR simuѴators have the potentiaѴ to compѴement 
traditionaѴ teaching methods in preŊcѴinicaѴ operative skiѴѴs trainingĺ 
Howeverķ it is important to recognise that VR simuѴators need to 
be supported by weѴѴŊdefined and cѴear pedagogic vaѴues in order 
to maximise their utiѴityŌand this incѴudes vaѴidated approaches to 
assessmentĺƐƑķƐƒ

ƐĺƐՊ|ՊThe vaѴidity of VR systems

VaѴidity can be defined as ľthe extent to which an assessment in-

strument measures what it was designed to measureĿĺƐƓ Different 
aspects of vaѴidity can be demonstrated through objective Őcon-

structķ concurrent and predictive vaѴidityő or subjective Őface and 
content vaѴidityő meansĺ15 Most of the Ѵiterature that attempts to 
estabѴish the vaѴidity of VR dentaѴ simuѴator feedback cѴaims to es-

tabѴish construct vaѴidityķ by comparing the assessment of the per-
formance of experts and novicesĺƐƐķƐѵŊƐѶ Most oftenķ this invoѴves 
comparison of singѴe criterion dataķ aѴthough it is argued that a 
number of different sources of evidence are required in order to 

demonstrate and estabѴish construct vaѴidityĺ19-21 Other studies 
have attempted to estabѴish the predictive vaѴidity of their simuѴa-

tor feedback by comparing student performance with a VR simuѴa-

tor andķ subsequentѴyķ after a time Ѵagķ with traditionaѴ preŊcѴinicaѴ 
course performanceĺƑƑķƑƒ

To dateķ there is no pubѴished research that attempts to vaѴidate 
simuѴator feedback for an exercise by comparing it to an externaѴѴy 
vaѴidated measure of the same performanceĺ This is known as con-

current vaѴidity and wouѴd invoѴve comparing simuѴator feedback to 
that of a trained cѴinicaѴ tutorĺ A ѴikeѴy reason for this Ѵack of research 
is that aѴѴ of the pubѴished assessment methods in VR dentaѴ sim-

uѴators are quantitative in natureĺƓķƖķƐƐķƐѵŊƐѶķƑƒķƑƓ The exercises that 
have been deveѴoped for dentaѴ education typicaѴѴy invoѴve either 
the preparation of various geometric shapes ƐѵķƐѶķƑƒķƑƓ or operative 
procedures on teethĺƓķƖķƐƐķƐƕķƑƑķƑƔķƑѵ This quantitative feedback typi-
caѴѴy provides the user with a score that is based on the amount of 
the target materiaѴ removedķ the amount of surrounding ŐnonŊtargető 
materiaѴ removed and the time taken to compѴete the exerciseĺ

Quantitative feedback is often considered advanta-

geousķƓķƖķƐѶķƑѵķƑƕ primariѴy due to the objectivity that it providesĺ 
Howeverķ the true usefuѴness of this quantitative feedback is ques-

tionabѴe as the scoring modeѴ is not truѴy refѴective of the task or 
domain structure itseѴfĺ For exampѴeķ the presentation of a coѴoured 
region of tissue to be removed provides a cѴear indication of what is 
expected within the exerciseŌaѴthough the score does not reveaѴ if a 
good performance is as a resuѴt of a sound understanding of the prin-

cipѴes of cavity design or simpѴy the operator having a steady handĺ 
This is known as constructŊirreѴevant easinessĺ21 In cѴinicaѴ settingsķ 
students receive qualitative feedback on their performanceķ which 
shouѴd be meaningfuѴ and actionabѴe to support students in improv-

ing their performanceĺ ExampѴes of such feedback for an occѴusaѴ 
cavity may incѴude handpiece controѴķ depth of the preparation and 
fѴatness of the fѴoor of the preparationĺ28

Despite muѴtipѴe caѴѴs for feedback to conform with that given by 
dentaѴ educators in cѴinicaѴ settingsķƐƐķƐѶ to date no VR dentaѴ sim-

uѴator exercise has been designed which is capabѴe of reѴiabѴy pro-

viding this meaningfuѴ cѴinicaѴ feedbackĺ This sentiment is echoed 
by Bakr 29 and Rhienmora.Ɠ In reaѴityķ designing VR software that 
provides quaѴitative cѴinicaѴѴy reѴevant feedback is undoubtedѴy 
extremeѴy compѴicatedķ and this may be the primary reason for its 
underdeveѴopmentĺ

ƑՊ |ՊAIMS

This study aims toĹ

Ŏ Introduce a noveѴ process for measuring aspects of the vaѴidity of 
the assessment provided by VR dentaѴ simuѴators

Ŏ Demonstrate a proof of concept for the provision of quaѴitative 
cѴinicaѴ feedback with VR dentaѴ simuѴators

Ŏ Demonstrate the concurrent vaѴidity of the VR dentaѴ simuѴator 
feedback by comparing it with that obtained from cѴinicaѴ tutors
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ƒՊ |ՊMETHODS

A visuaѴ outѴine of the methods is presented in Figure Ɛĺ An exercise 
that focussed on the essentiaѴ features of occѴusaѴ cavity prepara-

tions was conceptuaѴised by the authors and deveѴoped for use on 
a Virteasy dentaѴ simuѴator by HRV ŐChang࣐ķ Franceőĺ The exercise 
consisted of a bѴock of materiaѴ having a simuѴated density simiѴar to 
human enameѴ and had a straightŊѴine tempѴate on its surfaceĺ Users 
were asked to prepare a cavity of Ƒmm depthķ with maximum under-
cutķ that foѴѴowed the Ѵineĺ The instruments avaiѴabѴe for the exercise 
consisted of a highŊspeed dentaѴ handpieceķ a pearŊshaped diamond 
bur and a dentaѴ probeĺ A screenshot of the exercise can be seen in 
Figure Ƒĺ

ƒĺƐՊ|ՊAssessment criteria and feedback statements

Objective and quaѴitative criteria for assessing the preparation were ob-

tained from existing pubѴished teaching materiaѴĺƑѶķƒƏ These criteria were 
combined with a range of feedback statements derived from pubѴished 
teaching materiaѴƑѶķƒƏ and the expert opinions of experienced senior 
cѴinicaѴ teaching staff within the SchooѴ of CѴinicaѴ Dentistryķ University 
of SheffieѴdķ UKĺ The quaѴitative assessment criteria and associated 
feedback statements can be seen in TabѴes Ɛ and Ƒķ respectiveѴyĺ

ƒĺƑՊ|ՊDeveѴopment and testing of the 
assessment and feedback

Software modifications were made to the Virteasy simuѴator to en-

abѴe it to make judgements about each of the quaѴitative assessment 
criteria based on user performance on the exerciseĺ This invoѴved 
empiricaѴ refinement of mathematicaѴ ruѴes and threshoѴds based on 
user motions and handpiece anguѴation untiѴ the simuѴator anaѴysis 
was aѴigned with each of the quaѴitative assessment criteriaĺ The 
methods of caѴcuѴation that the simuѴator empѴoyed for each quaѴita-

tive assessment criteria are summarised in TabѴe ƒĺ Based on the out-
put of these measurementsķ threshoѴd vaѴues were set to determine 
a ľyesĿ or ľnoĿ judgement for each criteriaĺ This aѴѴowed the simuѴa-

tor software to quantitativeѴy assess a preparation and yet provide 
quaѴitative feedback statements to the userĺ

Once these methods of caѴcuѴation were estabѴished and the 
exercise was abѴe to provide quaѴitative statements across the five 
assessment criteriaķ a period of testing was undertaken to ensure 
the simuѴator aѴways provided the expected feedbackĺ This testing 
invoѴved the repetitive assessment of preparations of varying quaѴity 
and a comparison between the cѴinicianŝs judgement of the prepara-

tion and that provided by the simuѴatorĺ The threshoѴd for each of 
the methods of caѴcuѴation was modified untiѴ the simuѴator anaѴysis 
was aѴigned with expected cѴinicaѴ feedbackķ as agreed by the cѴinicaѴ 
members of the project team ŐJDķ JFķ NMőĺ

ƒĺƒՊ|ՊThe deѴivery of feedback

Once the exercise is compѴetedķ users are asked to criticaѴѴy appraise their 
own work across the Ɣ cavity features ŐTabѴe Ɛķ Figure Ɠőĺ The simuѴator 
then deѴivers its assessment of the actuaѴ performance aѴong with any nec-

essary recommendations for improving the performance Őadvice state-

ments in TabѴe Ƒő aѴongside the userŝs assessment of their own workĺ This 
shouѴd encourage criticaѴ refѴection about any discrepancies in the userŝs 
perceived performance and the objective assessment of the simuѴatorĺ

ƒĺƒĺƐՊ|ՊThe vaѴidation procedure

To estabѴish the concurrent vaѴidity of the assessment provided by 
the simuѴatorķ the obtained quaѴitative statements were compared F I G U R E  Ɛ Պ OutѴine of the methodoѴogy
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to cѴinicaѴ teachersĽ assessment of the same preparations Őas the 
standardőĺ A series of ƐƏ attempts at the exercise were produced 
by the project cѴinicaѴ skiѴѴs Ѵead ŐJDő in order to specificaѴѴy dem-

onstrate a range of good and bad performances based on the 
identified assessment criteria presented in TabѴe Ɛĺ A combina-

tion of preparation errors was prescribed across the ƐƏ exercises 
ŐTabѴe Ɠőĺ For each of these ƐƏ exercise attempts ŐAŊJőķ the simuѴa-

torŝs assessment Őyes or noő for each of the Ɣ assessment criteria 
was recordedĺ

ConcurrentѴyķ the ƐƏ exercise attempts were exported in ste-

reoѴithography ŐSTLő format and threeŊdimensionaѴѴy ŐƒDő printed 
in the same dimensions using a stereoѴithography ŐSLAő ƒD printer 
ŐForm ƑŌFormѴabsķ SomerviѴѴeķ Massachusettsķ USAőĺ A separate 
overѴay tempѴate showing the correct position of the straight Ѵine 
was printed in cѴear resin to faciѴitate assessment of the userŝs abiѴity 
to foѴѴow the outѴineĺ An exampѴe of the ƒD printed modeѴs can be 
seen in Figure ƒĺ

ƒĺƓՊ|ՊData coѴѴection

In order to assess the ƒD printed modeѴsķ assessors were equipped 
with a straight probe and magnification as per individuaѴ routine 
practiceķ pѴus the transparent position tempѴateĺ

TweѴve cѴinicaѴ teachers were asked to assess each preparationķ 
based on the same criteria as the VR simuѴator ŐTabѴe Ɛőĺ The cѴinicaѴ 
teacherŝs assessments were bѴinded from the VR simuѴator assess-

ment scoresķ and the project cѴinicaѴ skiѴѴs Ѵead ŐJDőķ who produced 
the preparationsķ did not assess the preparationsĺ

ƒĺƔՊ|ՊStatisticaѴ AnaѴysis

The interŊrater reѴiabiѴity ŐIRRő for assessment scores between the 
cѴinicaѴ teachers determined by measuring a freeŊmarginaѴ muѴtirater 
Kappa vaѴueķ as described by RandoѴphĺƒƐ This test was chosen to ac-

count for the fact that examiner distributions of scores into categories 
were not restrictedĺ The IRR was caѴcuѴated per exercise and for each 
assessed criteria Őcavity featureőĺ Exercises that demonstrated Ѵow 
Ő<Əĺƒő freeŊmarginaѴ muѴtirater kappa scores for IRR were excѴuded 
from further agreement anaѴyses with the VR simuѴator scoresĺ

In order to vaѴidate the VR simuѴator feedbackķ pooѴed cѴinicaѴ 
teacher assessment responses were compared with the VR simuѴator 
responses and percentage agreements were caѴcuѴatedĺ The mode of 
cѴinicaѴ teacher responses for each assessment criteria for each ex-

ercise was aѴso caѴcuѴatedĺ This aѴѴowed for comparison between the 
ľaverageĿ cѴinicaѴ teacher and the VR simuѴator assessments through 
percentage agreementsĺ

F I G U R E  Ƒ Պ A screenshot of the 
exercise with a highŊspeed dentaѴ 
handpiece and a pearŊshaped diamond 
burķ on a Virteasy simuѴator ŐHRVķ 
Chang࣐ő

F I G U R E  ƒ Պ Some exampѴes of the ƒD 
printed exercises
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ƓՊ |ՊRESULTS

The IRR per exerciseķ caѴcuѴated as the freeŊmarginaѴ muѴtirater kappa 
and the percentage of interŊrater ŐIRő agreementķ can be seen in TabѴe Ɣĺ 
The IRR for two exercises ŐCķDő feѴѴ beѴow the ƏĺƒƏ κfree score threshoѴd 
and was subsequentѴy removed from further anaѴysesĺ The κfree vaѴues 
for the remaining exercises ranged from Əĺƒƒ to Əĺƕƕķ with the percent-
age agreement ranging from ѵѵĺƒѵѷ to ѶѶĺƓѶѷĺ

The IRR per assessment criteria Őcavity featureőķ caѴcuѴated as 
the freeŊmarginaѴ muѴtirater kappa and the percentage of interŊrater 
agreementķ can be seen in TabѴe ѵĺ The κfree vaѴues for the assessment 
criteria ranged from ƏĺƐƔ to ƏĺƔѶķ with the percentage agreement 
ranging from ƔƕĺƔѶѷ to ƕѶĺƕƖѷĺ The assessment of smoothness 
of the preparation Őκfree ƏĺƔѶ ƕѶĺƕƖѷő and the abiѴity to foѴѴow the 
outѴine Őκfree ƏĺƔѵķ ƕƕĺѶѶѷő demonstrated the highest agreement 
between cѴinicaѴ teachersķ whiѴst the assessment of undercut Őκfree 

ƏĺƐƔķ ƔƕĺƔѶѷő and depth Őκfree ƏĺƑѶķ ѵƓĺƏƖѷő demonstrated the Ѵow-

est agreement between cѴinicaѴ teachersĺ
The degree to which the pooѴed cѴinicaѴ teacher assessments 

agreed with the VR simuѴatorŝs assessment was then anaѴysedĺ 
This is reported as a percentage agreement with the simuѴatorķ per 
exercise ŐTabѴe ƕőĺ The percentage agreement of cѴinicaѴ teachers 
and the VR simuѴator ranged from ƓƏĺƏƏѷ to Ɩƒĺƒƒѷ depending 
on the exercise assessedķ with a mean score of ƕƏĺѶƒѷ agreement 
across aѴѴ exercisesĺ Exercises A and H demonstrated the high-

est agreement between cѴinicaѴ teachers and the VR simuѴatorķ 
with Ɩƒĺƒƒѷ and ѶƔѷ agreementķ respectiveѴyĺ Exercises F and 
I demonstrated the Ѵowest agreementķ with ƓѶĺƒƒѷ and ƓƏѷķ 
respectiveѴyĺ

Given that we expected a degree of variance in the cѴinicaѴ teach-

ersĽ responsesķ the modal response Őagree or disagreeő for each assess-

ment criteria and exercise was then compared to the VR simuѴator 
assessment ŐTabѴe Ѷőĺ These agreements ranged from ƑƏѷ to ƐƏƏѷ 
depending on the exerciseĺ The mean agreement across aѴѴ exercises 
was ƕƕĺƔѷĺ SimiѴar to the pooѴed dataķ exercises A ŐƐƏƏѷő and H ŐƐƏƏѷő 
demonstrated high agreementķ whiѴst exercises F ŐƓƏѷő and I ŐƑƏѷő 
demonstrated the Ѵowest agreement across the two assessorsĺ

ƔՊ |ՊDISCUSSION

CurrentѴyķ there is no pubѴished evidence that VR dentaѴ simuѴa-

tors are abѴe to provide vaѴidatedķ quaѴitative feedback in a man-

ner akin to that provided by dentaѴ educators in a cѴinicaѴ settingĺ 
WhiѴst there have been attempts to estabѴish the construct vaѴidity 
of VR dentaѴ simuѴators by comparing the performance of expert and 
novice dentaѴ professionaѴsķƐƐķƐѵŊƐѶ it is not cѴear how usefuѴ existing 
computerŊderived quantitative feedback is to studentsĺ Repetitive 
practicaѴ experience might resuѴt in improvements in the perfor-
mance of compѴeting a specific task as measured by objective crite-

riaŌin the same way that expert dentists might perform better than 
novicesĺ Howeverķ these taskŊspecific percentage scores are more a 

TA B L E  Ɛ Պ Cavity preparation assessment criteria and possibѴe 
assessor responses

QuaѴitative Assessment 
Criteria Assessor Responses

Does the preparation foѴѴow 
the prescribed outѴineĵ

YesĹ ľYour preparation foѴѴows 
the prescribed outѴineĿ

NoĹ ľYour preparation does not 
foѴѴow the prescribed outѴineĿ

Is the preparation an 
appropriate depthĵ

YesĹ ľYour preparation is an 
appropriate depthĿ

NoĹ ľYour preparation is an 
inappropriate depthĿ

Does the preparation have 
enough undercutĵ

YesĹ ľYour preparation has 
enough undercutĿ

NoĹ ľYour preparation has 
insufficient undercutĿ

Is the fѴoor of the preparation 
reѴativeѴy fѴatĵ

YesĹ ľThe fѴoor of your 
preparation is fѴatĿ

NoĹ ľThe fѴoor of your 
preparation is sѴopedĿ

Is the preparation smooth 
enoughĵ

YesĹ ľYour preparation is smoothĿ

NoĹ ľYour preparation is not 
smooth enoughĿ

TA B L E  Ƒ Պ Advice Ѵinked to each quaѴitative feedback outcome

QuaѴitative Feedback Advice statements

Your preparation 
does not foѴѴow the 
prescribed outѴine

Maintain a finger rest to have more 
controѴ of the handpiece

Position yourseѴf and the exercise bѴock 
correctѴy in order to have a cѴear vision 
of the bѴock and the handpiece

Donŝt revisit the preparation muѴtipѴe 
times

Your preparation is an 
inappropriate depth

Maintain a finger rest to have more 
controѴ of the handpiece

Ensure the bur is fuѴѴy seated in the bѴock 
and is not entered deeper than this

Your preparation does 
not have enough 
undercut

Ensure the bur is fuѴѴy seated into the 
bѴock

Minimise the number of entry and exit 
points Őone at each extreme of the Ѵineő

Ensure that the bur is aѴigned 
perpendicuѴar to the surface

The fѴoor of your 
preparation is sѴoped

Try to maintain the bur at a constant 
depth

Maintain a finger rest to have more 
controѴ of the handpiece

The preparation is not 
smooth enough

Try to maintain the bur at a constant 
depth

Maintain a finger rest to have more 
controѴ of the handpiece

Take care not to introduce the bur too 
deep
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measure of ľshape agreementķĿķ8 that is how weѴѴ the user can controѴ 
the handpieces to foѴѴow a predetermined patternĺ WhiѴst there may 
be a degree of demonstrabѴe correѴation with this approachķƐƐķƐѵŊƐѶķƑѵ 

this feedback does not reѴate or transѴate to other operative cѴinicaѴ 
tasks or refѴect the structuraѴ aspects of the construct domainĺ21

Carter ƒƑ argues that meaningfuѴ and cѴinicaѴѴy reѴevant feedback 
is a vitaѴ part of the Ѵearning processĺ Some exampѴes exist of VR 
exercises that provide feedback in reѴation to force appѴication and 
mirror position Ɛƕĸ howeverķ these are difficuѴt to standardise in a 
VR systemķ and the vaѴue of this feedback to Ѵearners is question-

abѴeĺ Insteadķ the authors wouѴd argue the need for more ľhumanĿ or 
ľcѴinicaѴ teacherŊstyѴeĿ feedback that more cѴoseѴy matches the feed-

back given within a reaѴ cѴinicaѴ environmentĺ Furtherķ this approach 
is more robust pedagogicaѴѴyĸ as it indicates to the user how they 
might improve and support seѴfŊassessment and refѴectionķ the im-

portance of this in improving cѴinicaѴ competence was demonstrated 
by de PeraѴta et al.ƒƒ

Other authors have used tutors to contribute to the assessment 
of criterion measurements of their simuѴatorsķƐƐķƒƓ by Ѵooking for 
independent corroborative evaѴuations of performanceĺ Howeverķ 
this paper presents the first exampѴe of estabѴishing a measure of 
externaѴ vaѴidity of a simuѴatorŝs feedback approach using the same 
criteria as used by the simuѴator itseѴfĺ The use of ƒD prints of the 
exercise attempts aѴѴowed the assessors to evaѴuate the perfor-
mances using the tooѴs and approaches that they wouѴd normaѴѴy 
use in a cѴinicaѴ settingĺ This faciѴitates a more authentic feedback 
process and mitigates against the confounding factors which might 
be caused by the differences between the VR environment and the 
real world.8

A high ѴeveѴ of agreement was demonstrated between cѴinicaѴ 
teachers and the simuѴator after removaѴ of two exercises that had 
Ѵow IRRĺ As it wouѴd not be appropriate to assess simuѴator agree-

ment with an exercise that a group of experienced dentaѴ educa-

tors couѴd not agree onķ a decision was made by the authors to 
remove exercises that had Ѵow IRR and a threshoѴd was set at < Əĺƒ 

freeŊmarginaѴ muѴtirater kappa scoreĺƒƔ The decision to remove these 
exercises from further anaѴyses was taken to ensure that these anaѴ-
yses were comparing the simuѴator assessment with cѴinicaѴ teachers 
that showed a fair to moderate ѴeveѴ of agreementĺ This point brings 
to Ѵight an unexpected ѴeveѴ of poor correѴation with some tasksķ a 
point that wiѴѴ require further investigation in the deveѴopment of 
these vaѴidation criteriaĺ After the removaѴ of exercises C and Dķ the 
freeŊmarginaѴ muѴtirater kappa scores for the IRR between cѴinicaѴ 
teachers demonstrated fair to moderate agreement at a minimumĺƒƔ

It is important to highѴight that cѴinicaѴ teachers who assessed 
the preparations did so in the manner of a routine cѴinicaѴ teaching 
assessment and were not specificaѴѴy caѴibrated to assess these ex-

ercisesĺ WhiѴst caѴibration of assessors may have Ѵed to an increased 
IRR across aѴѴ of the exercises and cavity featuresķ the authors feѴt 
that caѴibration for a routine operative dentaѴ exercise Őassessed 
against standardised featureső wouѴd not be representative of a 
routine assessment of operative skiѴѴsĺ Furthermoreķ a degree of 
variance is expected between cѴinicaѴ teachers even when assess-

ing preparations against objective criteriaķ and this phenomenon is 
reported by Seet et alƒѵĺ As suchķ we expected that obtaining high 
ѴeveѴs of agreement between the cѴinicians and the VR simuѴator 
wouѴd be chaѴѴengingĺ Despite thisķ the resuѴts demonstrated a mean 
agreement across aѴѴ exercises of ƕƕĺƔѷĺ

Higher than average Őover ѶƏѷő agreement between the cѴinicaѴ 
teachers and the simuѴator was obtained for exercises Aķ Bķ H and 
Jĺ InterestingѴyķ these exercises demonstrated the extremes of each 
set of criteriaĸ these resuѴts are expected and suggest that cѴinicaѴ 
teachers and simuѴators are more ѴikeѴy to agree when a preparation 
is more obviousѴy ľgoodĿ or ľbadĺĿ Exercises that showed the Ѵow-

est agreement between cѴinicaѴ teachers and the simuѴator ŐI and Fő 
demonstrated simiѴar errors with the preparationsĺ These consisted of 
the preparations being too deepķ having insufficient undercut and not 
being smooth enoughĺ This finding is in agreement with the IRR scores 
per cavity feature andķ anecdotaѴѴy with the authorsĽ experienceķ that 
depth and undercut appear to be the most chaѴѴenging of the criteria 

QuaѴitative Assessment Criteria
Objective computationaѴ methods 
empѴoyed

Does the preparation foѴѴow the prescribed 
outѴineĵ

Starting point accuracy
Average errorņdeviation from Ѵine
OneŊoff errorņdeviation from Ѵine

Is the preparation an appropriate depthĵ Average depth across preparation
SingѴe points exceeding depth threshoѴd

Does the preparation have enough undercutĵ Bur angѴe tangent and biŊtangent
Number of compѴete or partiaѴ bur 

withdrawaѴs
Depth of preparation beѴow ŐshaѴѴowerő 

depth threshoѴd of the bur

Is the fѴoor of the preparation reѴativeѴy fѴatĵ LeveѴ of incѴination of the Ѵine of best fit 
running through depth points of the 
preparation

Is the preparation smooth enoughĵ Standard deviation of depth vaѴues 
excѴuding entry and exit points

TA B L E  ƒ Պ The methods of caѴcuѴation 
for each quaѴitative assessment criteria
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to reѴiabѴy assessĺ The finding is aѴso in keeping with Seet et alƒѵ who 

reported that Ѵess obvious features of crown preparations Ősuch as 
occѴusaѴ reductionő resuѴted in Ѵower interŊrater agreement than fea-

tures that were more easiѴy assessed Ősuch as marginaѴ widthőĺ Hereķ 
the kappa vaѴues reported for IRR were significantѴy Ѵowerķ ranging 
from κ = ƏĺƐƏƒ ŐsѴight agreementő to κ = ƏĺƒƖƖ Őfair agreementőĺ The 
remaining exercises in this study ŐEķ Gő showed strong agreement 
and incidentaѴѴy onѴy contained one of the two chaѴѴenging criteria 
described above Őundercutőĺ FinaѴѴyķ the resuѴts suggest that it is the 
more borderѴine performances that resuѴt in greater disagreement be-

tween cѴinicaѴ teachersĺ This is aѴso expected and demonstrates the 
true vaѴue of the simuѴator scores in these casesŌin order to ensure 
consistent feedback is deѴivered to studentsĺ It aѴso highѴights the 
importance of the data anaѴysis threshoѴds that are set for exercise 
anaѴysis and feedbackĺ

The statisticaѴ methods used in this study were carefuѴѴy chosen 
to match a reѴativeѴy compѴex data setĺ A freeŊmarginaѴ muѴtirater 
kappa Őκfreeő was used to measure the IRR due to the number of as-

sessorsĸ the commonѴy used Cohenŝs kappa is onѴy designed for two 
ratersĺƒƔ The κfree was aѴso seѴected due to the compѴexity invoѴved 
in each assessors assessing aѴѴ five independent criteria Őcavity fea-

tureső per exerciseĺ When comparing cѴinicaѴ teacher and simuѴator 

F I G U R E  Ɠ Պ A screenshot of the seѴfŊ
assessment screen after compѴetion of 
the exerciseĺ The compѴeted exercise 
is shownķ and users must assess their 
preparation according to the five 
quaѴitative assessment criteria seen in 
Table 1

TA B L E  Ɠ Պ A Ѵist of the ƐƏ exercise attempts with their prescribed 
features in reѴation to the assessment criteria

Exercise 
Attempt

Prescribed Features in ReѴation to Assessment 
Criteria

A Preparation does not foѴѴow the prescribed outѴineķ 
too deepķ insufficient undercutķ sѴoped fѴoor and not 
smooth enough

B Appropriate across aѴѴ criteria

C Preparation does not foѴѴow prescribed outѴine

D Insufficient undercutķ sѴoped fѴoor and not smooth 
enough

E Preparation too shaѴѴowķ insufficient undercutķ sѴoped 
fѴoor

F Preparation too deepķ insufficient undercutķ not 
smooth enough

G Preparation does not foѴѴow the prescribed outѴineķ 
insufficient undercut

H Appropriate across aѴѴ criteria

I Preparation too deepķ insufficient undercutķ not 
smooth enough

J Appropriate across aѴѴ criteria

TA B L E  Ɣ Պ IRR ŐfreeŊmarginaѴ muѴtirater kappaŌκfreeő and the 
percentage of IR agreement for each exerciseķ rated by ƐƑ cѴinicaѴ 
teachersĺ Exercises faѴѴing beѴow the minimum IRR ŐƏĺƒƏő are 
highѴighted

Exercise Attempt κfree ƖƔѷ CI ѷ IR agreement

A Əĺƕƕ ƏĺƓѵķ ƐĺƏƏ ѶѶĺƓѶ

B ƏĺƒƖ ƏĺƐƓķ ƏĺѵƓ ѵƖĺƒƖ

C ƏĺƑѵ ƏĺƏѶķ ƏĺƓƓ ѵƒĺƏƒ

D ƏĺƏƓ ƴƏĺƏƒķƏĺƐƑ 52.12

E ƏĺƔƓ ƏĺƑƒķ ƏĺѶƔ ƕѵĺƖƕ

F ƏĺƔƓ ƏĺƑƒķ ƏĺѶƔ ƕѵĺƖƕ

G ƏĺƓƏ ƏĺƏѶķ ƏĺƕƑ ƕƏĺƏƏ

H ƏĺƓƕ ƏĺƑķ ƏĺƕƓ ƕƒĺѵƓ

I Əĺƒƕ ƏĺƏƑķ ƏĺƕƑ ѵѶĺƓѶ

J Əĺƒƒ ƴƏĺƏƒķ ƏĺѵѶ ѵѵĺƒѵ

TA B L E  ѵ Պ IRR ŐfreeŊmarginaѴ muѴtirater kappaŌκfreeő and the 
percentage of IR agreement for each cavity featureķ rated by ƐƑ 
cѴinicaѴ teachers

Assessment Criteria κfree ƖƔѷ CI ѷ IR agreement

OutѴine ƏĺƔѵ ƏĺƑƖķ ƏĺѶƒ ƕƕĺѶѶ

Depth 0.28 ƏĺƐƏķ ƏĺƓѵ ѵƓĺƏƖ

Undercut 0.15 ƏĺƐƐķ ƏĺƐƖ ƔƕĺƔѶ

FѴat fѴoor ƏĺƓѵ ƏĺƑѶķ ƏĺѵƔ ƕƒĺƐѶ

Smooth 0.58 ƏĺƒƓķ ƏĺѶƐ ƕѶĺƕƖ
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agreementsķ the use of percentage agreement is a suitabѴe testŌand 
it is particuѴarѴy usefuѴ when the responses are Ѵimited to two vaѴues 
Őyes or noőĺƒƔ

WhiѴst the resuѴts of this study are very promising in terms of 
showing that a simuѴator can generate cѴinicaѴѴy reѴevant feedback 
based on assessment criteria comparabѴe to those used by a tutorķ 
this noveѴ method of assessment and feedback is currentѴy Ѵimited to 
a singѴe simpѴe exerciseŌas suchķ further research must Ѵook to em-

pѴoy this technique across a broader range of exercises that heѴp to 
deveѴop other compѴex operative dentaѴ skiѴѴsĺ This method of objec-

tive quaѴitative assessment and feedback wiѴѴ be of particuѴar vaѴue 
in reѴation to feedback criteria that typicaѴѴy generate Ѵow tutor IRRĺ

This proofŊofŊconcept study has demonstrated that cѴinicaѴѴy 
reѴevantķ qualitative feedback is possibѴe with VR dentaѴ simuѴatorsĺ 
This was achieved by estabѴishing assessment criteria and corre-

sponding quaѴitative feedback statements for dentaѴ operative skiѴѴs 
exercisesķ Ѵinking them to measurements on computer systems and 
subsequentѴy comparing the assessment given by the simuѴator with 
dentaѴ cѴinicaѴ teachersĺ The resuѴts of this study demonstrated a 
high ѴeveѴ of agreement between cѴinicaѴ teacher assessment and 
that provided by the VR dentaѴ simuѴatorĺ This suggests thatķ for the 
exercise usedķ it is possibѴe for simuѴators to reѴiabѴy assess and pro-

vide vaѴidķ meaningfuѴ and quaѴitative feedback to students on their 
performanceĺ

ѵՊ |ՊCONCLUSION

The resuѴts of this study demonstrate that it is possibѴe to provide 
reѴiabѴe and cѴinicaѴѴy reѴevant quaѴitative feedback via a VR dentaѴ 
simuѴatorĺ These findings provide a proof of concept for the concur-
rent vaѴidity of VR dentaѴ simuѴator assessment by comparing it to 
dentaѴ educator assessmentĺ Further research shouѴd Ѵook to empѴoy 
this technique across a broader range of exercises that heѴp to de-

veѴop other compѴex operative dentaѴ skiѴѴsĺ
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