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Summary  Forensic  odontologists  use  biological  patterns  to  estimate  chronological  age  for  the
judicial system.  The  age  of  majority  is  a  legally  significant  period  with  a  limited  set  of  reliable
oral landmarks.  Currently,  experts  rely  on  the  questionable  development  of  third  molars  to
assess whether  litigants  can  be  prosecuted  as  legal  adults.  Identification  of  new  and  novel
patterns  may  illuminate  features  more  dependably  indicative  of  chronological  age,  which  have,
until now,  remained  unseen.  Unfortunately,  biased  perceptions  and  limited  cognitive  capacity
compromise  the  ability  of  researchers  to  notice  new  patterns.  The  present  study  demonstrates
how artificial  intelligence  can  break  through  identification  barriers  and  generate  new  estimation
modalities.  A  convolutional  neural  network  was  trained  with  4003  panoramic-radiographs  to  sort
subjects  into  ‘under-18’  and  ‘over-18’  age  categories.  The  resultant  architecture  identified
Convolutional  neural
network

legal adults  with  a  high  predictive  accuracy  equally  balanced  between  precision,  specificity
and recall.  Moving  forward,  AI-based  methods  could  improve  courtroom  efficiency,  stand  as
automated  assessment  methods  and  contribute  to  our  understanding  of  biological  ageing.
© 2023  Les  Auteurs.  Publié  par  Elsevier  Masson  SAS.  Cet  article  est  publié  en  Open  Access  sous
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inking  plain-text  inputs  to  coded-outputs  [1].  In  1932,
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ejewski  used  known  phrases  in  German  correspondence  to
everse-engineer  algorithms  generated  by  the  enigma  cipher
2].  Forensic-Odontologists;  specialists  who  apply  dental
nowledge  to  judicial  problems  [3],  see  teeth  the  same  way

ryptologists  viewed  the  enigma  code  [4].  They  search  for
atterns  in  oral  anatomy,  which  are  consistently  indicative
f  desired  unknowns  [5].  Unfortunately,  detection  of  new
nd  novel  patterns  has  a high  threshold  for  generation.  The
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istory  of  Forensic-Odontology  is  characterised  by  arduous
reakthroughs  followed  by  rapid  propagation,  refinement
nd  adaptation  once  initial  activation-energies  are  supplied.

In  1847,  Saunders  went  through  great  lengths  to  refute
he  contemporarily  used  indicators  of  age  [6].  He  noted  that
[height  may  be  checked  (.  .  .) puberty  retarded  (.  .  .) but  the
eeth,  as  if  belonging  to  another  and  separate  economy’  are
table  indicators  of  age.  This,  in  the  wake  of  the  Factories
ct  legislation  [7],  was  the  ‘pattern’  investigators  needed
o  identify  underage  workers  [8].

Subsequent  research  validated  Saunders’  claims  [9]. Den-
al  development  is  largely  immune  to  environmental  factors
10]  and,  as  such,  is  a  useful  indicator  of  developmen-
al  time  [11].  Once  identified,  this  pattern  was  expanded
ith  accelerating  rapidity.  Logan  and  Kronfield  [12]  divi-
ed  tooth-formation  into  broad  developmental  stages  which
ere  condensed  by  Nolla  [13],  regressively  correlated  with
ge  by  Demirjian  [14]  and  then  displayed  as  a  reference  atlas
y  AlQahtani,  Hector  and  Liversidge  [15].

In  1944,  another  floodgate  opened  when  Gustafson  iden-
ified  pulp-cavity  size  as  an  indicator  of  chronological  age
16].  Such  a  pattern  was  especially  useful  as  pulp-regression
ontinues  after  developmental  correlates  cease.  This  new
dea  was  later  improved  upon  by  Kvall  et  al.  [17]. Their
995  method  used  radio-observable  pulp  dimensions  alone
o  estimate  age,  effectively  allowing  Gustafson’s  idea  to
e  implemented  in  a  non-invasive  manner.  Contemporary
esearch  now  aims  to  advance  this  method  further  by  adap-
ing  it  to  three-dimensional  imaging  modalities  [18].

he  problem

he  American  Board  of  Forensic  Odontology  (ABFO)  clas-
ifies  all  post-natal  subjects  into  three  age  intervals  [19].
he  Infant  or  Child  category  begins  at  the  time  of  birth  and
oncludes  with  exfoliation  of  the  final  primary  tooth.  This  is

 period  of  significant  development  [15]with  high  numbers  of
ndependently  maturing  variables  facilitating  more  precise
ge  estimates  [20].  By  contrast,  the  adult  category  exhi-
its  no  development  and  is  instead  assessed  by  measuring
egressive  change  [21].

An  intermediate  stage:  the  Adolescent  age  interval,
onnects  these  two  extremes  and  is  currently  only  asses-
able  by  evaluating  third-molar  development  [22].  These
eeth,  when  present,  are  highly  morphologically  and  chrono-
ogically  variable  [23].  For  this  reason,  their  use  has  proven
ontentious  in  the  literature  [24].  Nevertheless,  the  impor-
ance  of  the  adolescent  age  range,  which  includes  transition
o  the  age  of  legal  majority  [25],  has  secured  dependence  on
hird-molar  assessment  by  neccesity.  Identification  of  new
nd  novel  patterns  may  illuminate  features  more  depen-
ably  indicative  of  chronological  age  which  have,  until
ow,  remained  unseen.  By  increasing  the  diversity  of  avai-
able  methods,  professionals  will  also  be  better  equipped
o  follow  the  ABFO’s  guidance  to  use  ‘multiple  independent
tatistical  methodologies’  to  obviate  insufficiencies  within
ndividual  methods  [26,27]  and  bridge  the  variable  discon-

ect  between  biological  and  chronological  aging  [28].

The  core  issue  is  that  human  investigators  operate  with
imited  neural  hardware  [29].  Restraints  in  nervous  or  sen-
ory  capacity  [30],  slow  cognitive  efficiency  [31]  and  biased
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erception  [32,33]  all  hinder  the  ability  of  researchers  to
otice  biological  patterns,  which  may  otherwise  be  useful
or  inferring  chronological  age  [34].  This  renders  progression
n  the  field  slow  and,  at  times,  ineffectual.  The  war-
ime  codebreakers  overcame  this  problem  by  turning  to
roto-computers;  catalysts,  which  sidestepped  the  time  and
nergy  demands  for  pattern  identification  [1].  Modern  odon-
ologists  may  benefit  from  using  artificial  intelligence  to
reak  through  similar  barriers.

achine  learning

onvolutional  neural  networks  (CNNs)  are  machine-learning
ystems  [35],  which  have  been  well  validated  in  the  medi-
al  literature  [36].  They  convert  input  images  to  numerical
rid  systems  called  ‘tensor-maps’  which  encode  colour  and
hade  information  on  a  pixel-by-pixel  basis  [37].  Kernel
re  randomly  generated  sequence  identifiers  whose  func-
ion  approximates  a  physical  lens  filter  [38]. Colour  filters
nly  allow  self-similar  wavelengths  to  reach  a  camera  sensor
39].  In  the  same  manner,  kernels  move  over  tensor  maps  and
xclusively  extract  information  concordant  with  their  tar-
et  patterns[40] (Fig.  1).  Each  kernel  retains  the  extracted
nformation  in  a  separate  ‘feature-map’  [41].  The  deterctor
umber,  magnitude  and  moving  distance  are  hyperparame-
ers  pre-assigned  with  the  intention  of  balancing  desired
esolution  with  computational  demand  [42—44].  Stochastic
nception  of  these  pattern-finders  [45]  allows  identification
f  features  from  the  raw  data  itself,  which  may  not  have
therwise  been  considered  by  human  researchers.

A  subsequent  layer:  apply  termed  the  ‘pooling-layer’,
ownsamples  feature  maps  in  preparation  for  collation  into

 single  image  [46].  Pooling  eliminates  outlier  elements,
ondenses  features  into  their  core  patterns  and  simplifies
ata  to  be  more  easily  unified  [46].  By  reducing  image
imensions,  pooling  layers  also  modulate  the  fields  of  view
or  future  kernels,  allowing  pattern  detection  on  multiple
cales  [47]. Integration  is  then  performed  by  a  ‘fully-
onnected  layer’  [48].

Forward  propagation  through  the  resultant  model  gene-
ates  estimates  and  backpropagation  uses  known  answers
o  evaluate  the  effectiveness  of  the  patterns  linking  inputs
o  outputs  [49].  In  2020,  Rajkumar  supplied  their  network
ith  ‘answers’  in  the  form  of  gold-standard  feature  anno-

ations  [50] and  in  2022  Franco  et  al.  achieved  the  same  by
ncoding  input  images  with  known  numerical  values  [51].
ltimately,  backpropagation  acts  as  a  selective  pressure.
andomly  generated  kernels  which  do  not  contribute  to
ccurate  estimates  are  culled  and  useful  kernels  are  retai-
ed  in  a  cyber-Darwinian  manner.  Retained  filters  are  then
eighted  to  calibrate  results  until  they  are  commiserate
ith  the  expert  annotation  or  ground-truth  [52].  This  pro-
ess  is  known  as  ‘training’  the  system.

Theoretically,  architectures  with  kernels  generated
from-scratch’  allow  networks  to  develop  more  problem-
pecific  topologies  [53].  However,  studies  have  demonstra-
ed  improvements  upwards  of  11.0%  estimation-accuracy

hen  implementating  pre-generated  kernels  [51].  This

transfer-learning’  helps  by  overcoming  hardware  limita-
ions  [54,55].  Pre-established  filters,  regardless  of  their
rained  intentions,  may  still  be  generalisable  to  alternative
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Figure  1  Figure  illustrating  the  simplified  pattern  extraction  and  refinement  process  for  a  convolutional  neural  network  designed
to estimate  age  from  dental  radiographic  data.  Hypothetical  kernels  labelled  A  through  D  are  randomly  generated  during  training.
Each kernel  extracts  information  from  the  ’tensor  map’  to  form  a  ‘Feature  Map’  which  down  samples  into  a  ‘Pooled  Image’.  These
patterns are  used  to  generate  a  final  ‘Output  Estimate’  for  the  age  of  the  subject.  Comparison  with  the  known  input  allows  patterns
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o be  weighted  to  optimise  the  final  estimate.  Retained  patterns
fter training.

ims  and,  if  unhelpful,  can  be  rapidly  tested  and  exclu-
ed.  This  sidesteps  the  computational  demand  for  random
eneration.

linical  application  of  artificial  intelligence

NNs  have  demonstrated  promising  utility  for  clinical  den-
istry.  In  2021,  Lian  et  al.  trained  a  deep  learning  program
ith  1160  panoramic  radiographs  to  identify  and  classify
arious  lesions  according  to  depth  [56].  Scwendicke  et  al.
eviewed  thirty-six  publications  focusing  on  similar  appli-
ation  of  machine-vision  to  clinical  problems  [57].  Most
tudies  resulted  in  substantial  concordance  between  expert
pinion  and  artificial  determinations.  In  2021,  Shen  et  al.
nnotated  748  panoramic-radiographs  to  emphasise  apical
penings  and  tooth-lengths  for  the  first  seven  teeth  in  the
hird-quadrant  [58].  A  neural  network  was  trained  to  mea-
ure  these  parameters,  apply  the  2006  Cameriere  et  al.
egressive  formula  [59]  and  derive  an  age-estimate.  The
esultant  estimates  outperformed  manual  application  of  the
ormula  by  expert  odontologists.  Another  study  used  a  pulp:
ooth  method  adapted  from  Kvaal  et  al.  [17].  Their  pro-
ram  was  trained  with  a  small  sample  of  300  radiographs  but
onetheless  generated  estimates  with  a  two-fold  reduction

n  mean-absolute-error  over  traditionally  gathered  results
60].  Together  these  studies  emphasise  the  capacity  for
achine  learning  to  improve  upon  already  existing  methods

f  age  estimation.

E

T
d

3

weightings  can  then  be  used  for  estimation  of  unknown  samples

Kim  et  al.  took  this  utility  further  [61,62].  They  provided
heir  network  with  a  1586  sample  of  ground-truth  age  labels
nd  annotated  first  molars.  The  authors  sought  to  determine
hether  the  network  could  reverse-engineer  a  viable  age
ssessment  method  from  these  limited  inputs  and  accurately
lassify  radiographs  into  broad  age  categories.  The  resultant
rchitecture  matched  panoramic-radiographs  to  age  cate-
ories  with  between  89.05%  and  90.27%  accuracy.  Analysis
f  the  relative  weightings  revealed  that  no  individual  tooth
ould  be  considered  ‘most  useful’  for  estimation.  Instead,

 multivariable  analysis,  which  differed  depending  on  age
ange,  individual  variability  and  output  groupings  was  used.

The  present  study  intended  to  train  a  CNN  to  estimate
hronological  age  from  panoramic  radiographs  and  assess
hether  the  resultant  software  was  sufficiently  accurate

o  delineate  between  subjects  above  or  below  the  proble-
atic  age  of  18  years.  The  network  was  oriented  with  a

igh  sample-size  of  panoramic  radiographs  annotated  spe-
ifically  with  third  molar  anatomy  but  ultimately  left  to
elf-generate  and  extract  patterns  from  the  raw  data.  This
ew  method  may  increase  estimation  efficiency,  reduce
bserver  bias  and  generate  novel  patterns  for  future  study.

aterial and methods
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f  Helsinki  [63].  Institutional  ethical  approval  was  granted
n  July  2021.  The  sample  was  derived  from  an  existing  medi-
al  database;  no  subjects  were  exposed  to  radiation  for
esearch  purposes  alone.  Open-source  software  was  used
nd  program  architectures  were  assessed  to  ensure  no  data
as  being  communicated  to  third  parties.  Subject  data  was
nonymised  as  an  additional  precaution.

he  sample

 sample  of  (n  =  4003)  digital  panoramic  radiographs  com-
osed  of  2149  female  and  1809  male  subjects  divided  in
pproximately  even  age  categories  between  eight  and  22.9
hronological  years  was  used  to  train  the  CNN.  Panoramic
adiographs  were  selected  as  they  are  the  most  abun-
antly  used  in  clinical  dentistry  and  are  resultantly  most
vailable  for  forensic  utility  [64].  The  sample  was  pro-
ured  from  the  central-western  region  of  Brazil.  Images
ere  pre-encoded  with  labels  for  chronological  age,  sex
nd  date  of  capture.  These  details  were  obscured  from
xperts  during  training  to  avoid  any  subconscious  impact
n  annotation-quality.  Images  without  corresponding  infor-
ation  were  excluded.  Images  with  significantly  displaced

r  supernumerary  teeth,  bone-deformation,  pathological
esions,  or  restorative  treatments  sufficient  to  interfere
ith  adequate  visualisation  of  the  dentition  were  similarly

emoved.

NN  model  used

he  DenseNet121  CNN  architecture  was  used  for  computa-
ion  [65].  A  2022  study  exploring  sex  determination,  with
imilar  parameters  to  the  present  analysis,  attributed  the
ighest  estimation  accuracy  to  this  model  [51].

reprocessing

ach  image  was  resized  to  224  by  224  pixels;  the  required
mage  size  for  Densenet121.  Images  were  manipulated  to
nsure  the  dentition  was  centred  and  to  avoid  any  geometric
istortion  or  photometric  nonlinearity.  The  resultant  files
ach  occupied  0.47  megabytes  of  storage.

ardware

he  CNN  was  implemented  using  custom  hardware  with  Intel
ore  i7-6800K  central  processing,  dual  Nvidia  GTX  Titan  Xp
2-gigabyte  graphics  processors  and  64  gigabytes  of  DDR4
AM.  The  system  was  running  the  Ubuntu  20.04  Linux  distri-
ution.  Algorithm  implementation  and  data  mapping  were
erformed  with  the  3.8.10  release  of  Python  [66]  and  models
ere  developed  with  TensorFlow  API  version  2.5  [67] and
eras  version  2.5  [68].

etwork  training
raining  was  achieved  by  supplying  the  program  with  known
ruth-labels  and  by  manual  annotation  with  V7-software
69].  Annotations  outlined  the  total  dentition,  the  left
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emisphere  and  left  mandibular  third-molar  for  each  radio-
raph.  The  third  quadrant  teeth  were  selected  according  to
ommon  convention  [70].  Contemporary  studies  have  shown
evelopmental  variation  between  quadrants  to  be  asym-
etric  but  non-significant  in  relation  to  both  sex  and  age

stimation  [71—73].  Nevertheless,  this  protocol  standardises
esults  with  past  methods.  Structures  were  identified  by
our  forensic  odontologists  with  an  accumulative  60  years
f  experience  with  dental  anatomy.

The  former  two  features  were  selected  using  the
bounding-box’  function.  The  height  (y-axis)  of  the  boxes
erminated  at  the  most  inferior  point  inclusive  of  the  most
uperior  apex  of  the  maxillary  dentition  and  at  the  most
uperior  position  that  included  the  most  inferiorly  positio-
ed  apex  of  the  mandibular  teeth.  No  appreciable  gaps  were
eft  between  the  outlines  and  the  respective  termination
oints.

The  width  (x-axis)  of  the  boxes  terminated  at  the  nearest
oint  inclusive  of  the  distal  surface  of  the  most  laterally
resent  teeth.  For  the  box  delineating  the  left  hemisphere,
he  left  border  approximated  the  midline  of  the  dentition.
n  cases  where  the  midline  deviated  between  mandibular
nd  maxillary  dentitions,  the  perimeter  terminated  at  an
mplied  vertical  line  positioned  half  the  horizontal  distance
etween  the  maxillary  and  mandibular  midlines.

Outlines  for  the  third-molar  were  achieved  using  the
utomatic  annotation  tool.  The  generated  contour  was  refi-
ed  so  that  its  borders  overlaid  the  junction  between  the
utermost  radiopacity  of  the  hard  tissue  and  the  adjacent
adiolucency  of  the  periodontal  space  and  surrounding  struc-
ures.  This  was  done  in  accordance  with  the  ‘full  tooth
egmentation’  protocol  used  by  Boedi  et  al.  [74,75].

teps  taken  to  avoid  overfitting

verfitting  is  hyper-specialisation  to  training  samples  at  the
xpense  of  generalisability  for  unseen  samples  [76].  This  has
een  a  consistent  concern  for  CNNs  in  the  literature  [77].
verfitting  can  be  curtailed  by  increasing  training  sample-
ize.  The  present  CNN  was  trained  using  the  highest  number
f  unique  panoramic  radiographs  contemporarily  implemen-
ed  for  age  assessment.  The  sample  was  artificially  increased
urther  by  applying  a randomised  augmentation  filter  [78].
his  preprocessing  layer  created  duplicate  images  which
ere  randomly  translated  along  the  x or  y  axes,  reflected
long  the  horizontal  and  vertical  planes,  rotated  around  a
entral  axis  or  had  their  contrasts  modified  by  a  genera-
ed  magnitude  between  −10.0%  and  +10.0%.  This  provided
ariability  to  the  inputs  and  increased  the  absolute  sample
umber.  The  augmentation  layer  was  applied  to  the  sample
ve  times,  inflating  the  pool  to  (n  =  128,096)  training  images.

t  is  important  to  note  that  none  of  the  augmented  images
ere  used  for  cross-validation.

alidation

he  present  study  used  a  k-fold  cross-validation  approach

ith  an  80:20  ratio  [79].  The  sample  was  divided  into  five
utually  exclusive  subsets  of  equal  proportion.  One  subset

k)  was  used  for  testing  and  the  remaining  (k-1)  were  used
o  calibrate  hyperparameters.  The  training  and  optimisa-
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Figure  2  Chart  illustrating  the  layout  of  a  typical  confusion  matrix.  The  y-axis  shows  the  truth-labels,  which  can  either  be  positive:
over 18  years  of  age,  or  negative:  under  18  years  of  age.  The  x-axis  shows  the  architecture’s  predictions  which  could  also  either  be
positive: estimated  to  be  over-18  years  of  age,  or  negative:  estimated  to  be  under-18  years  of  age.  The  green  and  red  boxes  show
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orrect and  incorrect  estimates,  respectively.  Applicable  metri
hen calculated  as  a  secondary  metric  balancing  precision  and  s

ion  sets  were  isolated  from  the  testing  set  during  rotational
stimation  [80].

erformance  metrics

he  architecture  performed  a  binary  classification  to  deter-
ine  whether  each  subject  was  over  the  age  of  18.
adiographs  from  subjects  estimated  to  be  equal  to  or
ver  18  years  of  age  (over-18)  were  considered  positive
esults.  The  architecture-derived  estimates  were  compa-
ed  against  known  truth-labels  and  plotted  on  a  confusion
atrix  (Fig.  2).  Predicted  labels  were  either  true  or  false
ostulates  for  the  positive  (over-18)  or  negative  (under-18)
ptions.  Accuracy  was  calculated  by  looking  at  the  correctly
ategorised  estimates  as  a  proportion  of  the  total  number
f  estimates  (Fig.  2).  This  is  a  useful  metric  when  applied
o  a  balanced  dataset.  In  this  case,  the  test  sample  was
plit  evenly  between  subjects  above  and  below  the  18-year
ivider.

rue  positive  rate/sensitivity/recall
he  true  positive  rate  or  ‘recall’  measures  how  sensitive  the
rchitecture  is  for  correctly  identifying  subjects  from  the
ver-18  category.  It  is  determined  by  dividing  the  total  num-
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erlie  the  boxes  used  for  their  determination.  The  F-1  score  is
tivity.

er  of  correctly  assigned  (true)  positive  results  by  the  sum
f  true  positives  and  false  negatives.  By  including  the  true
ositives  on  both  sides  of  the  vinculum,  the  false  negatives
ecome  the  determining  factor;  acting  to  skew  the  curve
rom  an  ideal  value  of  one  towards  zero.  Problematically,
his  metric  could  appear  more  favourable  if  the  architec-
ure  develops  a  predictive  bias  towards  positive  values.  By
ncluding  all  samples  in  the  over-18  category,  the  architec-
ure  could  both  maximise  its  number  of  true  positives  and
liminate  the  number  of  false  negatives  without  correctly
pproximating  the  chronological  age.

recision/positive  predictive  value  and  F1-score

or  this  reason,  the  precision  of  the  system  is  calculated
y  dividing  the  samples’  true  positives  by  the  sum  of  both
he  true  and  false  positives.  This  now  takes  the  number
f  correctly  identified  positive  values  in  the  context  of  the
otal  number  of  positive  estimates  made.  Precision  has  the
ntithetical  problem.  It  prevents  misbalance  by  comparing
ariables  that  scale  together  but,  in  doing  so,  is  blind  to
redictions  made  for  the  non-output  class.Both  these  pro-

lems  can  be  mitigated  by  calculating  the  harmonic  mean
etween  precision  and  recall.  This  is  called  the  F1-score;
igher  F1-scores  are  the  result  of  both  high  precision  and
igh  sensitivity.
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Figure  3  Typical  appearance  of  the  receiver  operator  characteristic  (ROC)  curve  explained.  The  y-axis  is  the  true  positive  rate
and the  x-axis  is  the  false  positive  rate.  The  central  line  with  a  y-intercept  at  0,0  represents  the  accuracy  of  prediction  if  it  were  by
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andom chance.  The  green  outline  proximal  to  the  y-axis  is  the
AUCs) range  between  these  two  landmarks.

OC  curve  and  false  positive  rate/1-specificity

nother  way  the  absolute  reliability  of  the  system  can  be
isualised  is  with  a  receiver  operating  characteristic  (ROC)
urve  (Fig.  3).  We  have  already  discussed  how  the  true  posi-
ive  rate  is  calculated.  The  converse  metric  is  the  false
ositive  rate:  the  complement  of  specificity.  This  is  deter-
ined  by  dividing  the  total  number  of  true  negatives  by  the

um  of  themselves  with  the  false  positives  and  subtracting
he  ouput  from  one.  We  can  again  see  that  the  magnitude
f  the  variable  added  to  the  denominator,  the  false  nega-
ive  number,  shapes  the  overall  result.  In  both  rate  cases,

 value  closer  to  one  will  represent  a  higher  proportion  of
rue  postulates.  The  two  parameters  are  graphed  along  the

 and  x  axes  respectively  to  produce  a  logarithmic  curve
panning  between  limits  at  zero  and  one.  A  linear  function
s  plotted  with  a  0,0  y-intercept  and  a  gradient  of  one.  This
cts  as  a  representation  of  prediction  by  random  chance.
he  strength  of  the  logarithmic  function  can  be  judged  by

ts  proximity  to  either  the  ideal  predictor  or  the  random
lassifier  (Fig.  3).  The  area  under  the  curve  (AUC)  is  then
etermined  to  condense  the  overall  estimation  capacity  into

 single  comparable  value.

esults
he  architecture  successfully  generated  estimates  when
resented  with  previously  unseen  inputs.  The  estimates
ere  tabulated  in  a  confusion  matrix  against  the  known

abels  (Fig.  4).  Eighty-eight  percent  of  subjects  over  18  years
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l  predictor  and  hypothetical  curves  with  their  associated  areas

f  age  were  correctly  identified  and  87.0%  of  subjects  under
he  age  of  majority  were  similarly  predicted.

A  receiver  operating  characteristic  curve  was  created
Fig.  5)  using  the  true  and  false  positive  rates  calculated
rom  the  confusion  matrix.  The  area  under  the  curve  was
.87.

The  associated  metrics  were  calculated  and  tabulated
Table  1).  Determinations  for  subjects  under  18  years  of  age
ere  associated  with  elevated  scores  in  all  except  specificity
hen  compared  with  estimates  for  individuals  over  18  years.
he  model  exhibited  total  accuracy  and  F-1  values  of  0.87
nd  0.88,  respectively.  All  calculated  metrics  were  within
.05  units  from  the  accuracy.

iscussion

ackling  the  adolescence  problem,  the  ABFO  adapted  Demir-
ian  et  al.’s  (1976)  eight  alpha-stage  technique  [81,82]  to
ake  estimates  from  third  molars  alone  [83].  The  final

tage:  ‘Class-H’,  demonstrated  true  positive  accuracies  bet-
een  85.3%  and  92.2%  when  classifying  into  binary  above-18
nd  below-18  groups  [83].  Currently,  no  mutually  agreed
pon  cut-off  for  acceptable  accuracy  exists  to  gauge  perfor-
ance  [84].  Instead,  methods  are  ranked  by  proximity  to  the

00.0%  ideal  [85].  These  accuracies  would  likely  be  consi-
ered  acceptable  given  the  lack  of  biological  indicators  in
he  target  age-range  [86].  However,  validation  studies  have

eportedclassification  accuracies  ranging  widelyfrom  25.0%
o  75.0%[87].  A  2014  study  presented  an  aggregate  F1-score
or  H-stage  third  molars  as  72.7%  [88].  The  estimates  from
he  present  network  represent  a  14.8%  improvement  over
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Figure  4  The  confusion  matrix  illustrating  the  estimates  derived  by  the  architecture  (x-axis)  and  the  absolute  truth-labels  (y-axis).
A colour  scale  is  included  to  emphasise  the  relative  proportion  of  true  or  false  postulates.

Figure  5  Receiver  operator  characteristic  (ROC)  curve  generated  by  comparing  architecture-derived  estimates  to  known  chrono-
logical ages.

Table  1  Table  illustrating  the  statistical  measures  used  to  assess  network  performance.

Metric  Value

Total  Under-18  Over-18

Accuracy  0.875  0.90  0.88
Sensitivity 0.870  0.87  0.88
Specificity 0.879  0.89  0.87
Precision 0.880  0.92  0.81
F1-Score 0.876  0.90  0.84

Data is divided into metrics for the total population, under 18 and over 18 truth-labels.
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J.  Murray,  D.  He

his  result.  It  is  important  to  consider  that  Mincer  et  al.’s
edian  percentile  age  for  Class-H  development  in  Cauca-

ian  male  participants  was  20.02  years  [83];  a  full  standard
eviation  away  from  the  above-18  and  below-18  delineation.
his  suggests  that  the  highf-measures  are  likely  due  to  chro-
ological  distance  between  H-stage  and  the  target  division.
he  median  percentile  for  the  preceding  G-stage  presented
losest  to  this  border  with  17.92  years’  chronological  age
83].  The  harmonic  mean  of  this  stage,  however,  dropped  to
9.8%  for  female  subjects  and  56.0%  for  males.  Subsequent
redictive  capacity  decreased  sharply  with  successive  stage
eductions.  Ultimately,  Mincer  et  al.  themselves  did  not
dvocate  their  method  for  identifying  subjects  proximal  to
he  age  of  majority.  Nevertheless,  owing  to  scarcity  of  tech-
iques,  this  method  remains  the  most  implemented  for  legal
ge  determination  in  living  subjects  [89—91].

In  2008,  Cameriere  et  al.  contended  against  the  use
f  Demirjian  G  and  H  stages  to  identify  adults[89—91].
hey  cited  low  sensitivities,  high  false  negative  rates  and
requent  operator  errors.  In  response,  they  developed  a
etric  method  (I3M)  focused  on  maximising  post-test  pro-
abilities  using  a  ratio  between  third  molar  height  and
pex-width  [89—91].  The  authors  reported  70.0%  sensitivity
nd  95.0%  specificity  when  distinguishing  between  above-18
nd  below-18  groupings  in  their  906  panoramic  radiograph
ample.

A contemporary  study  individually  listed  the  proportion
f  correct  evaluations  for  chronological  years  assessed  by
3M  ;  the  18th year  was  shown  to  be  the  least  accurately
dentified.  A  linear  percentage  increase  was  observable  in
he  four  years  post  age-18  with  a  gradient  of  8.1  until  apex
losures  resulted  in  the  samples  appearing  decidedly  over
8.  The  antipodal  slope  descending  from  a  point  of  near
nquestionable  juvenility  to  the  termination  of  the  under-
8’  group  represented  a  steeper  −15.1  gradient  in  the  same
our  year  period.  Overall,  the  aggregate  relative  accuracy
as  greater  for  estimates  in  the  younger  range,  even  when

he  18th year  was  excluded  from  the  older  group.  Chronologi-
al  distance  from  the  18th year,  however,  was  the  strongest
ariable,  resulting  in  unanimously  elevated  scores  in  both
ategories.  The  authors  noted  that  smaller  measurements,
ndicative  of  longer  chronologies,  were  more  difficult  to
recisely  measure.  Diminishing  apical  deposition  rates  and
ifficulties  deliniating  between  open  and  closed  apices,  a
udgement  akin  to  deciding  between  G  and  H  stages,  may
ave  also  contributed  to  the  imbalance.  This  trend  is  mirro-
ed  in  the  current  results.  The  studied  network  returned  a
0.0%  F1-score  for  the  under-18  subset  and  an  84.0%  score
or  the  older  group.  The  present  study  was  composed  of
ubjects  divided  in  approximately  proportionate  one-year
ivisions.  Nevertheless,  scores  may  be  inflated  by  the  wide
ge  range  used  for  validation.  The  network  should  be  chal-
enged  with  a  range  constrained  to  ages  proximal  to  the  18th
ear  division.

The  precision  for  Cameriere  et  al.’s  sample  can  be
alculated  from  their  prediction  data  to  be  91.9%.  The
esultant  harmonic  average,  against  their  70.0%  recall,  was
9.1%suggesting  bias  towards  specificity  and  precision  at  the

ost  of  sensitivity.This  likely  resulted  from  a  lean  towards
nderestimation  of  ages,  which  may  have  been  partially
mplemented  by  design  [92].  Sixty-five  percent  of  the  data-
et  was  assigned  to  the  under-18  category  despite  the  known
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hronological  ages  being  nearly  equally  proportioned  bet-
een  both  categories.  A  minor  bias  against  sensitivity  could

educe  the  risk  of  juveniles  being  erroneously  prosecuted  as
dults.  However,  it  is  important  to  remember  that  underes-
imation  can  be  equally  disadvantageous  to  defendants.  For
nstance,  in  proceedings  where  the  use  of  rights  bestowed  at
he  age  of  majority  are  in  question.  Ultimately,  researchers
hould  calibrate  biological  tests  to  be  as  accurate  as  pos-
ible  irrespective  of  judicial  consequence.  This  ensures  that
bjectively  correct  patterns  are  being  studied  and  refined.
isk  reduction  strategies  can  subsequently  be  implemen-
ed,  post-generation,  by  medicolegal  professionals  without
acraficing  the  purity  of  estimation  models.  The  present  CNN
eturned  a  F1-score  of  87.0%  derived  from  a  near  balan-
ed  average  between  87.0%  sensitivity  and  88.0%  precision,
emonstrating  an  improvement  over  the  initial  Cameriere
t  al.  result.

It  is  important  to  note  that  Cameriere  et  al.’s  scores
esult  from  testing  with  an  Italian  population  of  Caucasian
ncestry.  The  present  study  used  an  exclusively  Brazilian
ample  for  both  training  and  testing.  The  extent  to  which
opulation  affinities  impact  estimates  is  a  source  of  cur-
ent  debate  [93]. Nevertheless,  at  the  present  time,  the
BFO  recommends  ancestry  be  considered  when  performing
ssessment  [94].  A  22  study  meta-analysis  by  De  Micco  et  al.
95]  applied  the  I3M  method  to  12,286  subjects  from  24
ountries.  Accuracy  ranged  widely  from  51.8%  to  93.4%  bet-
een  studied  populations.  Brazilian  samples  exhibited  the

owest  specificity  values  and  the  second  lowest  sensitivity
esults  for  male  subgroups  amongst  all  countries.  Overall,
hese  results  may  attest  to  a  diminished  predictive  capa-
ity  for  the  unmodified  I3M  method  in  Brazilian  populations.
espite  this,  Cameriere  et  al.’s  2008  method  is  routinely
ecommended  as  an  appropriate  binary  determinant  of  age
or  subjects  from  Brazilian  ancestry  [96].  A  1200-radiograph
econdary  study  looking  to  validate  Cameriere  et  al.’s  (2008)
ethod  with  Brazilian  subjects  asserted  94.1%  sensitivity,

5%  specificity  and  79.8%  accuracy  [97].  These  proportions
re  echoed  in  similar  validations  [98].  Collectively,  the  lite-
ature  suggests  that  the  present  neural  network  is  capable
f  outperforming  manual  application  of  the  Cameriere  et  al.
ethod.
Chronology  of  development  exhibits  a  strong  sexual

imorphism  [99—102].  Female  development  can  exceed
ale  equivalency  by  as  many  as  11  months  [103]  and
ale  third  molar  development  can  precede  female
evelopment  significantly  [104,105].  Consequentially,sex-
ependant  equations  have  shown  improved  predictive
apacities  over  generalised  methods  [106].  The  present
ethod  does  not  account  for  sex  differences.  Resultant  pos-

ulates  may  be  improved  by  training  the  architecture  against
amples  separated  by  sex.

Another  third  molar  assessment  method  was  developed
y  Gunst  and  Messotten  [107]  as  an  adaptation  of  the  sta-
ing  technique  established  by  Gleissner  and  Hunt  [108]  and
ubsequently  modified  by  Kohler  [109].  The  authors  calcu-
ated  the  probability  that  subjects  exceeded  18  years  of
ge  according  to  the  number  of  third  molars  which  had

ompleted  development.  Percentages  were  high;  ranging
rom  82.0%  for  a  single  completed  molar  to  96.3%  when  all
hird  molars  had  finished  developing.  The  London  atlas  of
uman  Tooth  Development  and  Eruption  [15]  used  the  same
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Morphologie  1

ategorisation  system,  with  minor  additions  mapping  cuspal
ormation,  to  chronicle  the  average  developmental  stages
or  each  tooth  in  one-year  intervals.  Their  results  sugges-
ed  that  complete  apical  closure  first  appreciably  appears
n  advanced  individuals  at  20-to-21-years  and  only  becomes
he  median  presentation  between  the  chronological  ages  of
3  and  24.  This  suggests  that,  while  apical  completion  is  a
trong  indicator  of  chronological  ages  above  18,  it  is  likely
ot  precise  enough  as  a  delineator  of  ages  below  20.  A  2021
econdary  study  classified  1062  panoramic-radiographs  from
razilian  ancestry  into  above-18  and  below-18  divisions  using
he  Gunst  and  Messotten  method  [110].  Their  resultant  0.70
UC  was  deemed  unacceptable  for  estimation  [111].  The
urrent  architecture  demonstrated  an  AUC  of  0.87,  which
s  indicative  of  ‘excellent’  predictive  capacity  in  common
onvention  [112].

onclusions

aken  together,  the  present  neural  network,  trained  with
 sample  equivalent  to  128,096  novel  panoramic  radio-
raphs,  was  able  to  generate  chronological  age  estimates
rom  unseen  radiographs  with  87%  accuracy  and  both  AUC
nd  F1-scores  equal  to  0.87.  This  represents  a  significant
mprovement  over  the  three  most  commonly  used  adoles-
ent  estimation  models.  The  architecture  was  tested  with  a
ool  of  subjects  spanning  between  six  and  22  years  of  age.
ubsequent  research  should  challenge  the  architecture  by
imiting  the  range  of  samples  to  chronological  ages  surroun-
ing  the  cut-off  point  between  the  over-18  and  under-18
ategories.  The  accuracy  of  prediction  may  be  improved
y  transferring  the  current  kernel  library  and  retraining  a
air  of  networks  specialised  according  to  sex.  Validation
f  this  method  in  samples  from  different  population  affini-
ies  should  also  be  conducted  both  by  applying  the  current
rchitecture  to  samples  with  different  known  affinities  or
y  retraining  ancestry-specific  networks  using  the  proto-
ol  developed  in  this  study.  With  further  validation,  the
resent  model  may  be  used  as  an  automated  assessment  tool
or  identifying  legal  age.  The  weightings  generated  by  this
rchitecture  can  also  help  researchers  identify  which  pat-
erns  are  most  significant  for  understanding  this  challenging
ge  group.
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