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Abstract: Measurement  of vocal  tract arca  functions from MRI  data requires  a  technique  for tooth
visua]ization  because the teeth urc  as  transparent as  air  in the images. In this article,  anew  niethod  is

proposed to accuraTely  superimposc  the teeth onto  MRI  volume  data. Upper  and  lower tooth images
with  the surrounding  bony  structure  arc  obtained  by scanning  a subjcct  ho]ding a  contrasr  rnedium  in
the oraL eavity,  They  are  superimposcd  onto  the (arget volumc  data via  u  lhree-dimensiunal

transformation  using  landrnarks samplcd  from  the tooth images and  targct MRI  data. The  aceurac), of

the denta] image sLiperimposition  is ensured  by the minimization  of  thc error  voktme,  which  is the
rnismatch  vo]umc  c}f the dental image over]apping  the suiTounding  sefL  tissue. The  method  is ex,aiuated
using  fivc operators  sampling  the landrnarks.  Results show  that thc ef'ror  i.'"tutnff is signiilcantty

redueed  to a  nearly  constant  va]ue  regardless  of  the operator's  skill.
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             1. INTRODUCTION

   The  magnetic  resonunce  imaging  (MRI) technique has
been used  for mcusuring  vocal  tract shape  in three

djmensions und  calcu]ating  the  area  functions r]-4]
becausc MRI  hus no  kno-'n hurmfu] effects. The usc  of

MRI  hus cxpanded  from two-dimensiona] to three-dimen-

sional  imttging, and  from static  to dynamic  i]naging [5].
Thus  MR[  is becomins, one  of  the  most  powerful too]s  f'or

studying  speech  production, but it has severa]  disadvan-
tuges  with  respeet  to iiieasuring  the  vocal  tract. The  most

serious  one  is the  lack ot' the  teeth: sincc  ca]cificd  sLructures

such  ns bones and  teeth have little inobile  hydrogen. they
are a]most  invisible in MRI  data, Consequently, thc tccth

and  oral cavity  huve  the  same  lew pixeL N'a]ue  {black) in an
irnage, and  are  indistin.g.uishable from  each  other.  In such

itnugcs. the oral  cavit},  size  is easi]y  overestitnated.

   Various  mcthods  havc  bcen used  tu exelude  the teeth

vo}ume  tl'oin the oral cavity  in MRI  data. .Thc use  of  dental
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stone  easts  is a  commonly  used  procedurc, Yung et al, ;61
seanned  casts in water  using  MRI  to ubtuill  the three-

dimensional shape  of  the teeth i'or detenanining the

boundaries of  the oral  cavity, Engwull 1'71 built polygon
mesh  data of  the teeth  afid palalc using  a  dental cast  ft)r the
same  purpose. Narayanan et  aL  I'8,91 und  Alwun  et  a/.  I' 1O]
measured  casts  using  ca]ipers, and  sliccd dental impres-
sions  to trace the ou[]ines  of' the slices.  This method  was

alse  adopted  by Espy-Wilson et  aL  U 11,

   A  few diff'erent approaches  havc also  been attempted.
Ster.v ei al. t3,4.I2] and  Tom  et  aL  r131 used  electron  beam
computed  tomography  (EBCT)  to extruct  the denta] images

to obtain  accuratc  volume  datu of  the  vocal  tract.

Matsumura  et  al. [14] and  Niikawa  et ctl. [15.16] used  a

dental crown  pEate madc  of  vcgetable  oil to directly image
thc  dcnta] houndaries. Wakumoto  et  at. r171 used  doublc

p]astic p]ates with  an  oil ]aycr in bet",een for the same

purpose.
   A  few disadvantuges can  be nuted  among  the  prcvious
metheds  described above.  The  rnethods  usinE  the denlal                                    L.
cast  [6-11] or  dental cro",n  platcs r14-l7] required  imttge-
by-ima.uc manual  segmentation  of  the tooth boundaries.
which  takes  time  and  efibrt. The methods  using  x-rulr'
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[3,4.]2,]31 ure  ot' limited use. The  nottLble  problem

common  across  a[[  methods  is lhe  lack of a criterien tu

eva}uate  accuracy,  In this puper, we  proposc a new  method

to supcrimpose  three-dimensional  dental ima.ges on  MR[
volun]e  data for accuratc  vocal  tract n]easurenienr.

               2. MATERIALS

   The MR}  data used  in this studv  was  obtained  from a                            '
Japanese male  subject  (24 years olcl) using  a clinical MRI

scanner.  the  MAGNEX  ECLIPSE  1.5T Power Drive 250

(Shiinadzu-Marconi). 

'['he
 cervical  part of  the neck  array

coil  was  usecL  to obtain  dentul imug,es iii Experiment 1. und
lhc  torso  coil  was  used  te record  c)rofacial  images in

Experiment 2･ .

2.1. MRI  Experiment  1: Dental  Scans {-or Extracting

     
"Digital

 Jaw Casts"

   The  purpose ol' thc dcntal scan  is to obtain  vulu:ne  daLa

for the upper  und  lowcr jaws wi(h  teeth. }vlRl dara ",erc

obtainecl  to produce a  set  ol' 
"digital

 .iaw casts"  for

supcrimposing  the dentul ima.ves onto  the target volume

imagcs, Thc subject  took  a prone positien durin.g the scan.

holdin.g blueberry juice inside the moLnh  us  an  ortd  contrast

medium.  It is known  that bluebcrr.v juiee can  serve  as a

contrast  medium  for MRI  Ll8]. [n addiLion,  Ihe  subject  bit

on  EL snia]1 wooden  chil] betwecn the upper  ttnd  ]ower teeth

so  th[tt the interdental space  ceuld  be visuttlized.  The scun

partLmeters were  as  follo"'s: fnst spin  echo  (FSE) scun

set]uence.  sas,itlal  slice  pltme. 1.5mm  slice thickness. no

slice  gup, no  uvcru.gin.u,  2･S6× i56mm  fie]d of  view

(FOV),  5]2･ x  5]2 pixcl image  size.  S1 slices.  J1 n]s  TE,

und  3.000ms TR.  The totai acquisition  tiine was  apprux-

ima[elv 180s.

2.2. MRI  Experiment  2: Orofac;al Scans t'or Vocal

     Tract  Imag;ng While Producing Five Japanese
     Vowels

   Five sets  of  volume  dkLta were  acquired  to extract  the

vocal  tract during sugtained  producLions oi' Japanese
vowels  faf. tfil, fu/. !ef, and  !e/. The  sub.]'ect  took  a

supine  position durins, the scans,  and  prc)duccd euch  vowel

",hi]e  rnaintainin..o.  the  speech  ortgans  in a  steady  position.

All of  the scan  paraineters -'ere  the san]e  as  thesc  in thc

dental scan.  except  the slice  thickness (2- .OnmD. Thc

tLccluisition Limc was  ]SOs for each  scan.

                3. METHOE)

   The  procedurcs in our  nielhocl  ure  as  f'c)IIo",M/ (] )
Extract the upper  ancl  lc)werjaws with  teeth 1'rom Lhe dcntul
scan  data to rcconsLruct  u set  ol' upper  and  lower 

-digital

juw casts':i  (12) stLmple  the  coordinates  of  four anatomical

landtnarks on  the upper  and  lowerjaws  from  all the  volume

data: {3) .oenel'ate  illitia] at}ine tl'ansfc)1111atioll nlah'iccs

DATiX

from foLtr landmarks oi' thc "digital jaw casts" and  those of

lhc tar.oet volume  data so  that the former ca]i  bc super-

imp()sed on  the latter: and  (4) optifnize  the affine trans-

forrnatien inarrices  to niinin]ize  lhe  ei'i'oJ' vohtnie  using  a

simu[uted  unneuling  (SA) melhod  tl91,

3.1. Image  Processing and  Volume  Reconstruction

   The ori.ginul  images in a 16-bit DICOM  format
exported  from the ),4RI s>,stcm  wcre  converted  into 8-bit

images using  a thresho]d selection  algorithTn  based on  a

mean  ud.jacent-pixel  number  r201. This mclhod  can

automarica]ly  determine the  threshold  vulue  at  whieh  thc

body tissue is uppropriately  ses,mented  from Lhe airwuy  in a
l6-bit image. ,ALfter the  threshold  value  "'as  calculated,  "        L.
Iinear conversion  was  performed  so  that the value  in a 16-

bic image wus  rnapped  to 40  in an 8-bit one.  This process
was  necessary  to e]iminate  any  x,ariation  in image hislo-

s,ruins among  different image  sets.  After the conversion,

thc air-tissuc rhreshold  value  was  40 in all 8-biL iniuge sets,                                        L.

   
'['he

 denrul scan  data shows  that the  upper  und  Iower

juws with  teeth can  be extracred  by manual]y  tracing  the

boundaries to reconstruct  the 
"di.gltal

 jaw casts." Anurom-
icall>, the  Ltpper  .iaw represents  the  maxMa  and  palatal bone

int'erior to the base of t'he zy.oomatic  process, and  the lower

jaw is the mandible  except  for thc right and  lcft rami.

Because  the  contrast  medium  in the  oral  cavity  had high

pixel va[ues  <white) but the teeth had low pixel values

Cblack.}. the denta] bounclaries can  be identified and  the

uppcr  und  ]owerjaws  ean  bc segmented  in each  ima.H.oe,

   The images oi' thc uppcr  and  lo",er jaws und  those  of

orofacial  seans  -'crc  interpoluted using  a  tri-llnear algo-

rith]n  to recunstruct  volunie  data sets  uonsisting  of' a  cubic

voxe]  of  O.5xO.5xO.5mm.  F'igure 1 reprcsents  the

visualized  
"digital

 jaw casts."

3.2. AnatomicaH.andmarks  and  Sampling Method

   Four  tinatotnical  landmarks  xN'ere  defined on  the upper

jaw and  four on  the ]ower jaw. as shown  in Fig. 2,

Fig. 1 LJpper and  [ower -di.oital juw casts."  

']'hey
 xi,ere

 exLructed  t'rom  the  duta in MR]  ExperimenL  1.
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Fig.2 ,4natomical ]andmarks, Four landniarks were

 defined on  the upper  ja-' and  t'our on  the ]ower juw.
 U]/ anterior  nasal  spine  (ANS), U2･/ center  of' thc

 denta] pulp oi' the niaxi]]ary  ]ct't sccond  tnolar,  U3/

 ccntcr  of  the  dcnta] pulp ot'  thc  maxillary  right  second

 niolar.  LJ4: rhinien  (Ihc niid]inc  point at  thc  inferior

 t'ree end  ot' the  inrernasal suture),  L1: supet'ior  point of

 the cancellous  bone of  the  niandible  on  thc n]idsagittal

 p]anc L2: centcr  of  thc  dentul pulp of  the  mandibular

 left sceond  niolar. L3: ccntcr  of  thc dental pulp of  the

 mandibular  right secon(1  Fnolar.  and  L4/ inl'erior puint
 of  the eancellous  bone of  the niandible  in Lhe

 midsagittal  piane.

   The landmarks do not  necessarily  need  to be the above-

mentioned  ones;  any  anatomical  landmark  is useful  ifit can

be identified both in the 
"digital

 jaw casts"  and  targct

volume  data. In the  present study,  these  points were

selected  because they  are  located apart,  thus  being elcarly

observab]c  in a]1 data scts.

   Thrce opcrators  (Al, A2, and  A3) sampled  the  three-

di]nensional coordinates  of  thc ahove  landinarks using  u

Multi Planar Reconstruction (MPR) program. This program
cun  display three  orthogona]  p]anes of' vo[ume  data passing
through the  position of  a mouse  pointer and  can  record  the

pointer's position. To reduce  sampling  errors, they picked
each  point five times  for each  of  the volurne  data sets.  The

averaged  coordinates  were  used  in thc  following procedure.
In addition,  using  the same  data sets. two  operators  (B 1 anci
B2) sampled  the  landmurks  only  once  so  that these  roughly

samplcd  data cou]d  serve  in examining  the  validity  of  SA
optlmlzatlon.
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3.3. Initia] AMne  Transt'ormation  Matrix

   The  initia] affine  transformatioil niatrices  used  i'or
superjmposition  werc  computed  from the eoordinates  of  the

anatoinical  landmarks, Two  matrices  were  generated lbr
each  target s,oiumc  duLa: one  for the upper  jNw, and  the

other  t'or the ]owcr ja"'. Eaeh  matrix  was  calcu]ated  as

follows, The four anatomica]  landmarks on  the upper  or

lower 
"digital

 juw cast"  were  defined as Pi(xT,.vi,l,i).
P2(ic2..),!,z2), P.Kx3,.v.i.z,r,), and  P4(.r4,.v4,c,4). The corrc-

sponding  four points on  the  target  vo]uine  were  defined as

P'1 (xl..),',,zl ), PICxi,.},S. zE).  P[,{xk,.yli,z:li), and  l'S(xa,.vl,cl )-
Using an  aenne  transformation  matrix  M, Pi , P2. Pj, and  P4

were  mapped  to Pl'Cvl',y'T. .-･,1'), PL/(-rS'･.v5', z.t')7 Pl'(X'3"･.V'S7 ZI{):

und  PA'(xl'..yZ',:tA'). uslng  the foIIowing equation]

xl'.xg'.z..X

 3

 t.t"'4

.}''1'

.)]S'g.vlly2'

7'tt.･1r't'J<･2

 srZ･17"S.･4

t111 Xl .V･1 :'.1

X2  .V2 Z2

.U.1 .V3 :'3

X4  .Y･4 Z･4

    orotation,

 and

11'1

M,(l)

where  M  matrix,  includin" submatrices  R
and  T.R  matrix  for Tisalx3

matrix  i'or translution.

   G'he parameters for rotation  and  translation in the initial
transformation  matrix  are  obtained  by rninimizing  the total

distance D  ca]culated  for the eorresponding  points in the
matrlces:

                       4

                  D- £
-P'I'i-)X.

 (2)
                       k-t

3.4. Error  Vlolume and  Matrix  Optimization

   The error  volttme  was  introduced as a paramctcr to
evaluate  the accuracy  of  the superimposition  of  the 

"digital

jaw casts"  on  the  target vo]urne  data. Its x,alue  was  dcfined

as the number  ot' voxels  in the "digital
 jaw casts"  that

overlapped  the  sot't tissue of  the target volume  data, which

was  represented  in cubic  centirneters.  Ti' the 
"digitu[

 jaw
casts"  were  superimposed  onto  Lhe Larget volumc  data in
the appropriate  position. most  oi' Lhc  voxcls  weuld  be

placed on  dark regions  in the target volumc  (i.c., the jaws
and  tccth). and  thc  error  volttme  would  be small.  0n  the

contrary,  if thc casl  werc  meved  to an  inupprupriate

position. the error  voii,tme  would  increase. 
'Fhe

 error

vot"tne  was  ca]cu[ated  using  rhe following algorithm.

   The coordinate  of each  voxel,  (x,.v･,O, of  the 
"digital

jaw cast"  is mapped  to thc dcstinalion ceordinatc,

(.:'. .y', .7J),  using  the equation:

             (lr', y･', .7.', 1) =  (x, )･. .: ., 1)M.  (3)

wherc  M  is thc aenne  transformation mutrix  for thc "digita]

ja", cast"  to be supcriTnposcd  onto  thc target vo]unic.  If the

voxeT  value  of  the target volume  at the coordinate  (x', .v', z. 
')

is greater than  the threshold value  for extracting  thc tccth

NII-Electronic  
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and  iaws from the sol't tissue, the voxel  is counted  as error

vofume.  In the present study,  the threshold  vtLlue  was  set  tLt

90. Whilc  thc teeth and  thick  beny regiens  of  bones
consisting  of  compaet  substanee  are  adequately  segmented

from soft tissue with  the threshold at 40, the thin bony
re.oions, such  as dental sockets  and  the  pa]ata] bone. are  not

because  these  regions  are  influenced by the  surroundins,

sot't tissues and  blueberry juice, which  have high pixel
va[ues.  The  optimization  of  the  initial affine  transi'ormation

malrices  to ininimize  the eJ't'or  voit.tme  was  based on  the

SA  method  [19].
   The  SA  mcthod  is un  ellicient  algorithm  uscd  for

optin]izution  in nonlinear  and  stochastic  systems,  und  it is

also  known to be resistanL  to the problem el' ]ocal minimu.
]n the  present study,  atline  transformation  matrices  were

optimized  threugh an  iteraTive process in which  rhe rotation

or  translation paraTneters in the tnatrix  were  n]inutely

changed  and  the  change  wus  judged tc) be {bceepted  or  n()t

by ret'em'ing to the et'r()r' },olt.tme.  The change  wus  accepted

when  it successfullv  decreased the  error  volume.  When  the               i
ei'J'or  voittme  was  not  reduced.  it was  aeeepted  with  a

probabilit>･ given hy exp(-AEf'T),  where  AE  wus  the

increase of  the ei'i'ot' volttine  and  7' s&'as the  
"ternperature"

parameter that gradua]]y decreased in the iteration. The
change  was  rejected  when  a  large increase ol' the  ei'ror

vohtJne  rcsulted, Thc total itcration nurnbcr  wus  sct ut

1,OOO.
   Because  it takes  considerabie  ti]ne to  ca]culatc  the

error  volt.tnie  on  entire images, the calcu[atien  was

pert'o'rfned onl}, in the three orthogonal  planes passinLg
throu.gh  the centrold  of  lhc 

"digiLa]
 jaw cast."  Thc tolttl

calculutiun  timc Niv'as approximately  70s (FreeBSD opertLt-
in.g system,  ]-GHz CPU, and  1-GB RAM}.

       4. RESULTSANDDISCUSSION

4.1. SamplingError  (Standard Deyiation) ofAnatom-
     ical Landmarks

   Table 1 shows  the sampling  errers  for the Landmark
coordinates  of  the  uppei'  and  lower jaws sampled  b.v the

three  operators  (Al, A2. and  A3)  from  the volume  data fer

the  fii,e vowe]s  and  dental scan,  These values  index the

standard  deviations of  the  lanclmarks in units  of

e.5 ×  0.5 ×  O,5 mm  N,oxe]s.

DATA

Tab]e I Sampling error  (slandard deviation)
 toiniuul  Ia"d]na]'ks. Units are  voxels  CO.5
 05nini).

               (a} LJppcr jaw

Ot EllUl-x

 O.S x

Operator!a!lif

AlA2A3 O.87O.951.13O.48O.7SO.99
.../.u,i'O.6S

 1./3O

 1.or,

,ictiO.44O.8S1.lg

CL)]I.owerjaw

fClfor,sO.S3L131)ental scan

  O.34
  1.61

  ].07

Operatorlar'iliff'uffclfo/Dcntalscan

AlA2.A3. O,50].36].l6O,361.]Sl.26O.3.41.)F.
 3.IP.
 3.

O.S61.40O.72O.631.731.50O.291.441.12

Tab]e  2 L/'rrt)r T'ohinie  belbre optiniization  in cnii  The

 totul volun]e  of  the  upperjaw  is l2.44 crni,  ancl that ot'

 the  le"･erja", ls 21.53cmi.  The average  ui' the  va]ues

 iii the upperja-'  is 2.1eu"i] und  thuL  in the  lowerjuw is
 3,[4cmt'. Thc: Letu] standard  deviution of  the  x,alucs  in

 thc  uppcrju",  is ].O1. and  that in the ]nwerjaw is 1.4.h'.

               (.a} Uppcrja",

Opcrator,ia,i/'i'iluf,tcii./'o,i'Avg.Srd.

A[A2tx

 .aBlB2

[.731.671.S2.3.84:,

 .66

1.201.371.[

 

'].3.541.6S

1.311.741.464.07:.561./341.42i.:,

 73..SOl.33

].47].59].564.C)O2.

 .29

].411.561.43r,.792.30O,20O,16O,]4O,l6o,ge

Av.g.SLd.2,48Li61.SOO.992:31.14l.79O.962.lg].07

(b) Lo",cr jaw
Operator1':Ll,/ilitLl/tt/ettt

AlA2Ar/BIB22,362,493.043..5.

 14.90

[,29[,56l.693.77S.571.641.7S2.3S)'.gs.5.11

iXvoo.Std.3.:61.032.  .7S1.S43.36[.OT

t.[32.8i2.S33.124.t32.771.05

liol'

2.3g2.493.296.2C]3.4]3.55].55

.Avg.1.7g[.232.

 .584.494.64

Std.0,S6O,55O,62･I,43O,87

4.2. Results of  Superimposition Using lnitift1 AMne

     Transformation  Matrix

   Table 2 shows  the N'alues  of  error  voittme  Ln cni3, when
che initiaL at'line  transi'ormatien  mutrices  were  used  for

superhnposition.  The totul volunie  of  the upper  jaw Nfp'as

12.44cn]], and  that oi' thc le-'cr juw' was  21.53cn]:'. The

values  shoNle' a  large dex,iation. ranging  from  1.20 to

6.20c]ni Mereover,  the x,a]ues  of  Al, A2, and  A3 were

significantl}, smal[er  than those c)i' B] and  B2 (1-tcst/

p <  O,Ol): i.e., thc supcrimpositions  by ,ALI, A2, and  A3
were  more  accurute  thun  those  by B1 and  B2.

   Figure 3 shows  thrcc  orthogona]  p]anes (sagittal.
coronal,  and  trunsvcrsc)  of  thc volume  for vowel  lul,
The iniages in Fig. 3<a) are The results of  A2  and  those  in

(b) arc  those  of  Bl. 
'1'he

 slice  locutions are  comrnon

betsN'een Figs. 3<a) and  {b), Figure 3 elearly  shows  tliat the

result  of  superimposition  by A2  is superior  to that by B1,
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'

ttt

'

ee･ 
･

,/H

(n) ResulLs of  operator  A2

 
./ /.,'e

l/e.

st.

           (b) Results of  eperator  Bl

Fig.3 Three orthogena]  p]ancs (sagittal, coronal,  and

 transvcrse) of  the volun]e  1'or vowet  ful, which  we[e

 superimposed  onto  the 
"digital

 jaw casLs"  according  (o

 the initia[ transfermatien niatriees.

'/l.".s

it/st

' .:tltl.es

(a) Results ef  operator  A2

. ge-

ts

.t

           (b) Results of  operator  Bl

Fig,4 Three orthogona]  planes <sagittal, coronal.  and

 transz,erse) of  the vo]ume  tbr vowe]  ttui', which  were

 superiTnpesed  enLo  the 
"digitu[ju"･

 easLs"  according  Lo

 thc optiniJzed  transfortnution niatriccs.

Fl ri

' 'i'fi

Table3  l･.'rroi' L,olunie  at'tcr optimizatien  in cm].  The

 uveruge  of  the  values  in the  upper  jaw is 1.]i) cm'i  und

 that  iti thc  lo-'er juw is ].56cm].  Thc  totat standurd

 devjution of  the  vtLlues  in the  upper  ju-' is O,11. tu]d

 thut  in thc lower ja-' is O.26,

                (a) LJppcrjaw

Operatg.r.."fa,r

  Al 1.35
  A2  1.35

  A3  1.23

  B]  i.]1

  B2  l22

fi/ful,/e,//elAvS,･Sld.

j.09I.031.061.10l.Ol

Avg.Std.I,29  l.06

U,06 O,04

1.22.1.2g]22].r,s126126'O.06l,O)-i.091.]5Lll.i

 ig.7-..

1,21Llg1.231.34l.2.

 4

].IS1.t8L[8].24].16U,12O.t3.0.07O.13O.11

1.09 1.24

O.04 O.06

(b) Lowct' ja",

Operatnr!al11iflu,ffel/ol.-1S51851.94E.9]L.88AvS,･Std,

AlA2A3BlB･lI,631.72l,881,821,891.L)SI.30l.2.

 8l,30l,46

].64].54].52].51].63l.2. 0l.3･2].28].27],19

Ai,S,.Std.

1.51].54].581.56].61O.28O.:4O.32O.30O.29

1,79 ],32 1.S7
O.ll O.08 O.06l.25

 1.g9
O,05 O,04

4.3. Results of  Superimposition Using Optimized

     Affine Transformation Matrix
   TftbLe 3 shows  the  va]ues  of  error  votume  in cm3,  whcn

optimized  arane  transR')rmation  matrices  were  used  for

superimposirion.  The  values  for the  same  data 1'all into a

similar  small  runge  across  the  f]ve operators,  in contrast  to

Table 2. Furthermore. the standard  deviations oi' the  valucs

ure signiticant]y  reduced  i'rom 1,O1 (before optimization)  to

O,1 [ (aftcr optirniLation)  in thc  uppcrjaw  and  from  l.45 to

O,26 in the lower jaw because the optirnization  process
significantly  reduced  the difference in the non-optimized
valucs  oi' thc  arror  volutne  hct",ecn thc  opcrators  or  A  and

those ot' B. This result  indicates that the values  of' erroi'

volume  in all of  rhe duta sets  were  suecessfully  cunverged

into a simitar  vague  by applying  the SA  optimization,

reLgardtess of  the initial vatues  or  operators.

   The  values  of  error  votttme  for the back voweLs  <lal.
ful, and  fof) are  significantly  larger than those for the
1'ront vo-,els  (lif and  fel) in both the upper  and  lowerjaws

(t-test] p <  O.Ol), This seems  tu be due to the  moLion

artit'acts in the irnage, which  differed between the frent und
back  vowels.  In this subject,  the  speech  organs  tended to be

more  stttble  in frent vowels  than  in back vowe]s  during

image acquisition.

   Figure 4 shows  three orthoLg.onal planes of  the volume

t'or thc vowel  ful. The  slice  ]ocations are  the  same  as  in

Fig. 3. Figurc 4(a) shows  the results of  A2, while  (b} shows
those  of  B1. The dii'ference between lhc imagcs of  (a) and
those  of  (b) is very  small  in contrast  to Fig. 3, suggesting

that  the optimization  is successful.

4.4. Extracted  3D  Vocal  1'ract Shape

   Figure 5 shovv's  lateral. top ztnd  obliquc  vicws  ol' the

thrcc-dimensionat  vocal  tract shape  extracted  frotn MRI
volume  data based on  the proposed method.  

'I'he
 dental

images  were  superimpused  onto  the vogume  data for the
vowel  !a! usin.g. rhe  optimized  transtbrmation  matrices.

Thc  vocal  tract was  extracted  by a  region-growing
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H. TAKEMOTO  et ctL: TOOTH  SUPERIMI'OS]1'10N ON

Ca) Lateral view

{b) Top  view

(C) Oblique view

Fig,5  Visualiz"(ivn oi' lhe  3[) veual  truut shELpe  ex-

 tracted  from the  volume  data for vowe]  !af, ",hich  was

 supcri]nposed  onto  thc  
-c[igital

 jaw casth."

MRI

algorithm  t'rom a  seed  point set  in the  ora]  cuvity,  then

visualized  using  a ray-tracing  a]gorithni,  This examp[e

shows  IhtLt thc tecth cempose  a part of  the vocal  tract wall

that eentinues  to thc ]ip wal],  It ulso  shows  that thc space

between the uppcr  and  low'cr tecth (intcrdcntal space)  is

included in thc  vocul  truct, Since these wulls  move  with

specch  articulation  and  ferm a  part of  vocai  tract side-

branches, dental image superiniposition  onto  MRI  volume

data is always  a nccessary  procedure for MRI-based studies
of  the  voca]  tract.

             S. CONCLUSION

   A  method  was  proposcd  to combine  3D  MR]  data -''ith

dental images  tbr vocal  tract s,isualiLation,  Optimization of

DATA

atfine trunsformation matrices  successfully  reduces  pessL-

ble error  in lu-dmark sampiing  und  cnsurcs  a ccrtain Ievel
of  uccuracy  regard]ess  of  the  operutor's  skill.  Thc cvulua-

tion result confirmed  that this methed  provides an  accurate

and  automatic  procedure to solve  the MRI-specific problem

of  the lack of  dental images.                  L.
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