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1. Introduction

   Researches on  non-audible  murmur  (NAM), a very  -'eak

speech  sound  produced without  vocal  cord  vibration, have

bccn conducted  to develop a new  speech  communication  tool,

NAM  can  be detected using  a  specially  designed microphone,

called  a NAM  microphone  [1]. This device is a condenser

microphone  coveTed  with  a  sot't impression materiai  such  as

soft si]icon or  urethane  elastomcr,  which  provides better
impedance matching  between  biological seft tissues and

condenser  microphone  diaphram, With  the NAM  micophone

attachcd  to the  neck  surface  close  bchind an  ear, the NAM
can  bc detected as a body-conducted voice,  The  recorded

NAM,  however, indicatcs that the signal exhibits low  SIN

ratio  and  seyerely  supprcssed  higher-frequency cumponent,

resulting in a  lack of  clarity,  compared  to an  air-conducted

ordinary  voice  [2],
   A  numerical  simulatjon  clarified  that the suppressed

higher-frequency components  are due to a transmtssion to

biologlcal soft  tissues and  a  propagation through them  [3].
However,  the NAM  productien mechanism  is yet to be

revealed,  Vocal tract shapes  of  NAM  production are  not

clarified, whereas  those  ef  whispered  voice  production wcre

revealed  using  magnetic  resonance  imaging (MRI) [4,51. This

letter reports  MRI-scanned  vocal  tract shapes  of whispered

voice  and  NAM  preduction and  comparisons  among  them  to

investigate the NAM  production meehanism.

2. Method

   Three adult male  subjects  between  22 and  30 years old

participated in the MRI  scan.  Subjects uttered  strong  and

weak  whispered  voice  (SW and  WW),  and  NAM  of vQwel  IV.
A  vowel  fil was  chosen  because it is the easicst  one  for
subjects  to stabilize  an  articulatory  position, In frontai vowels,

the tonguc  is hold by contact  with  the palatc, thereby

increasing the articulation repeatability  L61. A  vocal  tract

shape  of each  voice  procluction was  scanned  using  phonation-
synchronized  MR  jmaging scans  [71. SHIMADZU-Marconi

MAGNEX  ECLIPS  1.5T at ATR-BAIC  was  used.  The
scanning  sequence  was  RF-FAST. TE  (E:ho Time)  was

3 ms,  and  TR  (Repetition Time)  was  12 ms, For sub.]'ects 1 and

2, MR  images were  recorded  on  a sagittal plane; image  size

was  512 ×  512 pixel; field of  vie",  (FOV), 2S6 x  2S6mm;

slice thickness, 1 mm;  spatial  resolution,  O,5 ×  O.5 x  1.0mm.

                    Vocal tract shape,  Whispered voice,

                          Magnetic resonance  imaging

      PACS  number:  43.TO.Aj Ldoi:IO,12SO!ast,29,195]

For subject  3, MR  images  were  recorded  on  a coronal  plane;
imagc size  was  512 x  512 pixel; FOV,  128 x  128 mm;  slice

thickness, 1 mm;  spatial resolution, O.25 ×  O.25 ×  1.0mm.

*e-mail:
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3. Results
3,1, MRimages

   Images on  the right  of  Fig. 1(a) show  an  example  of

subjecL  1's MR  images on  a  coronal  plane, A  white  line in
an  MR  image  on  a  sagittal  plane, on  the left of Fig. 1(a),

repregents  the position of  coronal  plane examined.  In the
coro]al  plane images, a glottis and  piriform fossae are

bounded  by white  lines, It is observed  that (he glottis
gradually opens;  the glettis moves  downward, as  voice

production style  varies  from a strong  whisper  to a  weak

whisper,  and  finally to the NAM  (SW -  WW  
->

 NAM).

Cavities, which  are  found beside the  glottis for the case  of

a  weak  whisper  and  NAM,  are  piriforTn fossae. It is also

observed  that the piriform fossa extend  downward, as yoice

production style  varies  from SW  to NAM.

   Figure 1(b) shows  the corresponding  results  of  subject  2.

It is observed  that the glottis gradually opens;  the glottis,
however, does not move  downward; the piriform fossae do
not  extend  downward.
   Figure 1(c) shows  the results  of  subject  3, Notc that, for
sub.icct 3, MR  images  were  rccorded  on  a coronal  planc at  a

sinaller  rcgion  but in a  higher resolution  than subjects 1 and  2.

For a strong  whisper,  the glottis lmage seems  to be distorted,

probably due to an  instability in the subject7s  production stylc

or  posture during MRI  s¢ ans. Hence  it is diMcult to find the
actua]  glottis position for a strong  whispcr.  As fbr other

production styles,  it is observed  that, compared  to a weak

whisper,  a  NAM  productien yields a  narrower  glottis opening,

which  is inconsistent with  other  subjects.  Furthcr, the piriform
fossae do net  show  a  significant  variation  in their positions
between a  weak  whisper  and  the NAM,
3,2. 3D  modcl  of  vocal  tract shapcs

   In ordcr  to investigate vocal  tract shapes  of  whispered

voice  and  NAM  productions in detai1, 3D  vocal  tract shape

models  were  constructed  from subject 1's MR  images by
using  MECHANICAL  FINDER  (Research Center of  Compu-

tational Mechanics, Inc). The procedure is as  follows. Firstly,

the MR  irnages were  edge-reinforced.  Next, MR  images were

binarized based on  the edge-reinforeed  sagittal,  coronul,  aiid

horizontal images. Finally, 3D  voeal  tract shape  models  were

constructed  by interpolating from  Lhe binarized volume  data.
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(a) Subject 1

          sw
{b) Subject 2

ww NAM

                                                       SW  WW  NAM

                                             (c) Subject3 .

          Fig. 1 rvlR images  on  coronal  planes, which  cerrespond  to white  lines on  thc  sagittal  plane image on  the lefL

Compared to the originai  MR  images, thc 3D medel  to NAM  (SW -  WW  -  NAM).  it is clearly observed  that
constructed  for strong  whispered  voice  has O.42mm  error in a 1uryngeal sinus  opens;  a  laryngeal sinus  moves  downward;
rnaximumheightandO.43mmerrorinmaximumwidthinthe  piriform fossae extend  downward;  an  epiglottis  opens.

part of  piriform fossae. These errors  are  less than  the MR  Compared  to the case  of the strong  whispered  voice,  the
spatial  resolution.  that is O.5mm, thereby  indicating that 3D  laryngeal sinus  moves  downward  by 4.5mm  and  9.0mm  in
modcls  accurately  reproduce  the vocal  pract shapes,  the cases  of  the weak  whispered  voice  and  NAM,  respective-

   Figure 2 shows  the results.  As  the voice  production style ly. The  piriform fossae extend  downward  by 5.0mrn and

varies from strong  whispcred  voice,  weak  whispered  voicc, 7,5 rnm,  respcctively,
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Fig.2Subject  1'$ vocal  tract shapes  for strong  ancl weak  whisper,  and  NAM  (upper: coronai  view.  Iowcr: sagittal vicw).

4. Discussion

   Some  researches  were  conducted  to reveal  differences jn

vocal  tract shapes  of  normal  and  whispered  voice  productions.
Froni MR  images of  single  subject,  rvIatsuda et  al. reported

that. compared  to a  normal  voice  production, a  whispered

voice  production of  vowcl  lil yiclds a  downward movcment

of  a 1aryngeal sinus  L4]. FurLhcr, also from MR  imagcs ol'

sing]e  subjcct,  Honda  et al, reperted  that whispered  veice

production of  vowel  /a/ llarrows  a laryngeul cavity.  and

shrinks  piriform fossae, compared  to a  noTinal  voiec  produc-
tion [5]. From subjcct  1's rcsults  in the current  "'ork,  it is
observed  that the NAM  production yields a  downward

movement  of  a larynx sinus, a  glottis opening,  and  downward
extensjon  of piriform fossae, compared  to a whispered  voice

production. Accordingly, as  to subjcct  1's rcsults.  it can  be

said  that the yecal  tract shape  of  the NAM  production is more

similar  to that of  u  normal  voice  production than  a whispcreci

veice  onc.  Other subjects,  however, show  inconsistent results;

subject  2's voeal  tract shape  of  NAM  production docs not

exhib"  a downward movcmcnt  of  glottls and  a  downward
extension  of  piriform fossae, thereby  showing  few similarities

to that of  a  n{}rmal  vojce  production; subject  3's vocal  tract

shape  of  NAM  production also does not  exhibit  a dewnward
movement  of  glottis, a  downward  extension  of  piriforin fossae,

and  a  glottis opening,  indicatjng fewer simi]arities  to that of  a

normal  voice  production. These results indicate a diversity of

NAM  production style among  subjects  in the eurrenl  work.

   There are two possible explanations  for the diversity of

NAM  production style  aniong  subjects.  Firstly, a  high noise

level, to which  subjects  were  exposed  during MRT  scans,

might  prevent them  from obtaining  one's  own  vocalized

sound  feedback, resulting  in diverse production st,yles. It

is hard for subjects  to hear their own  NAM  and  even

whispered  voice  by themselves during MRI  scans. This issue

should  be taken into account  atthough  it is diMcult to solve  it
unless  quieter MRI  device is deveioped, Secondty, NAM

production style cQuld  be essentially  diversc ttmong  subjects.

For exainple,  NAM  can  be produccd by  both u  normal  and  a

whispered  voice  production style  with  significantly  rcduced

expiratory  airflow.  Nakajima  defined NAM,  
"Non-Audible

Murmur,"  as  
[`a

 non-voiced  speech  sound,  created  by
turbulent  airflow  gcncratcd in the glottis and  articulated in
Lhe voca]  tract by speech-like  movements  of the tongue, lips,
and  jaw, It is similar  to whisper,  but is generalty inaudib]c

to pcrsons othcr  than  thc speaker"  r81. According to this

dcfinition. any  specific  production style  is not  required  for

NAM  production; only  if one  utterg  a  very  weak  voice  that is
unheard  by nearby  people, the voicc  is thc NAM.  As  weil  as

controlling  of  a voice  production styJe during MRI  scans, the

diversiLy of NAM  production style among  subjects  should  be

takcn  into accounL  in future experiments.

   Honda  et at. reported  thut the laryngeal sinus  shrank  and

almost  closcd  when  a  subj  eet  uttered  whispered  vowel  !af [5].
Howeyer,  the corr ¢ sponding  3D vocal  tract shape  models,  as

sho",n  in Fig. 2 SW  and  WW,  do not  exhibit such  a significant

laryngcal sinus shrinkage.  This discrepancy is possibly caused
by a diffCrcncc in 3D  model  construction  technique  between

r51 and  the current  work,  andlor  a variation  in voice

production sty]e among  subjccts.

5. Summary

   Vocal tract shapes  of  a whispered  i,oice and  NAM

produetion sL'ere obtained  by MRI  scans.  Regu]ts  show  that

the vocal  tract shapes  are  diverse among  subjccts.  One

subject's  resu]ts  show  that a NAM  production yields opening

and  downward  movement  of  glettis as  wcll  as  duwnward

extension  of  piriform fossae, compared  to a  whispered  voice

production.

   Finally, the 3D  models  of  vocal  tract shapcs,  which  were

constructed  in this work,  can  be applied  to computational

aeroacoustics  (CAA) in order  to clarify  the NAM  production
meehunism.
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