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Speech development in children is predicated partly on the growth and anatomic restructuring of the
vocal tract. This study examines the growth pattern of the various hard and soft tissue vocal tract
structures as visualized by magnetic resonance imadiiy)), and assesses their relational growth
with vocal tract lengtiVTL ). Measurements on lip thickness, hard- and soft-palate length, tongue
length, naso-oro-pharyngeal length, mandibular length and depth, and distance of the hyoid bone
and larynx from the posterior nasal spine were used from 63 pediatric @ges birth to 6 years

and 9 monthsand 12 adults. Results indicaf@ ongoing growth of all oral and pharyngeal vocal
tract structures with no sexual dimorphism, and a period of accelerated growth between birth and 18
months;(b) vocal tract structure’s regioforal/anterior versus pharyngeal/posteriand orientation
(horizontal versus verticaldetermine its growth pattern; an@) the relational growth of the
different structures with VTL changes with development—while the increase in VTL throughout
development is predominantly due to growth of pharyngeal/posterior structures, VTL is also
substantially affected by the growth of oral/anterior structures during the first 18 months of life.
Findings provide normative data that can be used for modeling the development of the vocal tract.
© 2005 Acoustical Society of AmericdDOI: 10.1121/1.1835958
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I. INTRODUCTION the tongue to form the anterior wall of the pharyx. See Fig. 1.
(Bosma, 1975a, b, 1976, 1985; Crelin, 1976, 1973; Fried,
As the infant vocal tract increases more than twofold inKe||y, and Strome, 1982; Kent, 1981; Kent and Vorperian,
length from infancy to adulthood, its geometric proportions1995: Laitman and Crelin, 1976; Lieberman, 1977, 1984:
also change, so the term “anatomic restructuring” has beesasakiet al, 1977; Westhorpe, 1987 The implication of
used to denote the physical changes that the vocal tract strugych anatomic reorganization is that the various bony and
tures undergo during development. Reported changes includ®ft-tissue structures in the oral and pharyngeal regions have
the bending of the vocal tract to form a right angle in thegifferent growth rates or growth patterns such that adult sizes
nasopharyngeal region; the disengagement of the velicgre reached anywhere from age 7 to 18 yedsnt and
epiglottic contact; the descent of the larynx, the hyoid, and\/orperian, 1995; Fitch and Giedd, 1999; Vorperiahal,
the epiglottis; as well as the descent of the posterior part 01999; Liebermaret al, 2001; Vorperian, 2000 Using ad-
vances in imaging technology, such as magnetic resonance
Iportions of this paper were presented in 2001 at the 141st meeting of thenaging (MRI), the goal of our research is to quantitatively
Acot_JsticaI Society of America in Chicago, also at the 1999_ar_mua_| concharacterize the macroanatomic developmental changes in
vention of the American Speech-Language Hearing Association in San . .
Francisco, CA. the bony and soft-tissue structures of the vocal tract during
PElectronic mail: vorperian@waisman.wisc.edu the first 2 decades of life. Our ultimate goal is to describe the
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FIG. 1. Midsagittal magnetic reso-
nance images of a 7-month-old female
(left) and an adult femaléight).

relational growth of those structures for the purpose of unvocal tract in the adult by first independently examining all
derstanding the biological foundation of speech. Speeckhe oral and pharyngeal vocal tract structures in the sagittal
emergence and development is presumed to be dependentpddne, and then assessing the relational growth of each of
least in part, on the physical changes that the vocal tradhose structures with vocal tract length. This latter assess-
structures undergo during developmefBosma, 1975a; ment was done while taking into consideration the assigned
Kent, 1976, 1981, 1992; Thelen, 199Also, the nature of region (oral versus pharyngeal versus combinéor each
the speech sounds that can be produced is determined in padcal tract structure. Structures examined, in the sagittal
by the physical constraints of the supralaryngeal system gplane, include maxillary and mandibular lip thickness, hard
the articulatory—resonatory systeite.g., Mowrer, 1980; and soft palate length, tongue length, mandibular length and
Smith and Oller, 198)1 This paper contains findings on the depth, and the distance of the larynx, the epiglottis, and the
development of the various hard-and soft-tissue vocal tradtyoid bone from the posterior nasal spiffeNS. Such an
structures and vocal tract length during the first 6 years ofpproach was used to address the following objectiigs:
life as compared to the mature adult vocal tract. It also in-Determine the growth pattern that the various vocal tract
cludes findings on developmental changes in the relationatructures follow(ii) Determine the age or age range of ac-
growth of those various vocal tract structures with vocal tractcelerated growth periods, if such periods exigt) Deter-
length. Relational growth is defined as the percent variatiomine if there are gender differences in growth rate during the
in vocal tract length explained by each of those various hardfirst 6 years of life.(iv) Examine differences in growth rate
and soft-tissue structures that affect vocal tract length. of the vocal tract structures based on regianterior versus
Vocal tract length, defined as the curvilinear distanceposterioj and orientation of plane of growtthorizontal ver-
along the midline of the tract starting at the glottis to thesus vertical. Since the vocal tract is housed in the head and
intersection with a line drawn tangentially to the lips, hasneck region, it is expected that the various vocal tract struc-
been estimated to increase from approximately 6 to 8 cm iures will follow the growth pattern and the plane of growth
infants to about 15 to 18 cm in adult females and malesthat the head and face folloWrarkaset al., 1992a, b. (v)
respectively. Such estimates of vocal tract length have beeAssess the developmental changes in the relational growth of
calculated from acoustic studi@Sant, 1969 and from direct each vocal tract structure with vocal tract length.
measurements of the adult vocal tract from radiographic im-
ages(Fant, 1960. More recently, Fitch and Gied999, Il. METHODS
and Vorperiaret al. (1999 reported vocal tract length mea- A Subiects
surements using MRI. Fitch and Giedd’s data from subjects™ I
between the ages 2 and 25 years indicate significant length MR images were secured from 37 white patients/
increases in all the different portions in the vocal tract. Theysubjects who received MRI for medical reasons known not to
report growth in the pharyngeal region to be prominent beaffect growth and development. The 37 subjects include 12
tween early childhood and puberty, and even more proadult subject§6 male, 6 femalg and 25 pediatric subjects
nounced between puberty and adulthood. Such findings supi6 male and 9 femaleAll adults and 9 pediatric subject§
port the hypothesis that an increase in vocal tract length isnale, 3 femalg were imaged once, and the remaining 16
predominantly due to growth in the pharyngeal regient  pediatric subject$10 male, 6 femalewere imaged two or
and Vorperian, 1995; Vorperian, 2000n this paper, rather more times. In this paper each MR imaging date is referred
than segmenting vocal tract length into different regions—to as a case. The data reported are from 79 cases that include
such as oral and pharyngeal—the development of vocal trache 12 adult MRI cases, 9 pediatric MRI cagésmale, 3
length is examined in children as compared to the maturéemale from the subjects imaged once, and 58 MRI cases

J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005 Vorperian et al.: Vocal tract length development 339



i eor/o14
o 0—O0
o -0
oO—0—0——0¢ O
O Q
@
O O
-0
®
@ (=) 0
o———F 0
=, |
@ [ e e I e EE—— |
o——-L—0a
o0——{—
o] oo [c] o——0—F—
2 a (o]
oG O -0
m
0 12 24 36 48 60 72 84

Chronological Age (months)

FIG. 2. Distribution of pediatric cases across chronological age in months.
Square symbols denote male cases; round symbols, female cases. Rep¢
MRI cases are connected with a line. Nonrepeat cases have a dot in th
symbol. Note that the frequency of repeat MRI cases does not exceed :
weeks during the first month of life, and 1 month during the first year of life.

(40 male, 18 femalefrom the 16 pediatric subjects who
received serial/repeat MRI. The age range of the pediatric
cases is 2 weekf;.5) to 6 years 9 month$6;9). Figure 2
displays the distribution of the pediatric cases, and indicates
that the frequency of repeat MRI cases does not exceed 2

weeks during the first month of life, and 1 month during theFIG. 3. Midsagittal magnetic resonance image of a 1-year, 3-month-old
first year of life. The weights of the majority of the cases male subject Wi_th anatomic ‘Iandmarks_ used for me_iking measurements.
were at the 50th percentile reference growth curves for boy/s:';f;h'\i‘(iagﬁggignr;asﬁ Osg;%;f;fit;:oggﬁzegn;ﬂ?fﬁ:ﬁigﬁsaﬂ
and girls, with all cases falling between the 25th to 95thsio—stomion; sr-subnasale; Sisulcus inferior or supramentale=vertex.

percentile growth curves as per the National Center for
Health Statistics growth chart4976. No participants were ministration of a contrast mediurfGadolinium-DTPA to

S|gn|f|canFIy under- or overvvelght. The mean age of the l%ncrease visualization of body tissues, were selected over im-
adult subjects was 23 years with mean height 166 and 17&993 with no contrast injection

cm; and mean weight 56 and 68 kg for females and males,
respectively.

Data were acquired by measuring the followindgxil-
lary and mandibular lip thickness, hard and soft palate
length, naso-oro-pharyngeal length, laryngeal level, hyoid
level, tongue length, mandibular length, mandibular depth
andvocal tract length Most measurements were made from
the midsagittal plane, where distinct cerebral sulci extending
Image acquisition methods have been described previo the corpus callosum are visible; also visible is the fourth
ously (Morperianet al, 1999. Basically, image acquisition ventricle, the full length of the cerebral aqueduct of Sylvius,
involves two phases. The first phase is the actual MRI studythe pituitary gland, part of the optic chiasm, the brainstem,
where virtually all of the pediatric patients were sedated usand the cervical cor§Shortenet al, 1994. In addition, the
ing either chloral hydrate 50 mg/kg administered orally, ormost distal parasagittal slices, where the condylar process of
DPT (demerol, phenergan, and thorazidemg/kg adminis- the mandible can be visualized, were used to calculate man-
tered intramuscularly, prior to entering the scanner. Once imibular length and depth measurements. The image measure-
the scanner, the facial structures of all subjects were placethent softwaresiIGMASCAN PRO by SPSS(formerly Jandel
centrally in the head coil using the laser lights of the MR Scientifig was calibrated for each case/slice using the hash-
imager(GE scanner or ResongXAll images were acquired scale mark on the MR image/slice. The measurement set for
during quiet respiration. MRI image acquisition parametershis study is described below. Refer to Fig. 3 for anatomic
were as follows: The imaging matrix was 28856 or 256 landmarks(Farkas, Posnick, and Hreczko, 1992&lthough
X192 or 512256. All images were obtained using a spin— most anatomic landmarks are evident in the midsagittal slice,
echo pulse sequence or a fast spin—echo pulse sequensagittal slices immediately to the right and left of the mid-
Sagittal slices were obtained with T1-weighted sequencesagittal slice were used to ensure the accurate placement of
(repetition time[TR]=350 to 700 ms, echo delay time anatomic landmarks to make measurements, particularly for
[TE]=14 to 30 m$ as well as T2-weighted sequences. Thestructures that could deviate from midline such as the epig-
second phase of image acquisition involved digitizing thelottis and the uvula. The definition for each measurement
MR images by scanning all sagittal slices in the oral regionfollows: Vocal tract Length The curvilinear distance along
into the computer using the UMAX Powerlook 2100XL the midline of the tract starting at the thyroid notch to the
oversized scanner with a transparency adapter, and storingtersection with a line drawn tangentially to the lips. The
the images for subsequent measurements. The(@®$ per thyroid notch, which is slightly superiofabout 5 mm in
inch) setting was set to 600. When available, images withadultg to the anterior commissure—the junction of the vocal
contrast injection, i.e., images acquired after intravenous adelds anteriorly in the larynx—was used as one of the two

B. Procedures
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FIG. 4. Vocal tract length of the pediatric and the adult cdepen triangle  FIG. 5. Tongue length of the pediatric and the adult cadspen triangle
down for males, and shaded triangle up for femal@he secondy axis down for males, and shaded triangle up for femel&sngue length is de-
reflects the percent of adult size. Vocal tract length is defined as the curvifined as the curvilinear distance along the dorsal superior contour of the
linear distance along the midline of the tract starting at the thyroid notch taongue from the tongue tip to the valleculae.

the intersection with a line drawn tangentially to the lips.

ere made on 22 different hard- and soft-tissue structures,
rom nine cases at three different agéb, 40, and 63
monthg. Duplicate measurements were made at two inde-

vilinear distance along the hard palate contour from the anbendent times with an interval of 1 month. The standard
deviation of measurement error was independent of (age

terior point of the incisor or tooth bud to the beginning of the
P . =0.14 cm;n=>53 at age 15 mosy=0.18 cm;n=52 at age
ft palate, which k th f fat
soft palate, which is marked by the presence of increased 6}10 mos;o=0.16 cm;n=48 at age 63 mgsThus, the accu-

and the beginning of curvatur8oft palate lengthThe cur- f visualizing th : ft and ticularly b
vilinear distance from the posterior edge of the hard palate tbacy Of visualizing fhe various soit and particuiarly bony
structures on MRI does not change during the course of de-

the inferior edge of the uvuldandibular length and depth | tsi th i . imately th

The horizontal and vertical distances in the midsagittal plané'e opmetnthsm((j:% N t[neasuremen' er(rjor;s apﬁromtr)rja ?y the

from the mental protuberance to the orthogonal projection o ame at tne diterent ages examined. or all subjects, the
standard deviation of measurement error for hard-tissue

the condylar process on the midsagittal plaregue length -~ o
The curvilinear distance along the dorsal superior contour o§tructures(o—0.22 ¢m; n=79) was larger than for soit-

the tongue from the tongue tip to the valleculbgoid bone ~ USSUe Structureg=0.12 cm; n=74). This was expected
level or tongue levelThe vertical distance from the PNS since it is difficult to determine the exact borders of bony

(posterior nasal spineto the level of the anterior inferior strgc\t/vref in the (irgal-]%\aryngeal :ﬁglorg) or: Wthefrgt]h
point of the hyoid boneLaryngeal level The vertical dis- an estersson, 1991Also, since the absolute size of the

tance of a line drawn from the thyroid notch cartilage to themeasurements varlcée.g., Iarge values for vocal tract length
PNS (posterior nasal spine Naso-oro-pharyngeal length apd small yalues for lip W'dm the percent measurement
The curvilinear distance along the posterior pharyngeal Walglﬁerence(tlme 1 versus time Pof the length of the struc-
above the soft palate extending from the posterior naris to
the end of the upper airway. A line drawn horizontally from
the superior border of the hyoid bone to the posterior pha-

end points of the vocal tract length measure instead of th
conventional use of the glottis to ensure the visibility of this
end point on midsagittal MRIHard palate lengthThe cur-

™)
|

g |
ryngeal wall was taken as the dividing line between the na-g
sopharynx and the oropharynaxillary lip thickness The = WWV I
anteroposterior distance from the subnagaig to the ante- Ef 10 — ey 100 g
rior nasal spingANS). Mandibular lip thicknessThe hori- 3 g oo 2
zontal anteroposterior distance from the sulcus infef®y %: " | 2o g
or supramentale to the hard tissue line. g ) 15 Ci:
B
C. Statistical analysis 2 6 L
Measurement error includes a small calibration error andZ 70
an error due to measurement. The calibration error, which 4 7 — 40

X L : - 12 24 36 48 60 72 84 Adilts
occurs QUrlng software calibration whﬂg assigning the num- Chrondlgital Apeiimoniis)
ber of pixels per 1-cm hash marks, is in the range of 0.1 to

0.4 mm. This error was unavoidable since the different MRFIG. 6. Pharyngeal length of the pediatric and the adult céseen triangle

images had different specification with respect to matrix sizeT"OWn for males, and shaded triangle up for femaldaso-oro-pharyngeal
. . . ength is defined as the curvilinear distance along the posterior pharyngeal
and FOV(erld of view). To compute the standard deviation wall above the soft palate extending from the posterior naris to the level of

(o) of error due to measurement, duplicate measurementse thyroid cartilage or the end of the upper airway.
J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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tures remeasured, was examined individually for the nine T
cases. The maximum percent deviation between measure- . , 30
ments was as follows: No more than 3% for vocal tract 0 12 24 36 48 60 72 84  Adults
length, less than 5% for pharyngeal length and tongue length, —
less than 6.5% for total length for hard and soft palates, and _
less than 8% for mandibular length and depth. § 4 Y 100 g
o
E %o |oo
1. Anatomic growth of the vocal tract structures § " o,
The absolute growth(male versus female measure- £ h g.
ments of the different hard- and soft-tissue vocal tract struc- & 60 =
tures during the first 6 years of life and in adults is graphi- "é % N
cally presented in Figs. 4 to 11. The broken line growth 21v% 50

curve model was used to fit the data because it allows a test
for a change in the rate of growth, and provides an estimate
of the time of the change or the “breakpoin(Bacon and

0 12 24 36 48 60 72 84

Adults
Chronological Age (months)

Watts, 1971 The broken line consists of two straight lines FiG. 9. Hard and soft palate lengttop figure, hard palate lengtmiddle

joined at a point. It has the form+b (ca.mo$ for ca.mos
<p andd+c (ca.mog for ca.mos>p, whered=(a—b)/p

figure), and soft palate lengttbottom figure development for pediatric and
adult casesopen triangle down for males, and shaded triangle up for adult
females. Hard palate length is defined as the curvilinear distance along the

+c is determined by the restriction that the tWO_ lines ml'_ISthard palate contour from the anterior point of the incisor or tooth bud to the
meet at ca.mosp (ca.mos stands for chronological age in peginning of the soft palate, which is marked by the presence of increased
monthg. The intercept parametéa) is assumed random in fat and the beginning of curvature. Soft palate length is defined as the

v
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curvilinear distance from the posterior edge of the hard palate to the inferior
edge of the uvula.

the population of subjects and accounts for within-subject
correlation. The S-plusLME software was used for estimat-
ing the parameters in this nonlinear mixed effects model.
These data were fit with a broken line growth curve model
both with and without the inclusion of terms for gender ef-
fects. The Wald F-test was used to test for the effect of gen-
der (Pinheiro and Bates, 2000

2. Growth of vocal tract structures based on region /|
orientation

Using the angular bend of the vocal tract, the measure-
ments of the various hard- and soft-tissue vocal tract struc-
tures were assigned to one of the following three regions/

FIG. 8. Hyoid descent of the pediatric and the adult casgen triangle
down for males, and shaded triangle up for femalétyoid bone level or
tongue level is defined as the vertical distance from the PNS to the level o
the antero-inferior point of the hyoid bone.
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orientations:(i) Anterior or oral structures that grow in the
horizontal plandi.e., run parallel to head length—the dis-
tance from the glabellég) to the opisthocarniofop)]. Mea-
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FIG. 10. Mandibular lengtltop figure and mandibular depttbottom fig- 0 12 24 36 48 60 72 84 Adults
ure) development for pediatric cases and adult céspen triangle down for Chronological Age (months)

males, and shaded triangle up for femalééandibular length and depth are

defined as the horizontal and vertical distances in the midsagittal plane frorfIG. 11. Maxillary lip thicknes<top figure and mandibular lip thickness

the mental protuberance to the orthogonal projection of the condylar proces®ottom figure for pediatric cases and adult cagegen triangle down for

on the midsagittal plane. males, and shaded triangle up for females. Maxillary lip thickness is defined
as the antero-posterior distance from the subngsaleo the anterior nasal

. . . . spine(ANS). Mandibular lip thickness is defined as the horizontal antero-

surements included were the maxillary and mandibular lighosterior distance from the supramentale to the hard-tissue line.

thickness, hard palate length, and mandibular lengith.

Posterior or pharyngeal structures that grow mostly in th

vertical plane(i.e., run parallel to facial heighthe distance

from the nasion(n) to gnathion(gn)]. Measurements in-

§hen used to assess the developmental changes in the rela-
tional growth of the different vocal tract structures with vo-

. al tract length. This was achieved by calculating the
cluded were soft palate length, pharyngeal length, hyoid, anaetween—subjeot—squared statistitbetween-subject correla-

laryngeal descentiii) (;ombmed (anterlpr and posteniorl tion coefficient of each structure with vocal tract length
structures, that grow in both the horizontal and ver'ucalS uaredl and then comparing these values across the differ-
planes. Measurem_ents |ncIud.ed were vocal tract length Qnéﬁt structures and the different age groups. Tisguared

tongue length. Using the estimated breakpoints that varie tatistic is the percent of subject-to-subject variation in vocal

over the structures in the above-described broken line modeﬁl .
. act length explained by other structu rowth measure-
(see Table )l the effect of pre- versus postbreakpoint S ment g P y fesy

ment (i.e., initial versus final slopeand structure region/
orientation(i.e., anterior/horizontal versus posterior/vertical
versus combinedon slope was investigated using a nestedl!l. RESULTS

analysis of variance with adult structure size included as & Anatomic growth of the vocal tract structures
covariate. This was followed by pairwise comparisons of the

three regions/orientations using the least significant differ- Al available measurements from the 69 pediatric cases,
ence method. between the ages 2 weeks to 6 years 9 months, and the 12

adults are plotted in Figs. 4 to 11, with growth curve fits for
) ) the pediatric data and a seco¥Mdxis referencing the pedi-
3. Relational growth of the different vocal tract atric data to the percent of the average adult size. The figures
structures with vocal tract length depict the development obcal tract length(Fig. 4), tongue
The estimated breakpoints varied over the structures itength (Fig. 5), naso-oro-pharyngeal lengttFig. 6), laryn-
the above described broken line mod®8kc. IIC 1. Atypi- geal descentFig. 7), hyoid decent(Fig. 8), hard and soft
cal breakpoint value of 18 months was chosen in order tgalate length(Fig. 9), mandibular length and mandibular
divide pediatric subjects into two groups. These groups werdepth(Fig. 10, andmaxillary and mandibular lip thickness

J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005 Vorperian et al.: Vocal tract length development 343



TABLE |. Parameter values with standard erf®E) of the broken line growth curve model describéa).
intercept; (b) slope term for ages less than the breakpdbrk); (c) slope term for ages greater than the
breakpoint; andbrk) the estimated breakpoint in chronological dge) in months.

a SE (a) b SE (b) c SE (¢ brk SE (brk)

Vocal tract length 7.079 0.028 0.139 0.021 0.036 0.131 15.935 2.803
Tongue length 5.681 0.033 0.082 0.019 0.027 0.166 16.007 4.857
Pharyngeal length 4,772 0.054 0.117 0.037 0.027 0.196 14.964 5.178
Laryngeal descent 2.966 0.067 0.103 0.030 0.015 0.317 14.990 4.476
Hyoid descent 2.545 0.068 0.066 0.018 0.012 0.476 19.884 5.801
Palate(hard and sojt 5.155 0.034 0.064 0.018 0.017 0.258 17.830 5.645
Hard palate 2.787 0.039 0.043 0.008 0.004 0.804 24.212 3.739
Soft palate 2.362 0.036 0.011 0.002 NA NA NA NA
Mandibular length 2.657 0.133 0.120 0.078 0.018 0.382 12.936 8.446
Mandibular depth 4.374 0.057 0.049 0.013 0.027 0.329 30.976 14.562
Maxillary lip thick 0.711 0.064 0.014 0.007 0.003 0.313 13.017 7.151

Mandibular lip thick 0.545 0.070 0.009 0.002 NA NA 29.767 5.512

(Fig. 11). Figure 4 shows that the development of vocal tractvalue for the intercept terma” is used in the fitted model
length increases from birth to age 6 years 9 months, with @urves plotted in Figs. 4 to 11. As seen in Table |, with the
somewhat more rapid growth during approximately the firstexception of the soft palate that does not have a breakpoint
16 months of life. The vocal tract length measurements fokbrk) (i.e., one line fits all the datathe growth rate for most
children between 2 to 6 years as well as the adults are istructures is faster prebreakpoint than postbreakpoint. That
congruence with data reported by Fitch and Gigdl€99 is, the slope term® (prebreakpoint are generally greater
using MRI procedures. The average vocal tract length by agthan slope termsc (postbreakpoint; p<<0.0001). Also,
18 months is 8.3 cm, which, as plotted on the secdrakis  growth continues postbreakpoint>0) for most structures
of Fig. 4 labeled “percent of adult size”, is a measure that isexcept for mandibular lip thickness, which has a zero slope
about 55% the adult vocal tract length; and at age 6 yearghorizonta) for the second segmer{postbreakpoint We
the average length is 11.4 cm, which is about 75% the adulilso fit models with random slope terrfts and ¢) and ran-
vocal tract length. Figures 5 to 11 depict the development oflom breakpoints, but likelihood ratio tests indicated that
the various hard- and soft-tissue structures that contributthese models did not improve the fit significantly. All vocal
towards vocal tract lengthening. Most structures, despite diftract measurements were transformed to the log scale to sta-
ferences in growth rate, appear to follow a growth pattern obilize the variance. Furthermore, we tested for differences
a growth curve that is similar to that of the vocal tract length.due to gender by comparing a general model which allows
That is, most structures appear to have an ongoing growtthe (mear) parameter values to vary by gender to a simpler
from age 2 weeks to age 6 years 9 months with a somewhahodel which ignores gender. In all cases the effect of gender
more rapid growth during approximately the first 18 monthswas not significant§>0.05). The need for a more complex
of life. At about age 18 months, the various vocal tract strucwithin-subject correlation structure was also explored by
tures achieve between 55% to 80% of the adult size, and atomparing a within-subject independence to autoregressive
about age 6 years, they are between 65% to 85% of the adwserial correlation. Once again, the fit of the more complex
size. Such percentage ranges indicate that some structunemdel was not a significant improvement.
get closer to their adult mature size sooner than others. For
example, the hard palate length and maxillary lip thickness _
(both anterior or oral structuregre at 80% of their adult B- Growth of vocal tract structures based on region  /
mature size by age 18 months; however, other structure?,“emat'on
such as mandibular depth and pharyngeal lerigtbdomi- The different vocal tract structures were grouped into
nantly posterior or pharyngeal structuregach 80% of their three region/orientation classése., anterior/horizontal ver-
adult mature size by about age 6 years. Other structures sushis posterior/vertical versus combingge Sec. IICR The
as laryngeal descef®5%), hyoid descent65%), and tongue effect of these classes on the slopes was significant (
length(70%), continue to undergo considerable growth after=0.019). The interaction term, however, was not significant
age 6 until they reach their adult mature size. (p=0.654), indicating that the pattern of differences in
The observation of a more rapid rate of growth duringslopes between the three regions/orientations was consistent
early childhood(depicted in Figs. 4 to Jlwas statistically across segmentgre- and postbreakpointsPairwise com-
supported by modeling the relationships between age angarisons of these three regions/orientation classes found sig-
each of the vocal tract structures of the pediatric data witificant differences among all pairs: vertical versus horizon-
the broken line growth curve model. As noted abd8ec. tal p=0.013; combined versus vertical0.026; combined
IIC 1), this model was used because it allows testing for asersus horizontap=0.0006. Table Il lists the means for
change in the rate of growth, and provides an estimate of theegion/orientation of pre- and postbreakpoint segments. Note
time of the change or the “breakpoint.” Table | lists the that the means are larger prebreakpoint than postbreakpoint,
estimated parameters and their standard errors. The meand that the ordering of the meartsombined>vertical
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TABLE II. Means of initial slope(prebreakpoint segmenand final slopgpostbreakpoint segmergeparated
by region/orientation. SE indicates standard error. See the text for the vocal tract structures’ region/orientation

assignment.

Mean initial slope Mean final slope
Region/orientation prebreakpoint segment SE  postbreakpoint segment SE n
Anterior/horizontal 0.046 0.022 0.006 0.004 12
Posterior/vertical 0.069 0.020 0.019 0.004 12
Combined 0.095 0.026 0.027 0.005 12

>horizontal, which reflects the order of growtis the same squares indicate more relational growth. For all three groups
for the initial slope(prebreakpoint segmenand final slope (with the exception of the hard palate in the peds Il group

(postbreakpoint segment and of mandibular depth in adultall hard- and soft-tissue
vocal tract structures demonstrate concurrent or relational

C. Relational growth of the different vocal tract growth with vocal tract length. However, the extent of rela-

structures with vocal tract length tional growth changes for each structure during the course of

development. The first column of Fig. 12 lists in order the
percent relational growth of the various structures with over-
all vocal tract length for the first pediatric group, peds I. The

therefore difficult to compare growth ratgse., slopes second and third columns reflect the percent relational
across structures. In order to assess the amount of variabiliﬁfowm for the second pediatric group, peds Il, and adults.

in vocal tract length which can be explained by the variation” ©" @ll three age groups, naso-oro-pharyngeal length, tongue
in each of the other structurdie., to assess the relational €"9th, and laryngeal descent have the highest relational

growth of the different vocal tract structures with vocal tract9roWth with vocal tract length. However, comparison of the
length, we first divided the subjects into three groupso percentages for each of those structures, as vyell_ as of the
pediatric groups and one adult groppand then computed fémaining structurgs, across the three groups |nd|cat§s that
the between-subjectssquared statistic for all the structures the extent of relational growth changedecreases or in-
in each group. The pediatric subjects were divided into twdfréasep during the course of development. For example,
groups using the age of 18 month as the dividing value. Thi®haryngeal length is the largest for ped&82%) and adults
decision was based on the 95% confidence intervals for th€6%), but the third in line for peds I[57%. In contrast,
estimated breakpoints, and age 18 month was chosen as@yngeal descent is the largest for ped&B%) but the third
compromise between the median estimated breakpoint fdargest for peds [67%) and adults(45%). Such differences
the vocal tract measuremer{ts5 months and the transition in order and percent variation explained appear to stem from
point indicated by the acoustic da4 monthg (Robbet al,  differences in growth in the naso-pharyngeal regibori-
1997; Gilbertet al, 1997. In all but one casémandibular ~ zontal plang versus the oro-pharyngeal regiawertical
lip thickness the 95% confidence intervals for the estimatedPlane. This inference is based on examining change in struc-
breakpoints included 18 months. Thus, the first pediatridures in the naso-oro-pharyngeal region, namely, palatal
group(peds I;n=19) consisted of cases between the ages ofength and laryngeal descent. The former structure is below
2 weeks and 18 months. The second pediatric gfpeds II;  the posterior naris where the naso-pharynx measure starts,
n=48) consisted of cases ages 19 months to 6 years andad the latter structure is where the oro-pharynx measure
months. The third grougadults;n=12) consisted of adults €ends. In peds | and in adults, the percent variation explained
with vocal tract structures that have reached their matur®y the hard palaté58% and 22% is more than the soft
size. The adult group was included to assess the pediatrigalate(2% and 16% However, for peds Il, the hard palate
data in terms of percent of adult size as discussed abov®.01% has barely any relational growth with vocal tract
(right-hand second axis in Figs. 4 to 1}, and to compare length. Thus, it appears that in peds | and in adults there are
the relational growth of the different vocal tract structuresdevelopmental changes, in the horizontal plane, at the begin-
with vocal tract length during the course of development. Fomning of where the measure of the naso-pharynx is initiated.
each group, the between-subjeesquared was calculated Thus, during the course of development, there are not only
(between-subject correlation coefficient of each structurdlifferences in the extent of relational growth of the different
with vocal tract length squargd The between-subject vocal tract structures with vocal tract lengttiecreases or
r-squared is the percent of variability in vocal tract lengthincreases but differences in relational growth based on
among subjects explained by that measurement. Thstructure region/orientation (anterior/horizontal versus
r-squared calculations were not sensitive to small changes iposterior/vertical Indeed, comparison of the various struc-
the breakpoint, i.e., the results and conclusions outlined beures listed in Fig. 12 based on regitanterior versus pos-
low were not altered when the data were analyzed usingerior) and orientation or plane of growimorizontal versus
different cutoff ages, such as 16 or 24 months, for the pedivertica) indicate that during approximately the first 18
atric data. months of life(peds | groupthere is about as much growth
Figure 12 is a squares plot that represents the percemind subsequently relational growth of the anterior structures
relational growth by the sizézolume of the squares. Larger in the horizontal plane—such as hard palate len@®0o

As noted in Table I, the different structures have differ-
ent breakpointgbrk) ranging from 13 monthge.g., man-
dibular length to 31 months(e.g., mandibular depthlt is
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Peds | Peds Il Adults

Pharyngeal Length (P-V) 82% 57% 66%
( 0.0003) ( 0.0011) { 0.0014)
Tongue Length (C) 75% 58% 61%
( 0.0011) { 0.0009) ( 0.0025)
Laryngeal Descent (P-V) 67% 66% 45%
( 0.0039) ( 0.0002) ( 0.0171)
Oropharyngeal Length (P-V) 62% D 18% D 17%
( 0.0070) ( 0.1171) ( 0.1868)

FIG. 12. Squares plot showing the
r-squared or percent variability in vo-

cal tract length explained by the vari-

0, 0, 0,

Nasopharyngeal Length (P-V) 99% 52% 33% ous vocal tract structures. The area of

( 0.0090) (00023 ( 0.0518) the squares is proportional to
r-squared. The numbers in parentheses
represents thep value for the test

Hard Palate Length (A-H) 58% ‘ <0.01% 22% wherer-squared is different from zero.

( 0.0101) ( 0.9979) ( 0.1214) Structures include pharyngeal length
(nasotoro  pharyngeal lengths
tongue length, laryngeal descent, pal-

Hard + Soft Palate (C) 54% 24% 20% ate Ien_gth(hard+soft palate Iengths

( 0.0156) ( 0.0661) ( 0.0738) lip thickness (average maxillary
+mandibular lip thicknegs mandibu-
lar length, mandibular depth, and hy-

Mandibular Lip Thickness (A-H) 40% 22% S4% gl;j deitssc emr'eziaocr:};tireur?tt:trigf fOI:SXV\(/ed

(0.0514) (/0.0760) (1 0.0067) (posterior/verticat A—H (anterior/
horizonta); and C(combined anterior/
horizontal and posterior/vertigaNote

Lip Thickness (A-H) 32% 27% 35% that the listed order of structures is

( 0.0889) ( 0.0471) ( 0.0421) based on the percentages for peds |
only. The percent vocal tract variabil-
ity explained change@ncreases or de-

Mandibular Length (A~H) 31% D 9% 25% creasesfor each group(peds |, peds

( 0.0962) { 0.26%0) ( 0.0956) Il, and adults.

Mandibular Depth (P-V) 2% 30% : <0.01%
( 0.1220) ( 0.0358) ( 0.8506)

Hyoid Descent (P-V) 26% a 2% 44%
( 0.1340) ( 0.6018) ( 0.0179)

Maxillary Lip Thickness (A-H) |____| 15% |:| 10% a 7%

( 0.2649) { 0.2395) ( 0.4045)
Sot Palate Length (P-V) a 2% 34% D 16%
( 0.6939) { 0.0017) { 0.1988)

and mandibular lengttB1%)—as there is growth of the pos- the growth of the anterior structures in the horizontal plane,
terior structures in the vertical plane—such as laryngeal desuch as mandibular lengtfe%) and hard palate length
scent (67%), mandibular depth(27%), and hyoid descent (0.01%). Similarly, for the adults’ group, the growth and con-
(26%). In contrast, from the ages of 19 months to 6 years andequently the relational growth of the posterior structures
9 months(peds II group, the growth, and subsequently the with vocal tract length, such as laryngeal desddb®q), and
relational growth, of most of the posterior structures in thehyoid descent44%), exceeds that of the anterior structures,
vertical dimension, such as laryngeal desc&t%), soft  such as mandibular lengt25%), hard palate lengtk22%),
palate length(54%), and mandibular deptfB0%), exceeds and lip thickness(35%). Thus, although there is notable
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growth for most structures in both the vertical and horizontalearly maturity. Figures 4 to 11 indicate that generally the
planes at all age groups, growth in the horizontal plane slowgrowth of structures that are in the horizontal plane, such as
down for peds IlI, but then increases at some later point tahe hard palate, follows a neural growth curve. For example,
reach the mature adult size. as seen in Fig. 9, the hard palate has an accelerated growth
period from age 2 weeks to age 24 months, at which time it
has reached 84% of its adult size. In contrast, the growth of
structures that are in the vertical plane, such as the soft palate
A. Current findings and laryngeal descent, follows a somatic growth curve. Fur-
thermore, structures that are in both the horizontal and ver-

The current data from sagittal MRI slices provide de-"
tailed developmental information on the changes that thdic@l planes, such as vocal tract length and tongue length,
ﬁpllow a combined or intermediate, neural and somatic

various hard- and soft-tissue structures undergo, and the

relational growth with vocal tract length. These data aregrowth curve. As noted in the Results section, the differences
without precedent in that they were obtained from children” 9rowth between these three regions/orientations are sig-

from birth to age 6 as well as adults, and thus they capture aﬁifipant. Although the available data in the current study are
age range—specifically birth to age 4—where most of thdimited up to age 6 years 9 months and ad_ults, these stqte-
important anatomic restructuring occurs. Current findings, a§'e€nts on type of growth curve are substantiated by examin-
discussed below, indicate théd) there is ongoing growth, N9 the measures of_ t_he various structures at around age 18
with no sexual dimorphism, between birth and age 6 years g?onths., and deter.mlnlng their percentage of the mature adult
months and a period of accelerated growth or growth spur$iZe- Differences in growth trajectories of vocal tract struc-
for most vocal tract structures between birth and approxitures where the growth rates of the vertical and the horizontal
mately age 18 monthgb) the growth pattern of the various portions of the vocal tract are different are also reported by
vocal tract structures varies according to its regianterior, ~Liebermanet al. (1999, 2001 The finding of accelerated
posterior, or combinadand orientation of growtithorizon- ~ 9rowth during early childhood, particularly for vocal tract
tal, vertical, or combined wherein anterior structures appear length, has implications for speech acoustics that are dis-
to have a neural growth curve, posterior structures have gussed below.
somatic growth curve, and structures/measurements encom- 1 he ordering of the means reported in Table [I—for both
passing both anterior and posterior regions—such as voc#fe- and postbreakpoint segmefitstial and final slopes—
tract length—have a combined or intermediate neural andeflects that combinedanterior and posteriprstructures
somatic growth pattern as defined by Scammit®30; and  have the largest growth followed by posterior structures, and
(c) the relational growth of the different vocal tract structureslast by anterior structures for both the prebreakpoint and
with vocal tract length changes during the course of develpostbreakpoint segments. This order of growth was expected
opment as a function of structure orientatiémorizontal/ since the combined structures have larger measurements than
vertica). These findings, followed by implications for speech the anterior or posterior structures alone because they include
acoustics and methodological issues, are discussed below.both anterior/horizontal and posterior/vertical regions/
The findings described above support the documente@rientations. The posterior/vertical mean was also expected
fact that growth or development does not advance in a linedio exceed the anterior/horizontal mean since most anatomic
fashion, but rather involves one or more periods of rapidrestructuring—specifically laryngeal and hyoid descent—is
growth or growth spurtéGollin, 1981). As seen in Figs. 4 to reported to occur in the posterior or pharyngeal region where
11, all the vocal tract structures examined exhibit a consisgrowth is predominantly in the vertical dimension. Thus,
tent trend of growth with no sexual dimorphism during thethere is significantly more growth in the vertical dimension
first 6 years of life, and a period of significant rapid or ac-that in the horizontal dimension for both prebreakpoint and
celerated growth during early childhood, typically betweenpostbreakpoint segments.
birth and approximately age 18 months. See Table | for the ~ Comparison of slope termis (prebreakpoint segment
breakpoints(brk.—age where growth rate chanyed spe- and slope terms (postbreakpoint segmerin Table I, shows
cific structures as calculated by the broken line growth curvéhat the various vocal tract structures, or measures within a
model. In general, the various vocal tract structures appear tstructure, have different growth rates that vary as a function
follow the neural and/or the somatic growth curves as deof age but not gender. Consequently, it is to be expected that
fined by Scammori1930. The neural growth curve is char- the relational growth of each of those structures with vocal
acterized by a period of extremely rapid growth following tract length changes during the course of developnises
birth until some variable time in early childhood where theFig. 12). Based on knowledge of anatomic restructuring of
structure is 2/3 of its adult size, followed by a period of verythe vocal tract(descent of the larynx and tonguend the
slow growth until maturity. The somatic growth curve is above finding on significant main effect for region/
similar to the neural growth curve in having a phase of veryorientation in the nested ANOVA of pediatric pre- and post-
rapid growth following birth and during infancy, but at the breakpoint slopes, where comparison of the means in Table
end of this rapid growth period, the structure is barely over dl indicates the growth of posterior structures to exceed the
quarter of its adult size. The rapid growth period is thengrowth of anterior structures for both prebreakpoint and
followed by an interval of regular but slow growth in early postbreakpoint segmefull pairwise differences significant
and middle childhood, then a period of rapid growth duringwe expected the relational growth of the posterior structures
puberty, and finally a period of slow but steady growth until (such as hyoid descent, laryngeal descent, and mandibular

IV. DISCUSSION
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depth—structures with growth in the vertical dimengion the range of formant value@ispersion (Buhr, 1980; Gil-
with vocal tract length to exceed the relational growth of thebert, Robb and Chen, 1997; Kent and Murray, 1982; Robb,
anterior structuregsuch as palate length and mandibular Chen, and Gilbert, 1997; Stathopoulos, 1p9he anatomic
length—structures with growth in the horizontal plank-  implication of such acoustic findings is that there would be
deed, comparisons of the structures ordered according to pdittle or no expected change in vocal tract length during the
cent variability(r-squaredin decreasing orddis is the case first 2 years of life. However, as seen in Fig. 4, vocal tract
for peds | in Fig. 12, while taking into account the magni- length increases by 1.5 to 2 cm during this time period. Robb
tude of percent variability, for each of the three age groupst al. (1997 attributed the lack of decrease in formant values
(peds |, peds Il, and adujténdicate that although the rela- during the first 2 years of life to developmental changes in
tional growth of the different vocal tract structures with vo- anatomy that involve a more complex reconfiguration than a
cal tract length changes as a function of age, the relationalimple lengthening process. They also attributed the disper-
growth of the posterior structures with vocal tract length issjon of formant frequencies to a larger vocal tract that allows
ongoing for all age groups. However, during the first 18for greater variability of tongue movement. Thus, there is an
months of life(peds | group, there is almost as much asso- apparent need to supplement findings from the sagittal plane
ciated growth of the anterior structures in the horizontalwith data from multiple planes to gain a thorough under-
plane with vocal tract length as there is of posterior strucstanding of the anatomic changes that the developing vocal
tures in the vertical plane with vocal tract length. For ex-tract and its component structures undergo so as to better
ample, Fig. 12 shows that for peds | the first larg@2%  understand acoustic—anatomic interdependencies. In other
percent variability is from pharyngeal length—a posteriorwords, anatomic measurements should include changes in
structure in the vertical dimension—and the sixth largeskize (such as length and widttas well as changes in shape
(58%) percent variability is from hard-palate length—an an-and configurationsuch as area and volumeSuch knowl-
terior structure in the horizontal dimension. After age 18edge, in addition to assessing the role that anatomic growth
months, in general, the relational growth of posterior strucplays in developmental changes in speech acoustics, would
tures exceeds that of the anterior structufiess, growth is  also lay the necessary normative foundation for the study of
predominantly in the vertical dimensiprFor example, the  atypical growth patterns to determine how structural differ-
third largest(57%) percent variability is from pharyngeal ences may contribute toward early neuromotor problems.
length, and the lag0.01%9 percent variability is from hard- A detailed multidimensional understanding of the ana-
palate length. Such growth is also more pronounced for thgymic changes in supralaryngeal region that occur during de-
adults’ group. Thus, between the age of 6 years 9 months angh|jopment should, furthermore, lay the biological foundation
adulthood, where the various vocal tract structures reackyr the perceived sex differences in speech acoustics. Despite
their mature size, the growth of all the different vocal tractihe apsence of sexual dimorphism in vocal tract structures
structures persist, particulquy for structures in th_e posteriogmd vocal tract length—measured in the sagittal plane—there
region of the vocal tract. Fitch and Giedd3999 findings  ge differences in formant frequencies between preadolescent
on vocal tract length using MRI indicate that growth in the boys and girls where boys as young as 4 years old have
posterior region of the vocal tract occurs predominantly durygwe| formant frequencies that are lower than those of girls
ing adolescence, particularly in males. (Perry, Ohde, and Ashmead, 2001; Whiteside and Hodgson,
2000. This has been attributed to boys having a larger vocal
tract than girls. Such differences in formant frequencies be-

The current data on anatomic growth of the vocal tractween boys and girls are present even when physical mea-
structures provide an important first step towards exploringgurements such as body height and weight are taken into
anatomic—acoustic interdependencies, that is, relating an&ccount since vocal tract length correlates with body dimen-
tomic growth patterns to developmental changes in speecsions(Fitch and Giedd, 1999 Thus male/female differences
acoustics. The relevance of the anatomic findings in this rein formant frequencies before age 10 may be due to anatomi-
port of an early period of accelerated growth of all vocalcal and/or articulatory sources other than vocal tract length.
tract structures, including vocal tract length, and the absencdowever, such conclusions based on acoustic changes are
of sexual dimorphism are discussed below with special coninferential and nonspecific, and again point to the need to
sideration given to current knowledge of developmentalhave detailed understanding of the anatomic changes in the
changes in speech acoustics. The three major areas in speaxhl and pharyngeal regions that occur during development.
acoustics discussed afe) anticipated decrease in formant Of particular interest are changes in the pharyngeal region,
frequency as vocal tract length increag€ant, 1960; (b) since most of the sex differences in adult speech acoustics
discriminable sex differences in speech acoustics by age 4tave been attributed to differences in the pharyngeal region
and(c) variability of the acoustic signal during development. (Fant, 1966. Though not replicated here, Kindg952, using

As the vocal tract develops, its acoustic propertiesx-ray cephalometry, has reported sex differences in pharyn-
change(Fant, 1960. Specifically, as age increases and thegeal length by the age of 1 where males have a longer pha-
vocal tract lengthens, formant frequencies decrease. This deyngeal length than females. King, however, defined pharyn-
crease is typically attributed to increases in vocal tracigeal length as a vertical measurement from the hard palate to
length. However, during the first 2 years of life, there isthe hyoid bone, which is only a portion of the actual naso-
evidence that the average formant frequencies remain umero-pharyngeal length. Thus, a thorough investigation of de-
changed, i.e., do not decrease, though there is an increasevielopmental changes in the naso-oro-pharyngeal region is

B. Acoustic implications
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