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Magnetic resonance imaging was used to quantify the vocal tract morphology of 129 normal
humans, aged 2-25 years. Morphometric data, including midsagittal vocal tract length, shape, and
proportions, were collected using computer graphic techniques. There was a significant positive
correlation between vocal tract length and body s$&ither height or weight The data also reveal

clear differences in male and female vocal tract morphology, including changes in overall vocal
tract length and the relative proportions of the oral and pharyngeal cavity. These sex differences are
not evident in children, but arise at puberty, suggesting that they are part of the vocal remodeling
process that occurs during puberty in males. These findings have implications for speech
recognition, speech forensics, and the evolution of the human speech production system, and
provide a normative standard for future studies of human vocal tract morphology and development.
© 1999 Acoustical Society of Amerid&0001-49669)02008-1

PACS numbers: 43.70.Aj, 43.70.EAL ]

INTRODUCTION investigating the detailed relationship between acoustics and
morphology in a small number of subjedctme to five.

. o2 ; - However, a variety of important questions remain to be
after “vocal tract”) is of fundamental importance in human answered that require larger subject populations. For in-

speech production, because the shape of the vocal tract dgt'ance it has long been predicted on the basis of compari-
termines the articulatory possibilities, and thus possible for- :

mant patterns in spee¢Bhiba and Kajiyama, 1941; Stevens sons of the acoustic vowel_spaces of adults am_j children that
and House, 1955 Fant, 1960: Lieberman and Blumsteint,here should be a correlation between body size and vocal
1988; Titze, 1994 Traditionally, the interaction between vo- {ract length(Peterson and Barney, 1952; Fant, 1966; Mat-
cal tract form and speech acoustics has been studied wili'dly, 1966; Lieberman, 1984but this prediction has never
radiographic techniquege.g., Fant, 1960; Perkell, 1969; been explicitly tested. Similarly, acoustic differences and
Holbrook and Carmody, 1937but the potential health haz- Scattered radiographic data suggest a significant difference
ards of the ionizing radiation required has typically limited between male and female vocal tracts: Relative to women,
these studies to small sample sizes both of subjects and afales are predicted to have longer vocal tracts overall, as
ticulatory positions. With the advent in the last decade ofwell as longer pharyngeal caviti¢Sant, 1966; Peterson and
commercially available magnetic resonance imagM®l),  Barney, 1952; Sachet al, 1973. Resolving these questions
which uses reversals in strong magnetic fields to providgeqyires a larger number of subjects than the few available in
high-quality anatomical images with no known health r'SkS'past studies.

;;ru':sgr ofhzt::lzs Lésa:?e% @MRlégelrr;\;ejtlgf;% 1\{02?(') ract  the current study results from a unique opportunity at
pnotogy Pb 9 . ' "Y' the National Institutes of Health to scan a large number of

et al, 1996; Sulteret al., 1992; Moore, 1992 Unlike radio- | child d dult ¢ of a broad
graphic studies which have generally focused on bony strucporma ¢ ,' ren.an . young adults as par (_) a. roa er-opgo-
ing study investigating brain development in diverse clinical

tures (vertebral column, skull base, hyoid bone, gtdARI
can clearly image the soft tissues relevant to speech produfopulations. Details of the methods and aims of this study
tion (glottis, velum, lips, etg. The results of these studies can be found elsewhef&ieddet al, 1996. Here we report
have essentially validated older radiographic findings, indidata on vocal tract morphology from midsagittal scans of
cating a close correspondence between vocal tract configd-29 normal children and adults, ages 2 to 25. Besides pro-
ration and speech acoustics, as predicted by the acoustiding normative data for future studies of vocal tract abnor-
theory of speect{Sulteret al, 1992; Chiba and Kajiyama, malities, this relatively large data set of normals allows us to
1941; Fant, 1960 Due to the expense of, and limited time focus on the changes in vocal tract anatomy that occur dur-
available on, MRI scanners, these studies have focused QAg growth and maturation, and in particular, on sex differ-
ences and on the relation between vocal tract length and
3To whom correspondence should be addressed. body size.

The morphology of the supralaryngeal vocal tréwetre-
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Literature review and hypotheses originate. Because raters can discriminate the speech of pre-
ri:bescent boys from girl§Sachset al, 1973, and boys

One of the abiding problems in speech research is th b ted to h iahtly | ‘ s th i
significant variation in formant patterns observed betwee ave been reported to have stightly lower formants than girls

different speakers, first clearly documented by Peterson an achset al, 1973.; Bennet, 1980; Leet al_., 1999, a rea-
Barney (1952 and recently verified by Hillenbrandt al. sonable hypothesis would be that there is a larger neonatal

(1995. This acoustical variability has ramifications for theo- descent in boys than girls, leading to sex differences carried

; . - forward from early childhood throughout life.
f h t I t t t
ries o' Speecn perception, ‘anguage acquisition, aufoma © An alternative possibility is suggested by the longitudi-

speech recognition, speech forensics, and other fields. It has

been customary since Peterson and Bafi®p2 to assume nal radi(_)graphic study of pharynx dimensions of King
that vocal tract anatomy, and particular vocal tract Iength(lg‘r’a' King took lateral x-rays of the heads of 24 males and

play a crucial role in this variability, following the assump- _26 _females from the age Of_ three monihs to 16 yrs. His data
tion that vocal tract length is correlated with body sizemd'cate a gradual lengthening of the pharynx throughout the

(Ladefoged and Broadbent, 1957; Fant, 1960, 1966: Nord(_entire age period and additional slight peripubertal growth
stram, 1977; Nearey, 1978; ,Lieber’man i98Hl0v1vever ,the spurts in both males and females. However, other researchers
nature and strength of the putative body size/vocal tracPaVe disputed the number, timing, and_ e>.<|stenc'e of such
length relationship has never been empirically examirad growth spurts, W|th.§ome reseqrchers finding evujence for
though Fitch(1997 reported a strong positive correlation them and others failing tgsee King(1952 for a review.

between vocal tract length and body size in rhesusGoldstein(198() reanalyzed King’s data, along with other

macaquek The first goal of the current study is thus to scattered data from the medical literature, in the context of

evaluate the hypothesis that vocal tract length is correlate}ﬂocf‘ll production_, and pointed o(f. 76, p. 185_that ‘h? data
with body size(height and/or weightin humans. available were inadequate to resolve the issue firmly. No

A second long-standing problem in speech science Wagtat|st|cal analyses were performed by Kiig52 or Gold-

first addressed by Faft966, who suggested that a uniform stein (1980 to determine if this “slight” pubertal growth

scaling of vocal tract length to body size is not enough toSpurt differed between males and females, or indeed if the

account for the observed formant differences in adult merpharyngeal spurt was any greater than expected based simply

and women. Based on unpublished radiographic data, Faff’ the spurt in overall body growth at puberty. King had no

suggested that men have a disproportionately long pharynqata on the pubertal stage of his subjects, and thus based his

relative to women and children, and that this anatomical dif—gr(_)\_'vth_ curves on subject age. But becausg of the high vart-
ference can adequately account for the remaining acoustﬁb'“t_y in the age at pubertal onset, along with normal varia-
differences between the sexes. This claim engendered a diko
bate concerning the relative importance of anatomical versu
cultural factors in explaining male and female “dialects”
(Mattingly, 1966; Sachst al,, 1973; Nordstrm, 1975; Fant,

1975; Nordstra, 1977, which ended provisionally with

obscure changes tied directly to pubefsee Resulls

hus the third hypothesis evaluated in the current study is
that there is a secondary “descent of the larynx” that occurs
at puberty, and that sex differences in this descent could

most parties conceding that both factors play a role. Unfor@ccount for any differences observed in adult male and fe-

tunately, a more precise resolution of this issue has beeWale vocal tract proportions. To overcome the difficulties

revented bv a lack of data documenting anv dispro Ort-ongissociated with age-based analysis, we used a standardized
prev y u Ing any cisproport {gting system of pubertal stage developed by Tarih@62

a second major goal of the research reported here is to anﬁpd subsequent workefe.g., Peterseat al, 198§.

lyze sex differences in vocal tract anatomy, controlling for
differences in overall body size.

Finally, if a disproportionate sex difference does exist, A more detailed description of the methods used to re-
when does it originate? Human infants have a larynx in thecruit normal volunteers, and the scanning protocols, is given
standard mammalian position, where it can be inserted intth Giedd et al. (1996. Briefly, subjects are recruited from
the nasal passages to allow simultaneous suckling anihe community and undergo a three part screening process
breathing(Negus, 1949; Lieberman, 1984; Laitman and Cre-(telephone, parent and teacher questionnaires, and face-to-
lin, 1976; Crelin, 198Y. Between three months and three face interview/examinationn which only one of six initial
years of age, the larynx recedes from this high intranarial’olunteers is accepted into the study. Exclusion criteria rel-
location down into the throat. There is little information evant to this report are congenital anomalies, or history of
about the time course and magnitude of this ontogenetispeech delay or language impairment, in the subject or first
“descent of the larynx” from the neonatal to adult position degree relatives of the subject. All attempts were made to
(Sasakiet al,, 1977. Radiographic studies made for the pur- ensure that our subjects were normal in every way. Height
poses of assisting respiratory intubation of patients suggestm) and weight(g) were measured using a Model 595KL
that vocal tract lengthening occurs shortly after birth andelectronic scaléHealthometer, Bridgeview, lllinojs Unlike
perhaps during puberty as wéWesthorpe, 1987 However, the situation in many older adult populations where excess
another studyRoche and Barkla, 1964f eight boys and body fat would be a complicating factor in evaluating the
eight girls found a steadypresumably growth relatgdle-  relationship between body size and vocal tract morphology,
scent throughout childhood, and reported no pubertal changéhe current sample contained very few overweight individu-
Thus it is currently unclear when putative adult differencesals (see Resuljs Pubertal status was quantified using a self-

I. METHODS
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administered questionnaire, yielding Tanner ratings of puber-
tal stage from Ipre-pubescent?2 to 4(intermediate staggs

or 5 (fully mature based on the development of secondary ,
sexual characteristicuke et al, 1980; Morris and Udry, W v . Hard Palate
1980; Peterseat al, 1988. All MRI scans were acquired on : -

the same GE 1.5 Tesla scanner located at the clinical cente @4
of the NIH. The imaging sequence was a sagittal spin echc [ ] o
series with time to echo 14 ms, time to repeat 400 ms, field '\ Léplﬁ
of view 30 cm, 5-mm slice thickness with 1.5-mm gap be-

tween slices, acquisition matrix 25628, and number of FiG. 1. Left: Typical midsaggital MRI imagéthis is a 5 year old gijl
excitations=0.75. The protocol was approved by the Institu- Middle: lllustration of landmarks used in the “line segment” method: A.

tional Review Board of the National Institute of Mental B|Iap|a| plane; .B' Tongu¢ tip; C. Alv_eolgr r|q|ge_; D. Hard pf\!ate/velar Juns-
Health tion; E. Uvula; F. Glottis. The solid line indicates the “line segment

) ] ) ‘method of vocal tract measurement. See Fig. 3 for labels of the line seg-
Previous studies which have sought to correlate acoustigents themselves. Right: lllustration of major landmarks, with the “curved

output with vocal tract shape have, by necessity, performe&pe” technique of vocal tract length measurement illustrated by the solid
MRIs of subjects attempting to maintain a certain articula-""
tory position without movement for the duration of the scan,

a difficult task. These studies document substantial changeg,cker (1987 for a more detailed introduction to the radio-
in vocal tract length during production of different vowels or |ogical anatomy of the laryrx With the “curved line” tech-
voice types(Sulteret al, 1992. In the present study, sub- pigue, vocal tract length was measured from the glottis, trav-
jects were asked to lie motionless and to breathe quietlg|ing up through the pharyngeal midline and between the
while being scanned. No sedation was used. Virtually alkongue and palate, and terminating at a plane touching the
scans showed subjects in a nasal breathing posture, with thiyner and lower external borders of the lii&g. 1). This
tongue dorsum in full contact with the palatieve subjects  cyrvilinear measurement is acoustically motivated, closely
lacked such contact, but in all these cases the curve of thgsproximating the path taken by longitudinal pressure waves
tongue closely approximated that of the palatdeasuring  generated at the larynx and emanating from the (gee,
vocal tract length during quiet respiration avoids errors thag g., Fant, 1960 Due to the position of the tongue against
would be introduced by differences in articulatory positionthe palate, oral vocal tract length could be unambiguously
between subjects. This nonphonetic posture also minimizegeasuredusing the “freehand line” tool in the NIH Image
the possible confounding effects of cultural factors, as wellprogran. Measurement accuracy was determined by making
as the requirement of a special task for subjéatsimportant  ten repeated measurements on ten randomly selected sub-
concern when scanning young childyeNonetheless, some jects.
of the younger subjects found remaining motionless difficult However, most previous reports have used a series of
and had to be excluded due to motion artifastse below.  |line segments to measure vocal tract lengghg., Sulter
Three to five para- and midsagittal images for each paet al, 1992; Dmitriev and Kiselev, 1979; Goldstein, 1980
tient were transferred from the GE Scanner to a Sun workor even simple linear measures of the oral or pharyngeal
station usingsINX software, and then transferred via FTP to cavities(e.g., King, 1952 In keeping with this tradition, we
a Macintosh computer for further processing using NIH Im-developed a second “line segment” technique which com-
age 1.61 softwarédeveloped at the National Institutes of partmentalized the vocal tract into a series of anatomically
Health and available free on the Internet at http://defined subsections, thus providing more detail about vocal
rsb.info.nih.gov/nih-imagg/ After importing the images into  tract morphology(although less accurate total length infor-
this program, the single midsagittal slice that most clearlymation. Five line segments were defined via six cusp points,
showed the anatomical structures of inter@igs, tongue, as described in Fig. 1. The cusp points were recorded using
velum, glottis was selected for further analysis. Images inthe Object—Image extension to NIH Imagmvailable on the
which these structures were not visibls€3), or which  Internet via ftp: simon.bio.uvanlEach of the points is in-
showed distortion caused by orthodontic devicls=@3) or  tended to provide meaningful information from the point of
movements l=4) were excluded. No other preselection view of speech production, each tube being controlled pri-
was performed, leaving a total of 129 midsagittal imagesmarily by independent articulators. For example, the lip tube
one per subject, for further analysis. is lengthened by lip protrusion, corresponding to the pho-
Measurement of vocal tract dimensions was accomnetic feature of rounding seen in some vowels. Similarly, the
plished in two different ways. Both measures are reported ipharyngeal tube is shortened by laryngeal raising. While
mm, and both originate at the level of the glottis, at thethree of these cusp poinfps, glottis, and uvuldfree edge
anterior point of the vocal processes of the arytenoid cartiof velum)] were always clearly defined; othef®ngue tip,
lages(hereafter simply “glottis’). The glottal level was in- alveolar ridge, and hard palate/velar junclierere less clear
dicated by one or more of the following: the vocal fold vis- in some scans; thus the data for these midvocal tract land-
ible beneath the ventricular fold, a supraglottal notchmarks may be less reliable. The length of the segments con-
marking the vestibule and anterior commisure, the caudahecting these points, and the angles between them, were re-
delimitation of the pre-epiglottic fat, or the border betweencorded and saved in a spreadsheet for further processing.
the cricoid and arytenoid cartilagésee Curtin(1996 and Statistical analyses were carried out using Statview 4.5.

Glottis
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TABLE |. Ages (years, weights(kg), heights(cm), and vocal tract lengthenm), measured by the curved line technique, for all subjects, broken down by
age group, and by sex above age 14 yrs. “All ages” provides the means for the entire subject pool combined.

Wt. (kg) Ht (cm) VTL (mm)
N Mean Mean Mean Std. Dev. Std. Error Minimum Maximum

All ages 129 41.8 145.8 126.1 17.6 15 91.4 166.5
2 to 4 (yrs) 9 17.9 104.8 99.2 6.5 2.2 91.4 110.2
5t06 18 21.1 1159 105.4 6.1 1.4 96.6 118.0
7t08 15 28.1 132.0 115.9 6.3 1.6 104.7 129.2
9to 10 24 35.0 142.8 120.9 7.0 1.4 111.5 139.4
11to 12 19 42.9 151.1 130.0 5.7 1.3 122.3 140.2
13to 14 15 55.6 165.4 139.2 8.7 2.2 126.3 157.0
15to 16 10 60.1 168.3 141.4 7.0 2.2 131.1 150.9
17 to 18 9 71.0 172.9 151.7 9.0 3.0 140.9 166.5
19to 25 10 70.3 178.4 150.4 8.9 2.8 135.2 160.0
Separated by sex:
15 to 16 yrs Female 5 55.5 162.2 136.7 5.8 2.6 131.1 144.0
15 to 16 yrs Male 5 64.8 174.5 146.2 4.5 2.0 139.6 150.9
17 to 18 Female 3 74.1 170.2 143.7 3.5 2.0 140.9 147.6
17 to 18 Male 6 69.4 174.2 155.7 8.1 3.3 142.1 166.5
19 to 25 Female 3 61.4 173.1 138.8 3.4 1.9 135.2 141.9
19 to 25 Male 7 74.1 181.6 155.4 4.4 1.7 146.9 160.0

(Abacus Concepts, Berkeley, GABoth least squares and years, so these data are not separated in the table. However,
reduced major axi$RMA) regression slopes are given; the after 15 years, average vocal tract length diverged signifi-
former is appropriate for evaluating predictive relationshipscantly between males and femalgs<(0.05), so data are
(e.g., predicting vocal tract length from body sizerhile the  presented separately for these age classes in Table I. Table ||

latter is more appropriate for evaluating ontogenetic scalingjives results of a similar analysis of the individual vocal tract
relationshipg see LaBarber§1989 for a review. segments.

A. Vocal tract length and body size
Il. RESULTS

) ] A linear regression analysis revealed a strong correlation
A total of 129 scans, one per subject, were analyzed ihonveen VTL and total body lengti="height") (r
this study. These included scans of 53 females and 76 males, ) g adj.r2=0.86, p<0.0001), shown graphically in
\ﬂtg an agefrangelfrom 2d.81)1/e6ars to 2? yefars. :\/Iea_rllhage W"ﬁg. 2(a). Due to missing height data, only 121 subjects were
' y;aars or males an . .h years for e;r)ah(.as.t 3 agc%'vailable for this analysis. The 0.68 slope of this regression
;22’ f%r%r rrgez:\zarsnr]r?:asﬁfesmg#i(s) \;\;S dolrgl ' Sh%r;e?]r Sfﬁfwe indicates that VTL does not increase as rapidly as body
. b y c Size, as expected given the disproportionately large size of a
jects ranged from 0.23 to 0.46 mimean 0.32 mr) with the

. L . child’s head relative to an adult’s.
maximal deviations between measurements for any one indr . . .
Because volume is proportional to the cube of length, it

vidual no more than 3% of the total length. . ; i | ithmically t f d data in all
A linear regression analysis comparing vocal tract IengtHS customary fo use fogarithmically transformed data in afo-

as measured by the “curved line” versus “line segment” metric comparisons of length and mass, thus converting the
techniques showed that the two techniques gave highly cofubic relation back to a.linea_r one. Linear regression analysis
related results r(=0.983,p<0.0001). The slope of the re- '€vealed a strong relationship berg:enﬂplgody mass and
gression line was 1.02, not differing significantly from the 10910 VTL (N=129,r=0.941, adj.r°=0.89, p<0.0001),
expected slope of 1.095% confidence intervals: 0.98 to Shown graphically in Fig. @). This is comparable to the
1.05. The intercept of the regression line on the “line seg-Strong relationship between VTL and height. This similarity
ment” axis was 3.6 mm, indicating that the “line segment” is unsurprising giyen _the strong relationship between h_eight
technique produces slightly higher estimates of (B 4-8  and logo body weight in our sampleN=121,r =0.952, ad.
mm). All further analyses give equivalent results regardlesg >=0.91,p<0.0001), which verifies our impression that our
of which measure is analyzed, so hereafter we will report th&ubject pool contained few overweight individudlshich
curved line vocal tract length result$vTL” ) unless other- would have weakened this correlatjoWTL was also corre-
wise noted. lated with age(adj. r?=0.80), although this correlation was
Table | gives the ages, weights, heights, and “curvedweaker than the size correlations.
line” vocal tract lengths for all subjects, broken down by age Polynomial regression of non-log-transformed VTL ver-
group. The groups were chosen to provide an approximatelgus body weight using either second- or third-order polyno-
equal number of subjects per group. Unpairg¢ésts at each mials gave comparable resultsl€ 129, second order: adj.
age revealed no significant sex differences before age 15=0.878; third order: adjr>=0.877) indicating that the
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TABLE Il. Age category breakdown of individual vocal tract segment lengths. “All ages” provides the means
for the entire subject pool combined.

Age (yrs) Lip Blade Dorsum Velum Pharynx Totéseg
All ages: 14.0 21.3 24.4 29.9 42.3 131.9
2t0 4 12.2 17.6 22.2 254 26.3 103.6
5t0 6 13.3 18.0 21.6 25.7 321 110.8
7t08 13.6 20.7 22.2 28.4 35.9 120.9
9to 10 13.7 21.3 24.1 28.5 39.2 126.8
11 to 12 13.8 22.0 25.1 29.9 43.6 134.5
13to 14 15.3 22.0 27.6 334 48.8 147.2
15to 16 145 22.0 25.6 33.1 52,5 147.8
17 to 18 15.5 24.1 26.9 33.9 55.3 155.8
19to 25 14.0 25.3 26.1 35.0 56.4 156.7

Separated by sex:

F, 15-16 13.2 20.8 26.5 32.0 49.1 1415
M, 15-16 15.7 23.3 24.8 34.3 56.0 154.0
F, 17-18 14.4 24.0 28.0 33.3 53.2 152.9
M, 17-18 16.7 25.2 26.4 34.7 57.8 160.8
F, 19-25 12.8 24.8 24.6 37.2 46.9 146.4
M, 19-25 145 255 26.8 34.0 60.4 161.2

linear regression of the log-transformed data adequately ageri-, and postpubertal. The transition values from our data
counts for the variance in this data. Accordingly no furtherfit well with recent national averagegHerman-Giddens
polynomial regression results will be reported in this study.et al, 1997; Biroet al,, 1995. The onset of pubertyTanner
Finally, we used an analysis of covarian@NCOVA) stage 2 occurred at a mean age of 10.3 years
to examine the effects of other variables on VTL with the (s.d=1.7 years). For most analyses, all children under this
effect of body size removed. An ANCOVA using body age were classed as “average prepubertd’<54). How-
height, age, and sex as independent variables indicated theber, some younger children reported being at Tanner stage 2
most variance in VTL was explained by heigft€71.7, (the youngest was 8.1 yearsAlthough we suspected that
p<0.001), but that significant additional variance was ex-these reports were likely the least reliable in our dataset, we
plained by age £=16.9, p<<0.001) and sexK=14, p  also performed analyses using an “exclusive prepubertal”
=0.0003). No significant interactions among these variablegategory consisting of only children reporting Tanner stage 1
were found. Thus as suggested by Fdi166), there are sex- (N=31, age 2.8—8.1 yeatsThe mean age of the final ado-
and age-related differences in vocal anatomy that go beyoni@scent stagéTanner stage 4, 14.5 yeamsas used to define
those explainable simply by body size. Accordingly, we nowthe upper bound for the “peripubertal” categoryl £ 39,
turn to an analysis of the relationship among VTL, age, anchge 10.3-14.54 yearsAll remaining subjects were consid-

sex. ered “postpubertal” and sexually maturdl & 33, age 14.7—
25.1 years, mean age 17.9 years
B. Development of vocal tract morphology Linear regression analyses revealed no significant differ-

ences in the regression equations for the three groups. In

A preliminary analysis of the data indicated that sub-particular, no differences were observed between the slope or
stantial changes in vocal tract morphology occur at pubertyintercept of the “exclusive prepubertal” versus the “average
Because of variation in age at puberty, these changes woulgtepupertal” category; hence we will report the average pre-
be obscured by age-based analyses like those in Tables | apfipertal values in the analyses below. A factorial one-way
Il. We thus used our data on the subjects’ pubertal stagaNOVA with pubertal category as the independent variable
(Tanner ratingsto divide the dataset into three groups: pre-,yevealed that VTL varied significantly between the groups
(N=126,F=143,p<0.001); Post hoc tests showed signifi-
cant differences between all three pubertal categdFesh-
er's PLSD, allp<0.001).

To determine the specific morphological locus of the
observed maturational increase in VTL, we analyzed each
segment of the vocal tract as measured using the “line seg-
ment” technique. Mean values and results of one-way facto-
880 160 12KO 14‘0 1(;0 18IO 200 l 4.1 412 4!3 4?4 4j5 4;6 4;7 418 4;9 5 rial ANOVAS for eaCh Segment are given in Table I” A

Ht (cm) log1gWH(g) graphic representation of the mean segment lengths and the
FIG. 2. Correlations between) (left) vocal tract lengti{cm, measured with me.an angles between each segment is prowd_ed in Fig. 3,
the “curved line” method and body lengti“height (cm)” ] and(b) (righy ~ Which also makes clear that there are no appreciable changes
log vocal tract length with log body masg). in segmental angles in this dataset. These data show that,
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TABLE lll. Mean values and ANOVA results showing changes in lengths of individual segments of the vocal
tract across the three age groups. “Pre-" pubertal children are less than 10.3 years in age, “Post-" pubertals are
older than 14.5, and “Peri-" pubertals are in between.

Mean Lengthgmm) ANOVA Fisher's PLSDp values
Segment Pre- Peri- Post- F p Pre/Peri Pre/Post Peri/Post
Lip 13.4 14.3 14.7 5.1 0.0077 0.04 0.003 0.39 NS
Blade 19.2 223 235 21.3 0.0001 0.0001 0.0001 0.14 NS
Dorsum 22.6 25.7 26.2 15.1 0.0001 0.0001 0.0001 0.50 NS
Velum 27.0 30.9 337 36.5 0.0001 0.0001 0.0001 0.0011
Pharynx 33.9 43.8 54.9 137.0 0.0001 0.0001 0.0001 0.0001

although significant length increases occur across childhoo&0.0001), with males averaging 12.9 mm longer than fe-
and puberty in all portions of the vocal tract, only the velummales. These data indicate that the greater length of the male
and pharynx enlarge disproportionately during early adultvocal tract, frequently noted by earlier investigators, has its
hood. There is a disproportionate increase in pharyngealrigin at puberty.
length in both transitions. When each segments’ change in  To extend and refine this analysis, we first performed a
length is scaled by its average length, the lip, blade, dorsumwo-way factorial ANOVA with vocal tract length as the
and velum segments enlarge by an average of 12#ge dependent variable and sex and age group as independents.
6%-14% between childhood and puberty, while pharynx Unsurprisingly, there was a strongly significant effect of age
length increases by 22%. Similarly, between puberty angyroup (=142, p<0.0001) as well as a significant main
adulthood, the upper portions of the vocal tract grows by amffect for sex, with males having longer tracts, once age was
average of only 5%range 3%-9%while the pharynx in-  factored out E=9.8,p=0.002). Finally, there was a signifi-
creases its length by 25%. This disproportionate change iBant interaction £ = 8.4, p=0.004) between the factors. To
pharynx length is most pronounced in malsse below. help further understand the morphological changes underly-
ing these results, we performed a MANOVA with all of the
C. Sex differences in vocal morphology individual segment lengths, again using sex and age group as
independent variables. The results, given in Table 1V, show
that while all segments increase length significantly with age,
ere are significant sex differences in only the lip and phar-

We used unpaired-tests to compare male and female
vocal tract lengths. When subjects of all ages were include

in the analysis, we found no significant difference in VTL ynx segments. However, the pattern exhibited by these two

(t= %'22’ p=0.23) (as reported py Lieberman and McCar- segments over time is quite different: there was a significant
thy, in press However, an analysis of each of the age groups

' . ~“Interaction between sex and age group only for pharynx
defined abo_ve _r(_evealed_that, Whlle_ prepubertal boys and g'rllsength (this was also true in a three-factor MANCOVA in-
have no significant difference in vocal tract length ( : . .

_ . . . cluding height, sex and age groups=7.7,p=0.0001). This
=1.37,p=0.18), peripubertal subjects showed a small buts because the pharvnaeal seament showed no sianificant dif
significant sex differencet& 2.54, p=0.015), with males ; ub f b bytg 0059 but th W '9 '.:c. ¢ !
7.5 mm longer on average. Finally, postpubertal :subjecté,erence efore pubertip>0.05), but there was a significan

showed a highly significant sex differenca =(5.5, p sex difference for peripubertat2.20,p=0.03) and post-

pubertal subjectstE& 3.8, p=0.0006) (see Fig. 4. In con-
/ memwm\\

trast, the lip difference, with the male lip segment slightly
longer, existed at all ages. This, combined with the fact that
the mean difference in lip length was much smaf{&7—1.6
mm, depending on agethan the postpubescent pharynx
length differencg6.8 mm), indicates that the disproportion-
ate difference observed in adult male and female vocal tract
lengths is primarily due to an increase in pharynx length.

Tongue Figure 4 illustrates this finding graphically.
Tongue |<D°’ﬂ>| Another perspective on this male-specific change in vo-
Bla\d;z\ Velum cal tract morphology was obtained by analyzing the ratio of

oral length(sum of lips, tongue blade, and tongue dorgton
pharyngeal length for each subject. We submitted the ratios
of males versus females to an unpaitadst. For adult men
and women there was a significant difference in this ratio
(Tanner Stage N=10F, 8 M,t=3.26,p=0.004). There
was no significant difference in the prepubertal same (
Ages 14-25 yrs =15F, 33 M,t=1.04,p=0.31) or the peripubertal sample
FIG. 3. Averaged vocal tract morphologgs measured by the “line seg- (N= ]f8 F, 21 M,t=1.08,p=0.29). . .
ment” method for pre-, peri-, and postpubescent children. Both the seg- F'na”y’ we analyzed the correlations between bOdy size
ment lengths and their angles have been averaged to create these figuresand vocal tract length separately for prepubertal children and

Lips

Pharynx
Ages 2-10 yrs

Glottis Ages 10-14 yrs
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TABLE IV. Results of two-factor MANOVA with vocal tract segment lengths as dependent variables, and age
group and sex as independent factors. “Age Group” is pre-, peri-, or postpubertal. “Age t8expindicates
the MANOVA interaction term.

Age group Sex Age grodpex
Segment F p F p F p
Lip 4.23 0.017 7.91 0.006 0.57 0.57
Blade 16.87 0.0001 0.218 0.64 1.68 0.19
Dorsum 13.17 0.0001 0.155 0.69 221 0.11
Velum 33.95 0.0001 1.37 0.24 2.15 0.12
Pharynx 132.16 0.0001 8.42 0.004 7.96 0.0006

sexually mature males and femal@gzeri- and postpubertal implications and some methodological issues. Finally, we
stages These correlations are presented in Table V, whiclconclude with some speculations about the evolutionary sig-
also presents a comparable analysis of the data collected faificance of these findings.
earession data fof VTL veraus heightare presented grapti; ACCAracY ofthe data and comparison it

T brewous studies
cally in Fig. 5.

The results of this study demonstrate a strong positive
correlation between vocal tract lengtiTL) and body size,
regardless of whether height or weight was used to measure

The current data conclusively document a long-body size, and regardless of whether the “curved” or “line
suspected(Peterson and Barney, 1952; Fant, 1966; Mat-segment” measurements of VTL were used. However, the
tingly, 1966; Lieberman, 1984ositive correlation between current sample, with its large variation in body size and
body size and vocal tract length. This correlation is remarkyoung, healthy individuals, may overestimate the strength of
ably strong, and closely parallels that found in nonhumarthe correlation in a randomly chosen sample of adults. A
primates(Fitch, 1997. Our data also clearly document a sex number of factors could potentially obscure the relationship
difference in vocal tract length that goes beyond sex differbetween body size and VTL. The most prominent factor is
ences in size: as suggested by Fd®66, adult males have overweight subjects: Drastic variation in body weight, uncor-
disproportionately longer vocal tracts than females, and thiselated with height, is common among adults in Western
difference is mostly accounted for by the greater length ofsociety, and such random weight variation would of course
the pharynx. This sex difference is not present during childdecrease the strength of the correlations found here. We pre-
hood: We found no evidence for appreciable sex differencedict that the prevalence of overweight subjects in adult popu-
in children, suggesting that the clearly discriminable differ-lations will make the correlation of VTL with weight weaker
ences in girls’ and boys’ voiceSachset al, 1973; Bennet, than the correlation with heighidespite the fact that the
1980 are primarily due to behavioral, not anatomical, differ- weight correlation was stronger in the current studhis
ences. Finally, our data indicate that the adult difference irmay weaken, but is unlikely to eliminate, the strong correla-
vocal tract length is caused by a secondary “descent of th§ons documented by the current data.
larynx” which occurs in males at puberty. We suggest that ~ The adult vocal tract lengths in our study appear shorter
this secondary descent represents a sexually dimorphic moin general than those measured in earlier x-ray studies based
phological adaptation to give adult males a more imposingn upright seated subjeds.g., Fant, 1960 For Fant’s adult
and resonant voice relative to females or prepubescent males.

Below, we discuss these points, along with their acoustic _ o

TABLE V. Summary of regressions of body sizkeight, cm, and log,
weight, g versus vocal tract lengttmm) in prepubertal children, and peri-

or postpubertal males and females. Values given are least-squares regression

Ill. DISCUSSION

65
T slope, reduced-major-axis slope, intercept andlue. Values of the regres-
= 60 7 %@‘ sion for monkeys are given for comparison.
£55 i
£ 50 A LS slope RMA slope Intercept r
g | B8 _JF
é 45 L B M Ht (cm) vs VTL (mm)
40 A
g 35 B Children 0.521 0.589 45.7 0.884
= @ Females 0.584 0.702 40.2 0.832
30 Males 0.687 0.804 29.8  0.855
25 -
Pre Peri Post Log Wt (g) vs Log VTL (mm)
Children 0.274 0.318 —0.163 0.862
FIG. 4. Boxplot showing the distribution of femalevhite) and male  Eemales 0.215 0.246 0.115 0.875
(shadegl pharynx lengths(measured using the “line segment” method pgjes 0.277 0307 -0.160 0.903
pre-, peri-, and postpuberty. Center lines indicate medians, box edges cor-
respond to 25th and 75th percentiles, and the error bars indicate the 10th aibnkeys 0.299 0.318 0.753 0.939

90th percentiles of pharynx lengths.
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‘k looked at differences in VTL for different vocal postures in a
single subject, and found a close correspondence between
observed and predicted formant values. Mo(t892 also
[ o found good agreement between observed and predicted for-
o lldren . . .
[ o Women mant values for his five adult male subjects. However, there
[+ Men appeared to be little variation in VTL in his subjects, and the
r effect of VTL on formants, or its correlation with body size,
was not discussed. In an abstract, Ben{i&80 reported
significant negative correlations between children’s body
80 * ‘ ‘ ‘ ‘ size and formant frequencies. Similarly, Bagral. (1991,
80 100 120 140 160 180 200 .
He (cm) Story (1996 and other workers have found close correlations
FIG. 5. Height(cm) versus vocal tract lengtfmm), with separate regression between vocal tract morphology and speech acoustics. ThL.JS
lines illustrating the difference between sexually mature male vocal trac considerable quy of careful work has documented the fit
allometry and that of women and children. between MRI-derived vocal tract measures and vocal acous-

tics.

male subject, total VTL varied from 16.5 to 19.5 cm, de-  The anatomical data presented here also accord very
pending on vowelp. 116, Table 2.38 in the current study, Well with acoustical data presented in Le¢al. (1999.

the longest VTL measured was 16.7 cm. One possible explathese researchers analyzed formant frequencies for 436 nor-
nation for this difference is that our measure of VTL origi- mal children aged 5-17 years, finding the expected steady
nated at the glottis, while Fant’s extended “to the bottom ofdecrease in frequency with age. They also documented a
the larynx cavity” (p. 98). If this indicates an origin at the divergence in formant values between males and females
inferior margin of the cricoid, this could add 1 cm or more to starting at age 11 and progressing until about age 15, after
the total vocal tract length as measured h&nesthorpe, which formant values held relatively steady for both sexes.
1987. Another potential source of discrepancy is move-Based on these acoustic data, Lefeal. suggested that a
ments of the lips and/or larynx during speech. The VTL meaxvocal tract growth spurt occurs in males between ages 10 and
surements performed here were during quiet respiration, witd5 in males. This prediction is clearly borne out by the cur-
a stable laryngeal position. Although Dmitriev and Kiselevrent data. Although Leet al. did not analyze their acoustic
(1979 found that larynx position was held fixed in singing, data in relation to body size, the steady drop in formant
during speech VTL can vary due to movements of both thérequencies with age in both males and females is clearly

lips (e.g., Fant, 1960and larynx(e.g., Sulteret al, 1992.  consistent with an inverse relationship between formants and
Besides accounting for the difference in our VTL measureody size.

ments and Fant's, this factor may also decrease the strength The current study complements this earlier work. The

of the VTL/body size correlation during running speech. addition of children greatly extends the size range of human
However, the mean value of VTL, around which such per-ocal tracts which have been investigated with MRI, and
turbations Woulq occur, should remain a relatively stable COrstrongly supports the notion that acoustic correlates of vocal
relate of body size. tract length(formant frequenciéscould provide an indica-
Another difference between Fan($960 study and the (o of 3 human speaker's body size. There are a number of
MRI measurements reported here is that our subjects lay of)4tical implications of these findings. For speech forensics,
their backs during the scans, which may lead to a raising oﬁ may be possible to form a reliable estimate of body size
th? hyolaryngeal completsee, e.g., Brock, 1946, p. Raf 54/ age based on acoustic correlates of vocal tract length.
this is m.Je’ the vocal tract lengths reported _here may beBecause the spacing between formants is predicted to be cor-
systematically shorter than would be the case if the SUbJeCttSelated with vocal tract length on both theoreti¢@ant,

were upright. No studies we are aware of have quantified th‘i%O' Titze, 199%and empiricalFitch, 1997 grounds, for-

actual amount of laryngeal rising caused by recumbency, sQ ; - . .
: ~7 “mant spacing would represent a promising starting point for

we are unable at present to further evaluate this possibility. o )
|pvest|gat|ons of the acoustic correlates of vocal tract length.

Nevertheless, the degree of laryngeal shifting due to dors owever, other acoustic variables such as average formant
recumbency would presumably be consistent between su%1 ' 9

requency (Cleveland, 197), the lowest frequency of the
first formant, or formant bandwidths, may also be worthy of

jects, and thus unlikely to effect the conclusions of this

study. investigation for such applications. A second potential appli-
cation is in the field of automatic speech recognition. Chil-

B. Acoustic implications of the vocal tract length/ dren’s voices are notoriously difficult for computer speech

body size correlation recognition systemsLee et al, 1999; Palethorpeet al.,

The anatomical correlation between VTL and body sizel996, and the wide variety of vocal tract lengths seen in
documented here suggests that formant frequencies, whigtildren of different ages and sizes probably contributes to
are closely linked to vocal tract morphology, could providethis problem. A system which used information about the
an acoustic cue to body size. A host of prior studies havéalker's size to normalize to vocal tract length, thus duplicat-
documented a close correspondence between vocal morphahg the vocal tract normalization abilities of humathside-
ogy and speech acoustics in humans. Sudieal. (1992  foged and Broadbent, 1957; Broadbent and Ladefoged, 1960;
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see Lieberman, 1984 for a revipwnight ameliorate this nates are not obligate nose breathers: Mik¢rml, 1984;

problem. Rodensteiret al, 1985, and several researchdsee Bosma
and Showacre, 197%ave posited a causal relationship be-

C. Sex differences and the ontogeny of the vocal tween postpartum descent of the larynx in infants and Sud-

tract den Infant Death Syndromé&‘crib death”). Although the

The current results indicate that the development of Voprecise timing of this perinatal descent of the larynx remains

cal tract morphology must be discussed together with Se)pbscure(Sasakl etal, 1977; Westhqrpe, 1987; H_arrlson,
because vocal development at puberty differs significantl);[ggS; Laitman and Crelin, 1976; Laitman and Reidenberg,
between males and females. Throughout childhood, vocat®88: Fligel and Rohen, 1991 it occurs between three
tract length maintains a positive and linear relationship tg"onths and three years of age, and thus prior to the scans
both height and log body mass, indicating that there is &€rformed in the current study.
steady gradual lengthening of the vocal tract as the child ~1he uniquely human vocal tract morphology that results
grows. This finding is consistent with previous wdiking, from the initial desce_nt of the larynx is yvldely thought to
1952; Goldstein, 1980; Westhorpe, 1987he data reveal no Subserve the production of human speédebermanet al,
difference in total vocal tract length in prepubertal boys andt969; Lieberman, 1984by providing humans with a "two-
girls. They are thus consistent with the hypothesis that th&ube” vocal tract capable of creating a much wider variety of
discriminable acoustic differences in the speech of boys anfPrmant patterns than that of a typical mamrtiaeberman,
girls are due to behavioral rather than anatomical difference$975, 1984. None of the data presented here are inconsistent
(Mattingly, 1966; Sachet al, 1973; Bennet, 1980 How-  With this hypothesis. However, the male-specific descent of
ever, we did find a small but significant difference in lip tube the larynx at puberty documented by our data cannot be ex-
length alone, with boys averaging about 1 mm longer thaiPlained as an adaptation for speech per se, since there is no
girls at all ages. This finding is consistent with the proposafvidence that adult males speak more intelligibly or are oth-
of Sachset al. (1973 that one facultative way for boys to €rwise superior in speech abilities to adult women; Indeed,
achieve lower formants is to protrude their lips, thus behavavailable evidence suggests the contrévicCarthy, 1954;
iorally imitating the anatomical difference in total vocal tract Koenigsknecht and Friedman, 1976; Kimura, 1983; Henton,
length that characterizes adult males. 1992. Why then does this relatively dramatic change in
For females, the pattern of vocal tract growth continuegnale vocal anatomy occur at puberty?
essentially unaltered through puberty and into adulthood. Could the increase observed be a side effect of some
However, males show an additional disproportionate vocaPther morphological change at puberty? For example, radio-
tract lengthening during puberty, which is caused mainly bygraphic data indicate that the ramus of the mandible is longer
a descent of the larynx and consequent lengthening of th# adult males. However, this change in jaw size is not yet
pharynx. This results in a significant difference in both over-present in 17 year olds, apparently appearing well after pu-
all vocal tract length and shageatio of oral to pharyngeal berty (Hunter and Garn, 1972and thus not explaining the
cavitie3 between adult men and women. Although many re-peripubertal change documented here. Another possibility is
searchers have noted that men’s vocal tract are longer thdhat the apparent descent of the larynx is secondary to the
women’s(e.g., Fant, 1960; Peterson and Barney, 1952; Serincrease in overall size of the male larynx at puberty. The
ecail, 1979, to our knowledge, the developmental time increase in circulating testosterone at puberty leads to a near
course of this difference had not previously been concludoubling in the anteroposterior length of the glottis in males,
sively documented. Combining the results of the presenwhich in addition to lowering voice pitctiHollien et al,
MRI data with earlier radiographic studies, we can thus dis-1994), decreases airway resistantéenn et al, 1998. A
tinguish two “descents of the larynx” in humans: one early measure of vocal tract length which took its origin at the
in life which occurs for both sexes and is primarily respon-base of the larynxinferior margin of the cricoid cartilage
sible for the morphological uniqueness of the human vocawould be influenced by this overall increase in larynx size
tract (Sasakiet al, 1977, and a second one at puberty, (See, e.g., Westhorpe, 198 However, our VTL measure
which is restricted to males. originated near the top of the larynx, so it would not be so
The phenomenon of laryngeal descent during late ininfluenced. Thus the pubertal descent of the larynx is ana-
fancy in humans is well knowfNegus, 1949; Laitman and tomically distinct from the well-known enlargement of the
Crelin, 1976; Sasakét al, 1977; Lieberman, 1984; Crelin, larynx that occurs with male puberty. Finally, although one
1987: We appear to be the only mammalian species itmight suppose that the pubertal descent confers some physi-
which the epiglottis completely and permanently loses conelogical advantage, available evidence suggests that a de-
tact with the velum. Our unique anatomy is not without cost:scended larynx impairs rather than aiding respiratory and di-
The low position of the larynx is implicated in the high rates gestive functior{see Liebermari1984) for a review.
of food choking in humans, a major cause of accidental death A prominent effect of laryngeal lowering is to lengthen
(Lieberman, 1984; Heimlich, 1975 Most mammals can the vocal tract and thus lower formants. The acoustic effects
maintain a patent nasal airway while they swallow, becausef vocal tract elongation are independent from those of the
the velum forms a seal with the larynx, preventing the entryvocal fold elongation. The latter results from laryngeal
of fluids into the respiratory tra¢Harrison, 1995; Crompton growth, and accounts for the male-specific drop in funda-
et al, 1997. This also is true of human newborns, who canmental frequency,) at puberty(Titze, 1989, 1994; Hollien
simultaneously suckle and breathe nasdljthough neo- et al, 1994. However, both of these changes appear to result
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in a more imposing “deep” voice relative to prepubescenthumang. Thus, despite the differences in human and
males, where “deep” is understood to indicate not just lowmacaque vocal anatomgNegus, 1949; Liebermaet al,

Fo but also possessing lower and more closely spaced fort969, both show a similar strong positive correlation be-
mant frequencies, and thus a more resonant, baritone voidereen VTL and body size, suggesting that this basic corre-
quality or timbre. Two previous studig€leveland, 1977; lation is phylogenetically primitive. However, the descent of
Dmitriev and Kiselev, 1979addressed timbral differences the larynx is not present in macaques: the CAT scans of
due to vocal tract length in professional singers, and founanacaques performed by Tgel and Roher(199]) revealed
that baritones and basses have longer vocal tracts than tenon& laryngeal descent, either in infancy or at puberty. Fitch
The fact that vocal tract elongation occurs at puberty sug¢1997) also studied his monkey subjects’ vocalizations and
gests that, like facial hair growth and vocal fold lengthening,found that VTL had a strong inverse relationship to formant
the pubertal descent of the larynx is a male-specific secondrequency spacing, as predicted by acoustic theory. These

ary sexual characteristic in our species. data suggest that formant frequencies could have provided a
cue to body size for our primate ancestors, and are thus con-
D. Evolutionary significance of vocal tract elongation sistent with the “size-exaggeration” hypothesis.

We speculate that our data showing a correlation be- o
tween vocal tract length and body size provide a plausibld- Future directions
evolutionary explanation for the lengthening of the male vo-  The data presented here suggest a number of directions
cal tract at puberty: that vocal tract elongation serves to exfor further research. Most obviously, an investigation of the
aggerate the impression of size conveyed by the male voic@coustic correlates of vocal tract length and morphology in
In general, since body size is correlated with vocal tracthumans is necessary. Additionally, more detailed volumetric
length, any acoustic correlates thereof should provide an inanalyses than the relatively simple vocal tract length mea-
dication of a speaker’s overall body size. Fitd994 used  sures used here, such as those performed by previous MRI
computer-synthesized vowels of variable vocal tract lengthgesearchergBaer et al, 1991; Sulteret al, 1992; Moore,
to show that human listeners use vocal tract length cues t9992: Storyet al, 1996, might uncover other interesting sex
judge the body size of a speaker. Since the acoustic correyr age differences. Finally, it would be extremely interesting
lates of vocal tract length are used by listeners to gauge body gain an understanding of the causal mechanism underlying
size, an individual which could lengthen its vocal tract, these changes in vocal morphology. A likely first guess is
thereby matching the mean vocal tract length of a largethat growth or steroid hormones play a role; testosterone
individual, could exaggerate the impression of size conveyegeceptors have been discovered in the laryAxufdemorte
by its voice. This explanation is similar to the acoustic ex-et al, 1983; Tuohimaat al, 1981, and experimentally ad-
planation of smiling(which shortens the vocal tracsug-  ministered testosterone leads to increase in thyroid cartilage
gested by Ohal@l980, 1984. Thus we suggest that the per- size in gelded sheefBeckford et al, 1985. However, as
manent vocal tract lengthening documented in the currendiscussed earlier, simple enlargement of the larynx will not
study might represent a morphological means of exaggeratesult in increased vocal tract length, which requires other
ing vocally projected body size, and its restriction to maleschanges in the system of ligaments and muscles by which the
suggests that it is perhaps the acoustic equivalent of sizéwolaryngeal apparatus is suspended. A more detailed under-
exaggerating secondary sexual characteristics seen in maleginding of the timing and extent of the morphological
of many other species, such as lions’ manes, bisons’ humpghanges accompanying puberty, and their acoustic correlates,
or orangutan cheek pads. Interestingly, human males magquires a longitudinal approach, with repeated scans of in-
pay a price for this adaptation: death rate from suffocatiordividuals passing through pubeits.g., Hollienet al, 1994.
among boys aged 10-14 far exceeds that of any other a®uch investigations are currently underway at the NIH.
group except infants, and the ratio of male to female death
rates is 14 to 1 in this peripubertal age group, versus about cKNOWLEDGMENTS
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