On the Evolution of Human Speech: Its Anatomical and Neural
Bases

by Philip Lieberman

Ful |y human speech invol ves speci es-specific anatony deriving from
the descent of the tongue into the pharynx. The hunman tongue’s
shape and position yields the 1:1 oral -to-pharyngeal proportions
of our supral aryngeal vocal tract (SVT). Speech al so necessitates
a brain that can "reiterate,” i. e. freely reorder a finite set of
not or gestures to forma potentially infinite nunber of words and
sentences. The end points of the evolutionary process are clear.
Chi npanzees | ack a SVT that can produce "quantal " sounds which
facilitate both speech production and perception, and brains that
can reiterate the phonetic contrasts apparent in their fixed
vocal i zations. The traditional Broca-Wrnicke brain-language
theory is incorrect; neural circuits |inking regions of cortex
with the basal ganglia and other subcortical structures regulate
nmotor control, including speech production, as well as cognitive
processes including syntax. The dating of the human form of the
FOXP2 gene, which governs the enbryonic devel opnment of these
subcortical structures, provides an insight on the evolutionary
hi story of speech and | anguage. Speech nost likely has a | ong
evol utionary history. The starting points for human speech and,

| anguage per haps were wal ki ng and runni ng. However, fully human
speech anatony first appears in the fossil record in the Upper

Pal eolitic (about 50,000 years ago) and was absent in both

Neandert hal s and earli er hunans.
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Al t hough the focus of current linguistic research is syntax,
speech is the derived feature of |anguage, absent in even closely
related living species. Speech allows us to transmt information
at a rate faster than that which otherw se could otherw se be
vocally transmtted. Speech al so keeps words active in the neural
conput ati onal space, "verbal working nmenory," in which the nmeaning
of a sentence is discerned (Baddel ey, 1986). The neural substrate
that regul ates speech production appears to play a part in
syntactic operations and ot her cognitive processes. Therefore, any
account of the evolution of human | anguage nust account for the
speci al i zed anatony and neural mechani sns that nmake speech
possi bl e.

I will briefly review the anatony and physi ol ogy of speech,
focusing on the species-specific anatony of the hunan
"“supral aryngeal vocal tract” (SVT). | will then discuss
reconstructing the SVIs of fossil hom nids, taking account of
recent studies of human ontogenetic devel opnment and the

constraints inposed by swall owi ng. The findings of these studies



provide a quantitative basis for inferring the speech producing

anat ony of Neanderthals and other fossil hom nids

I will then discuss the neural substrate that regul ates
speech production. Current findings refute the traditional theory
| ocali zing the neural bases of human | anguage to Broca s and
Werni ckes areas. These areas of the cortex play a role in speech
and | anguage. However, they work in concert with other neural
structures in circuits that link activity in these and ot her
cortical areas to the basal ganglia and other subcorti cal
structures. Evidence from neurophysiol ogi c and behavi oral studies
of humans and ot her species show that the basal ganglia confer the
“reiterative” quality of human speech, allowing us to reorder a
finite nunber of |earned notor acts to forman al nost unbounded
store of words. Chonsky’'s nost recent candidate for the productive
capacity of syntax is a “narrow faculty of |anguage” (FNL),
specific to humans and to syntax (Hauser, Chonsky and Fitch,
2002) . The proposal here is that cortical-striatal-cortical neural
circuits regulate syntax as well as speech production, yielding
the productive qualities of syntax. Simlar neural circuits grant
cognitive flexibility and make possible seem ngly unrel ated human
capacities such as conposing nusic or dancing. | wll endeavor to
show that the evolutionary root of these human qualities is notor
control. In this, | claimno original insight; the credit goes to
Karl Lashly, who in 1951 proposed that neural nechani sms
originally adapted for notor control are the basis for syntax and
human creative behavior. The isolation and dating of the human
form of the FOXP2 gene, which governs the enbryoni c devel opnent of
the subcortical structures that support these neural circuits,
provi des insights on the evolution of human speech, |anguage and

cogni tion.



THE PHYSIOLOGY OF SPEECH

The vocal signals of all terrestrial mammal s are generated by
filtering a "source" of acoustic energy through an airway through
whi ch maxi mum energy passes at frequencies ternmed “formants” (Fant,
1960). For phonated sounds the source is a quasi-periodic series
of "puffs" of air generated by rapidly opening and closing the
vocal "folds" or "cords" of the larynx. The average fundanent al
frequency of phonation (FO), the rate at which these puffs of air
occur, is perceived as the pitch of a person's voice. |In many
| anguages, such as those of China, words are differentiated by
changes in FO over the course of a syllable, but vowel quality is
| argely conveyed by formant frequency patterns, enhanced by
di stinctions in duration (Hellwag, 1781; Chiba and Kajiyama, 1941;
Fant, 1960).

I n humans, the airway above the larynx , the supral aryngeal
vocal tract (SVT), continually changes its shape as we talk,
producing a tine-varying formant frequency pattern. Aperiodic
noi se generated at a constriction along the SVT can al so serve as
a source of acoustic energy that is filtered by the SVT, the sound
transcri bed by the phonetic synbol [h] in English is essentially a
vowel having a noise source generated by air noving through a

fixed | aryngeal opening.

For mant Frequenci es

In short, the larynx provides the source of acoustic energy
for vowel s and ot her phonated speech sounds; the SVT act as an
acoustic filter that determ nes the phonetic quality of the sounds.
A given SVT shape will let nore acoustic energy through at a set
of particular formant frequencies, |ocal energy maxim, occurring

i n inharnonic conbinations. The | owest formant frequency is



identified by the notation F1, the next highest as F2, the third

as F3. For exanple, the vowels [i] and [u] of the words "see" and

sue", can be produced with identical FO's, -- different formnt
frequenci es specify these vowels. As we tal k, we change the SVTs

shape and the resulting formant frequency pattern.

The rel ati onship between formants, the | aryngeal source and
speech signals may be clearer if you think about how sungl asses
wor k. The di fference between a pair of sungl asses that nake
everyt hing | ook blue and ones that make the world | ook pink is the
bal ance of |ight energy frequencies that passes through the
gl asses. The tinted gl ass achieves these effects by "attenuating,"”
i. e., reducing the amount of |ight energy throughout a range of
frequencies. The conbi nati on of frequencies that are |east
attenuated determ nes the color. The sane "source" of |ight,
sunlight will provide a blue or pink world when filtered by
di fferent sungl asses. Think of formant frequencies as the acoustic
frequencies that the SVT allows to pass through it with m nimum

attenuati on

The Supral aryngeal Vocal Tract (SVT)

The range of area functions and the overall length of the
SVT determ ne the formant frequencies that it can generate. In the
18th and 19th centuries tubes were used to nodel the SVT. The
tubes acted as acoustic filters; reeds as sources of acoustic
energy. Conputer-inplenmented nodels are now used to determ ne the
formant frequencies that particular SVT shapes can produce (e. g.,
Henke, 1966; Stevens, 1972; Baer et al., 1991; Story, Titze, and
Hof f man, 1996). The adult-Ilike human SVT has a tongue havi ng an
al most circular sagital (mdline) contour formng two segnents, a
“horizontal™ oral cavity (SVTh), and a vertical pharyngeal cavity

(SVTv) having al nost equal length (1:1 proportions), positioned at



a right angle. Mvenents of the undistorted tongue in the space
defined by the oral cavity and pharynx can produce the abrupt

m dpoint 10:1 area function discontinuities necessary to produce
the formant frequency patterns of the "quantal" vowels [i], [u]
and [a] whose properties will discussed below. In contrast,
conmput er nodel i ng shows that the SVIs of living prinmates, whose
tongue are alnost entirely within their nouths, inherently cannot
produce quantal vowel s because they cannot produce the necessary
abrupt, mdpointarae function discontinuities(Li eberman, Kl att and
W1 son, 1969; Lieberman, Crelin and Klatt, 1972).

Figure 1 - Adult human supral aryngeal vocal tract (SVT) -- note
that the tongue has an al nost circul ar posterior (rear) contour.
The “horizontal,”(SVTh)oral portion, and “vertical,” (SVIv)
pharyngeal portion, have al nost equal |engths. There is a natural
di scontinuity formed by the intersection of SVTh and SVTv that
enabl es speakers to form abrupt changes in the cross sectional
area of the human SVT at its m dpoint.

Acoustic anal yses of the vocalizations of non-human prinmates
(e. g. Lieberman, 1968, Fitch, 1997, 2000; Rendall et al, in press)
are consistent with nodeling studies. Monkeys and apes produce
schwa-1i ke vowels (the vowel of the word "bub") because their
tongue are positioned alnost entirely in the nouth, characterize
their vocalizations. One nonkey species can produce two-fornant
frequency patterns that approximtes a human [a] (Riede, et al.
2005). However, these vocalizations lack the third formant that
woul d result froman [a]-]like SVT; they appear to be generated by
the laryngeal air sacs acting as resonators — a derived D ana
nonkey anatom cal feature that has little relevance to the
capabilities of ape and human vocal tracts that lack |aryngeal air

sacs (Li eberman, 2006).1



What Makes Quantal Vowels Better than O her Vowel s

Speech comuni cation woul d be possible w thout quantal
vowel s. Indeed, as noted bel ow, there woul d have been no sel ective
advant age for retaining whatever nmutations led to the evolution of
the human SVT, unl ess sone form of speech were already part of
hom nid culture. The term "quantal" was coi ned by Stevens (1972)
to characterize speech sounds that have two useful properties.
Quant al sounds have perceptually salient acoustic properties that

can be produced with a certain degree of articulatory sl oppiness

The task of speech production is sinplified when it is
possi bl e to produce a stable acoustic signal w thout having to
execut e exceedingly precise articulatory maneuvers. The task of
speech perception also is nore robust if the resulting acoustic
signals are maximally distinct. These criteria are captured by
Kenneth Steven's (1972) "quantal factor." The quantal factor can
perhaps be illustrated by neans of the foll owi ng anal ogy. Suppose
that a trendy restaurant is to open. The owner decides to enpl oy
waiters who wll signal the diners' order by means of acoustic
signals. Shall he enploy waiters equipped with violins or sets of
handbel | s? If he wants to m nimze the chance of errors he wll
opt for handbells which each produce a distinct acoustic signal

wi t hout having to use precise nanual gestures.

Figure 2 - Mdsagital views of an adult human SVT for the quantal
vowel s [i], [a] and [u] and the resulting formant frequency
patterns. Note the peaks in the frequency spectrumthat foll ow
fromthe convergence of two formant frequencies. The 10 to one

di scontinuity at the mdpoint of the SVT allows speakers to be

both inprecise and still generate vowels that have spectral peaks.'



St evens denonstrated that the quantal vowels [i], [u], and [a]
have perceptually salient acoustic "correlates"” that can be
produced while mnimzing the need for precise notor control.
Perceptual salience results fromthe convergence of two fornmant
frequencies, yielding spectral peaks (Fant, 1960). For [i] the
second and third formants, F2 and F3, converge at a high frequency;
for [a] F2 and F1 converging at the m dpoint of the frequency
spectrum for [u] F1 and F2 converge at a | ow frequency. A visual
anal ogy may perhaps illustrate their comrunicative val ue. Using
"quantal " vowels would be simlar to conmunicating using flags
that have brilliant saturated colors. Qher vowels, whose formants
do not converge produce formant patterns anal ogous to fl ags
differentiated by pastel colors. Stevens denonstrated that if an
abrupt area function discontinuity occurs at the m dpoint of the
SVT, the tongue can nove as nuch as 1 cm back or forth w thout
changi ng the formant frequencies appreciably. The exact position
of the speaker's tongue with respect to the m dpoint constriction
for [i] does not have to be precise. Radi ographic studies that
track tongue novenents confirm Steven's theory (Beckman et al.
1995) .

Carre, Lindblomand MacNeil age (1995) using a different
procedure, reached simlar conclusions. Their SVT conputer nodel
"grew' a “vertical” pharyngeal portion (SVIv) that was equal in
length to its “horizontal” oral cavity (SVTh) when directed at
produci ng the full range of human vowels, delimted by [i], [u]
and [a]. Radi ographic and MRl studies show that the tongue body
has a circular mdsagital posterior contour and is al nost
undef or med when we produce vowels. Producing an [i] involves
novi ng the tongue upwards and forward. An [a] can be produced by

sinply nmoving the tongue back and down (Russell, 1928; Chi ba and



Kaj i yama, 1941; Ladefoged et al., 1972; Nearey, 1979; Baer et al.
1991; Story, Titze, and Hof fman, 1996). The human tongue and those
of virtually all mammal s are "hydrostats" (Stone and Lundberg,
1996). Al though ruscul ar, the tongue can not be squeezed into a
smal l er volune as we produce different vowels. The intrinsic
nmuscl es of the tongue are sonetinmes bunched up when speakers
produce an [u]Jor an [i] (Fujinura and Kakita, 1979. However, the
shape of the tongue is usually a segnment of a circular arc when

vowel s are produced.

Vocal Tract Normalization

The vowel [i] also facilitates estimating the |l ength of a
speaker's SVT. Longer SVTs yield |lower formant frequencies than
shorter SVTs for the sane speech sound. Therefore, the absolute
val ues of the formant frequencies of the sanme sound produced by
different persons vary (Peterson and Barney, 1952; Hillenbrand et
al ., 1995). A perceptual “normalizing” process that takes account
of SVT length is a critical step in speech perception.

The role of vocal tract normalization in speech becane
evident in the Peterson and Barney (1952) study of vowel formant
frequenci es and vowel perception. Figure 3 shows the Peterson and
Barney plot of the vowel formants of seventy-six adult male, adult
femal e and adol escent nmal e and fenal e speakers. The vowel synbols
are plotted with respect to the values of their first and second
formant frequenci es. Each phonetic synbol plots F1 and F2 of the

speakers’ vowel s.

Figure 3
Pl ot of first and second formant frequencies derived by Peterson

and Barney (1952) for the vowels produced by seventy-six different



speakers. Psychoacoustic studies showthat F1 and F2 are

sufficient to specify the vowels of English. The frequency of F2
is plotted with respect to the ordinate for each vowel token; the
frequency of F1, with respect to the abscissa. The | oops encl ose
90 percent of the tokens produced by the speakers for each of the

vowel categories of English.

The vowel s' formant frequenci es were neasured from
spectrograns of each speaker reading of a list of English words
The spoken words were identified by Iisteners who had to identify
each token without previously listening to a | ong segnent of
speech produced by each particul ar speaker. This was achi eved by
presenting a set of all of the words produced by ten different
speakers in randomorder to the |listeners. The |isteners did not
know whose voi ce or what word was com ng next. A vowel synbol that
falls into a | oop marked with the same phonetic synbol signifies a
token that was heard as the intended vowel. The | oops on the pl ot
in Figure 3 enclose the vowel tokens that nmade up 90 percent of
the vowel s that the speakers' intended to convey. The | oops
overl ap even though they do not include 10 percent of the stinuli
that fell into a nearby vowel class. The data, for exanple, show
that many speakers [e] vowels had the sanme formant frequencies of
ot her speakers' [I]s (the vowels of the words “bet” and “bit”) The
general findings of the Peterson and Barney study were replicated,
usi ng conputer-inplenented formant analysis by Hillenbrand et al.
(1995).

Hurman |isteners can use different nmeans to estimate a SVIT' s
| engt h. Ladefoged and Broadbent (1957, for exanple, showed that
the sane tape-recorded word was perceived as “bit,” “bat,” or

“but” dependi ng on the average formant frequencies of a preceding

10



phrase. But we generally do not need to hear a person talking
before we identify a word; there are i medi ate nornalizati on cues
in the speech signal. There were only two errors in 10,000 trials
inidentifying [i]s. in the Peterson and Barney study; [u]'s had 6
identification errors, whereas other vowels had high error rates.
For exanple, [e] and [I] were confused hundreds of tinmes. Nearey
reasoned that the formant structure of [i] mght make it possible
for listeners to use it as an anchor point for vocal tract

normal i zati on.

Nearey predicted that a token of a formant frequency pattern
inthe [i] range will always be heard as an [i] produced by a SVT
that had a particular length. If this were so, a |listener would
i mredi ately "know' the length of a speaker’s SVT and woul d
correctly associate formant frequency patterns with the vowel that
the speaker intended to convey. In a controlled experinent,
listeners first heard a "calibrating” [i] followed by a
synt hesi zed formant frequency pattern that could correspond to any
vowel produced by either a short or a long SVT, followed by the
sane calibrating [i](Nearey, 1979, pp. 98-149). Nearey used two
different calibrating [i]s, one that could be produced by an adult
mal e's long SVT, one an [i] produced by an adol escent child's
shorter SVT. Juxtaposed with the calibrating [i]'s were vowels
having formant patterns that ranged over al nost the total possible
range of vowels for adult speakers and adol escent chil dren.

Li steners heard isol ated sequences that had the for [i]-V- [i],
where the [i]s were either long or short SVT [i]s and V the test
stimuli. The listeners were told to identify each internediate
vowel “V.” The listeners were also asked to rate the natural ness
of the vowel V of each [i-V-i] sequence that they heard. There
were four categories of "natural ness judgnent,” from"OK" to "very
bad. "

11



The listeners' responses showed that they were "nornmali zing"
SVTs using the single token of an [i], changing their
identification of the identical formant frequency pattern when
they heard it between long or short SVT [i]s. The |listeners’
"nat ur al ness" responses denonstrated that they interpreted these
synt hesi zed speech stinmuli using a nental procedure that "knew'
the range of formant frequencies that can be produced by the
calibrating [i]'s SVT length. For exanple, formant frequency
patterns that could be produced by a short SVT were judged to be
"natural” when they were enbedded with an [i] produced by a short
SVT but were judged to be non-speech stinuli when they were
enbedded with an [i] froma long SVt that inherently could not
produce such high formant frequencies. The V vowels clearly were
perceived in a "speech-node," using neural processing that took
account of the speech producing capabilities of the human SVT.

O her speech sounds can be used for vocal tract normalization
(c.f. Lieberman (2006) for relevant studies), but the vowel [i] is
an optimal calibrating sound. It's useful ness for SVT |l ength
estimation follows fromits unique formant pattern (high frequency
converging F2 and F3) and constraints on the vocal tract maneuvers
that can be used to produce an [i]. Wereas alternate gestures can
be used to generate the formant frequency patterns of virtually
all other vowels, the tongue position and |ip openings that
generate an [i] are constrained (Stevens and House, 1955; Nearey,
1978). Speakers can protrude and constrict their lips to create
the effect of having a | onger SVT for nost other vowels. Different
tongue positions can be used for these vowels; speaker FSC in
Nearey's (1978) study, for exanple, kept his tongue in alnbost the
same position for alnost all of his high F2 vowels, except for [i].

Alternate Iip and larynx gestures generated his vowel s’ fornmant

12



patterns. Fewer possibilities can generate the formant frequency
patterns for an [i]. The tongue nust be placed forwards and
upwards to the point where turbulent noise is sonetinmes generated
in the constricted oral passage necessary to produce an [i](Fant,
1960). The vowel [i] is an "honest"” signal that specifies the
speaker's actual SVT length. And it is one of the speech sounds

that a non-human SVT cannot produce.

The neural mechani sns for perceiving formant frequenci es and
deriving SVT length appear to have a | ong evol utionary history
O her species appear to use formant frequencies to estimate the
size of a conspecific. Fitch (1997) used a sinple netric obtained
by the subtracting the frequency of F1 fromF3 to estimate a
nonkey’s SVT length, which is highly correlated with its body
wei ght and length. This netric works for other species (Fitch,
2000a) However, Fitch's netric works only because these ani ma
vocal i zations are simlar to the neutral “schwa” vowel of English
in which F3 is approximately equal to 5(F1)(see the conpilation
for nonhuman primate species in Riede et al (2005)). If the sane
metric were applied to human speech it would yield different
estimated SVT | engths for the sane speaker, depending on the vowel
anal yzed since the formant patterns produced by humans di verge
fromthe schwa vowel.

Why is Speech the Default Mode for Human Language?

Wiy do we tal k? Wiy don’t we use manual gestures? The answer
rests in sone obvious factors, and one that becane apparent
t hrough research conducted in the 1960s. Vocal comunication frees
a speaker’s hands, can occur in darkness, and doesn't require
| ooki ng at the individuals who are signaling. A less obvious
reason is the speed at which informati on can be transmtted by

speech. Speech allows humans to transmt phonetic distinctions at
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rates of up to 20 to 30 "segnents" per second. OQther auditory
signals nerge into a continuous buzz at rates exceeding 15 itens
per second. Speech achieves this rapid transn ssion rate because
it is an "encoded" signal in which information is transnmtted at
the slower syllable rate then “decoded” into phonetic segnents
(Li berman et al., 1967).

For exanple, the formant frequency patterns that convey the

“phonenes” of the word "cat" (approximated by the letters of the
al phabet) are nel ded together into one syllable. As the tongue
noves fromthe syllable-initial consonant, a formant frequency
pattern is produced that transitions into that of the vowel, and
then to the final consonant. Human speakers plan ahead. As you
begin to say the word "too," your lips "round" (protrude and
narrow) anticipating the rounded [u] vowel. Your |ips are not
rounded at the start of the word “tea”, because the follow ng
vowel is not rounded. The encoding differs somewhat from | anguage
to | anguage (Lubker and Gay, 1982),and is acquired w thout

conscious effort by children.

Choki ng and the antiquity of speech.
Speech nust have been present in hom nid species who | acked
SVTs capabl e of produci ng quantal vowels because the human SVT
i ncreases the risk of choking to death on food | odged in the
| arynx. Pal nmer and his coll eagues, review ng studies of swall ow ng
note that in contrast to nonhuman mamal s:
normal hunmans are at risk for inadvertently inhaling food
particles both before and after swall owi ng. |ndeed,
obstruction of the airway by inhaled food is a significant
cause of norbidity and nortality in otherw se healthy

i ndividuals." (Palner et al., 1992).
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Death resulting froma bl ocked larynx often is attributed to other
causes, but tens of thousands of incidents of fatal choking have
occurred (Fei nberg and Ekberg, 1990). About 500, 000 Anericans
suffer fromswall owi ng disorders (dysphagia), and deaths from
choking are the forth | argest cause of accidental deaths in the
United States (http;//ww.nsc.org/library/report_injury usa.htm.
There woul d have been no reason for retaining the nutations that
resulted in the human SVT, unl ess speech already was in place in

hom nids ancestral to humans before the evol ution of the human SVT.

TRACI NG THE EVOLUTI ON OF THE HUMAN SVT
This brings us to the vexatious problem of reconstructing the

soft tissue of the SVT of a fossil when all that remains are bones.
Mich attention has been given to the position of the |larynx, which
as we will see, can rule out hypothetical SVTs. However, studies
of the ontogenetic devel opnment of the human SVT, di scussed bel ow,
reveal other factors.

1- The skeletal structure that supports the roof of the nouth
rotates towards the back of the skull, effectively shortening the
mout h and the “horizontal conponent of the SVT, SVTh during the
first two years of life; the human face is “flat” conpared to
prognat hi ous present day apes and early hom nids such as the
Austral opi t heci nes (D. Lieberman, Ross and Ravosa, 2000).

2- The human tongue gradual |y descends down into the pharynx,
changing its shape froma relatively long flat shape positioned
al nost entirely in the nouth to a massive form having a posterior
rounded shape. This yields the 1:1 SVTh/ SVIv proportions seen in
Figure 1. This unique hunman devel opnental process is not conplete
until age 6-8 years (D. Lieberman and McCarthy, 1999). As the
human tongue descends it carries the larynx down with it.

3- The human neck gradual ly | engthens (Mahajan and Bharucha,

1994). Neck length is critical since a |arynx positioned bel ow the
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neck at the |level of the sternum (collarbone) woul d rmake it
i npossible to swallow (Pal nmer et al., 2000; D. Liebernman et al.
2001).

Neandert hal speech.

As is the case in non-human primtes throughout life, the
tongue is positioned alnost entirely in the nouth in human
neonates. In the course of human ont ogenetic devel opnent, the
t ongue noves down into the pharynx, carrying the larynx down wth
it. This process was first described by Victor Negus (1949)who
thought that it reflected the:

...recession of the jaws; there is no prognat hous snout..The

[ human] tongue however retains the size it had in Apes and
nore primtive types of Man, and in consequence it is curved,
occupying a position partly in the nmouth and partly in the
pharynx. As the larynx is closely approximated to its hinder
end, there is of necessity descent in the neck; briefly
stated the tongue has pushed the larynx to a | ow position,
opposite the fourth, fifth and sixth cervical vertebrae.

(Negus 1949, pp. 25-26)

Negus's inferences were correct insofar as extensive facial
retraction occurs only in humans. As noted above, it has becone
clear that the process entails nore than the recession of the jaws
whi ch occurs in the first two years of |ife. But these findings
were al nost 30 years in the future when, in 1971, Ednund Crelin
and | attenpted to reconstruct the SVT of the Neanderthal fossil
found in the village of La Chapelle-aux-Saints (Boule, 1911-1913).
We conpared the skeletal features of the skull and mandi bl e that
support the soft tissues of the SVT in human newborns and the
Neanderthal fossil. W noted the simlarities that exist between

t he base of the skull and mandi bl e of human newborn infants and

t he Neanderthal. A nunmber of skeletal features were noted besides
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basi crani al flexure, which becane the focus of many subsequent
studi es. These included skeletal features that support the nuscles
that nove the tongue, such as the pterygoid process of the
sphenoi d bone, the total |ength of the basicranium and the

di stance between the end of the palate and the foranmen magnum
(into which the spinal colum inserts). These basicranial |engths
were simlar in newborns and the fossil. On this basis the
Neanderthal SVT was thought to be simlar to that of a hunan
newborn. Therefore, a range of SVT area functions simlar to those
of newborns in the cineradi ographic study of (Truby, Bosma and

Li nd, 1965) was nodel ed usi ng Henke's (1966) conputer-inplenented
al gorithm whi ch established the rel ati onshi ps between SVT shapes
and formant frequencies. The conputed formant frequency vowel s
patterns were conpared with those neasured by Peterson and Bar ney
(1952. Speech was possible since nost vowel and consonant formant
frequency patterns could be produced, but the formant frequency
patterns that convey the "quantal" vowels of human speech coul d
not be produced, owing to the reconstructed Neanderthal's tongue
resting for the nost part in the oral cavity. This precluded its
produci ng the abrupt 10:1 area function SVT m dpoi nt

di scontinuities necessary to produce quantal vowels.

Crani al base flexture.

A nunber of studies subsequent to the Lieberman and Crelin
(1971) paper attenpted to deternine the probable SVTs of fossil
hom ni ds by establishing correl ati ons between the cranial base
angle and the SVT in living nonhuman prinmates and then maki ng
i nferences based on this angle in a fossil. A fossil that had a
shal l ow cranial base simlar to that seen in living apes and hunan
newborns presumably had a simlar SVT, a fossil having a flexed

adult human basicranial angle would have a human SVT. Simlarities
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bet ween the enbryonic and early stages of devel opnent have been
used since Darwin (1859) to make inferences concerning evol ution.
Therefore, CGeorge (1978) studied the Denver series of

cephal onetric X-rays which tracked the devel opment of basicrani al
skel etal features and the soft tissue of the SVT in children from
age 3 nonths to adul thood (Maresh 1948; McCammobn 1952). George
correlated basicranial flexure with the occurrence of vowel s that
to her ears sounded like "quantal" vowels, such as [i]. An acute
adult-1ike cranial base angle occurs at age two-years, when

chil dren appeared to produce quantal vowels. Since Stevens (1972)
had shown that a SVT having adult proportions is necessary to
produce these sounds, the conclusion was that the cranial base
angl e was an index of SVT proportions.

However, subsequent acoustic anal yses showed that two-year
old children do not produce the formant frequency patterns that
speci fy quantal vowels. Buhr (1980) neasured children’ s vowel
formant frequencies in the first years of life; they do not
conformto those of adult speech. For exanple, the formnt
frequencies of a 64 week-old infant's vowels "heard" as [i] were
actually those of [I] (the vowel of "bit"). But the difference in
vowel quality is not apparent when |listening to these utterances,
even to trained phoneticians (e. g. Irwin, 1948). Patricia Kuh
and her colleagues in 1992 "sol ved" the nmystery. Wien we listen to
speech, a "perceptual magnet" pulls an ill-fornmed formant
frequency pattern towards the ideal exenplar for the |anguage that
a person is exposed to in the early nonths of life. In effect, our
speech perception systemcleans up sloppy signals. The absence of
comput er-i npl enented digital imge analysis technology in the
1970"' s precluded accurate neasurenents of tongue position by
George; the perceptual magnet phenonmenon docunented by Kuhl and

her col | eagues was not apparent until al nbst two decades later. In
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short, cranial base flexure, in itself, cannot be used to predict

whet her or not a fossil had an adult human SVT.

At the time, the supposed close relationship between SVT
devel opnent and crani al base angle was shared by our and ot her
research groups. Studies followed that |inked the cranial base
angle and the | ength of the basicranium (that indicates oral
cavity length) with the SVIs of |iving non-human primtes and
fossil hom nids (Laitman, Heinmbuch and Crelin, 1978, 1979; Laitnan
and Hein) Their conclusion was that Neanderthals and earlier
fossil homnids earlier did not have human SVTs. The studies of
Boe and his col |l eagues (Boe et al., 1999, 2001), which will be
di scussed bel ow, reached an opposite concl usion.

Reconstructions of the SVIs of fossils based on cranial base
angl es are problematic. Wien Dani el Lieberman and McCarthy (1999)
reexam ned the Denver series they found that the tongue and | arynx
continue to descend after cranial flexure stabilized. The
proportions of SVTh (the oral, horizontal segnent) and SVIv (the
pharyngeal , vertical segnent), do not achieve their adult 1:1
proportion until age five to six years. Fitch and G edd (1999)
using MRl's, reached the sanme concl usion.

It’s the tongue, not the |arynx.

The | ow position of the human larynx is a reflex of the hunman
t ongue reshapi ng and novi ng down into the pharynx. The position of
the human larynx is closely coupled to tongue displacenent (Negus,
1949; Bosma, 1975; D. Lieberman and McCarthy, 1999; N shinura, et
al ., 2003). As the tongue descents down into the pharynx, it
carries the larynx down with it. The descent of the tongue into
the pharynx, its posterior circular shape and the right angle bend

at its mdpoint enables the human SVT to produce the ngjor
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m dpoi nt area function discontinuities necessary for quantal
vowel s. Thus, despite the focus on the larynx in many studi es on
the evol ution of speech, the descent and change in the tongue's
shape is the key factors in both the devel opnment and evol uti on of
the human SVT (Li eberman (1984, pp. 276-280).

St udi es of speci es whose tongues are positioned in their
nout hs show that their vocalizations are limted to the schwa
vowel . Fitch's (1997, 2000a) data, for exanple, shows that this is
the case. Non-human SVT phonetic limtations characterize the deer
vocal i zations studied by Fitch and Reby (2001). Although the deer
have | ow | arynges, their tongues remain anchored in their |ong
nmout hs. That is also the case for |ions whose |arynges transiently
descend as they roar; an elastic nenbrane links the larynx to a
tongue anchored in the nmouth (Wi sengruber.et al., 2002). The
| arynges of young chi npanzees descend sonmewhat through el ongation
of the distance between the hyoid bone and the larynx, but their
tongues do not descend (N shinmura et al.,2003). In short, in
itself, a lowlarynx is not an indicator of potential phonetic
ability. Cainms such as Fitch (2000b) that the human SVT evol ved
to produce | ower formant frequencies by |aryngeal descent
(providing a fal se vocal inpression of a |larger body), cannot
account for the evolution of the species-specific human SVT which

i nvol ves the descent of the tongue into the pharynx.

Recent Incorrect Inferences Concerning Neanderthal SVTs

The bi ol ogi cal nmechani sns that regulate the descent of the
tongue and reshapi ng of the hunman are presently unknown and tongue
position and shape cannot be inferred fromthe basicranial angle.
Boe and his coll eagues in 1999 and 2002 nonet hel ess base their
Neanderthal reconstruction on the cranial base angle of the La

Chapel | e-aux-Saints fossil as reconstructed by Heim (1989). The
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basi cranial flexure of Heim s Neanderthal skull reconstruction is
wi thin the human range, but that does not signify an adult hunan
SVT. Although the D. Liebernman and McCarthy (1999) and Fitch and
G edd (1999) studies are cited by Boe and his col | eagues, they
ignore their findings and fit a SVT having the adult hunman

proportions noted by Honda and Tiede (1998) to the fossil.

The rel ati onships that hold between skulls, jaws and soft
ti ssue noted by Honda and Ti ede (1998) hold for adult humans; they
do not apply to young children, human neonates, apes or nobnkeys.
Genetic evidence (Krings et al, 1997; Ovchinnikov et al., 2000)
show t hat Neanderthal s diverged from humans about 500, 000 years
ago. Their skel etal norphology differs fromthat of nodern humans
(Howel I's, 1976, 1989; D. Lieberman, 1995). In short, adult
Neanderthal s are not genetically or norphologically simlar to
nodern human adults. Adult human SVT norphol ogy thus cannot
arbitrarily be bestowed to Neanderthals. Nonethel ess, Boe and his
col | eagues nodel the SVT shapes that adult human speakers use to
produce vowels. Not surprisingly, these human vocal tract
configurations produce the full range of human vowel s. Boe and his
col | eagues al so nodel a putative human infant SVT in their 1999
and 2002 papers, that does not resenble any newborn SVT docunented
by Negus (1949), Truby, Bosma and Lind, 1965; Bosma (1975) or
anyone else. Its SVIv/SVTh ratio is close to that of the five to
six year-old children docunented in the Lieberman and MCart hy
(1999) and Fitch and G edd (1999) studies. Simlar flaws nmark
ot her studies that proposed human SVTs for Neanderthal s, discussed
in Li eberman (1984, 2000, 2006).

When did a fully modern human SVT evolve?

A SVT that can produce the full range of human speech nust
have 1:1 SVTh to SVIv proportions. If SVTh is long, as is the case
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for Neanderthals, than SVIv nust al so be |ong. But the anatony
i nvol ved in speech (tongue, hyoid bone, and |arynx) has a nore
“primtive,” basic function -- eating. The hyoid which supports
the | arynx, noves upwards and forwards about 13 nm opening the
espohagous and placing the larynx into a position in which food
will not fall into it while swallow ng (Ishida, Palner, and

Hi i emae, 2002). A larynx in the neck can execute these maneuvers.
However, if the cricoid cartilage of the larynx were placed in the
chest, the sternum bone would make it inpossible to execute these
novenents. The swal |l owi ng "pattern” generator” - the novenents
that are involved in swallowng are simlar in humans and apes
(Palmer et al., 2002). No human or ape descended from our conmmon
ancestor has a larynx in its chest because they would not be able

to eat.

We can determ ne whet her Neanderthals and ot her fossil
hom nds coul d have had 1:1 SVTh to SVIv proportions by exam ning
their basicrania, which provides a neasure of SVTh and their
cervical vertebrae, which provides a neasure of the |length of
their necks. McCarthy,et al, forthcom ng)determ ned these netrics
for a sanple of 62 specinens of Pan trogl odytes, the WI 15000
fossil Honmo ergaster, three Neanderthal fossils, 82 specinens of
Hono sapiens,including the Mddle Paleolithic Skhul V fossil,
ei ght Upper Paleolithic fossils, and 73 contenporary humans from
seven different popul ations. The data show t hat Neanderthal neck
| engths were too short to have fully human SVTs. MCarthy and his
col | eagues arrive at a Neanderthal neck length estimate of 120 nm
in contrast to the 134 to 127 mm averages for two nodern human
sanpl es; the short neck and | ong Neandertal SVTh woul d pl ace the
cricoid cartilage behind the sternum Fully human speech woul d be
possi bl e, but the hypothetical Neanderthal would be unable to eat.

(A simlar conclusion was reached in Lieberman (1984, pp. 290-296).
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Surprisingly, a simlar constraint rules out a fully human
SVT in the mddle Pleistocene fossil Skhul V (McCowan and Keith,
1939), which has often been thought to be fully nodern. MCarthy
and his coll eagues estinmate the cervical spine |ength of Skhul V
to be 109 mMm at the bottom of the adult nodern human range. Skhu
V's SVTh is relatively long. Therefore, its short neck precludes
its having a fully human vocal tract with 1:1 SVTh to SVIv
proportions. Fully nodern speech anatony is not evident in the

fossil record until the Upper Pal eolithic, about 50,000 years ago

THE NEURAL BASES OF SPEECH

It is clear that human speech entails having neural
capabilities that are absent in closely related |iving species.
Al t hough a chi npanzee's SVT woul d suffice to establish vocal
| anguage, they cannot tal k. This despite the fact that acoustic
anal yses (e.g., Lieberman, 1968) reveal "bound" formant frequency
patterns in chinpanzee calls simlar to those that convey
different words in human speech. These sounds could be used to
differentiate words if the chinpanzees could voluntarily reorder
the notor commands used to generate them Chi npanzees coul d
establish "protospeech,” produci ng everything save quantal sounds
if they were able to freely reiterate — to voluntarily reorder and
reconbi ne the notor conmands underlying speech. Chi npanzees calls
in the state of nature appear to be stereotyped and fixed (Goodall,
1986). The neural circuits that confer the reiterative abilities
necessary for human speech appear to be absent in chi npanzees and

ot her non-human pri mates.

The reiterative quality of these human neural circuits
extends to other aspects of behavior, including syntax. | shal

briefly review studies that support this claim these studies also
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show that traditional Broca-Wrnicke "l anguage organ” theory is
wong. Cortical-striatal-cortical neural circuits that include the
basal ganglia appear to regulate notor control, syntax and
cognhition. The subcortical basal ganglia constitute a "sequencing
engi ne" that can reiterate notor commands stored as “notor pattern
generators” in other parts of the brain. The basal ganglia through
different anatomi cally segregated neural circuits also reiterate

coghitive "pattern generators,” conferring cognitive flexibility
and take part in associative |earning. The evol utionary
significance of the regulatory FOXP2 gene, which has erroneously
been identified as a "l anguage gene," rests in the fact that it
governs the enbryoni c devel opnent of the basal ganglia and ot her
subcortical elenents of these neural circuits. Fuller accounts of
these issues are presented in Lieberman (2000), (2002) (2006) and

t he studi es noted bel ow.

Neural Circuits

Conpl ex brains contain many distinct neuroanatom cal
structures that in normal circunstances process particular tactile,
visual, or auditory stimuli, while other structures and cortical
regions performlocal operations that regul ate aspects of notor
control or hold information in short-term (working) nenory, etc.
(e.g. Marsden and Obeso, 1994; Mrenow cz and Schultz, 1996;
Monchi et al., 2001; Polit and Bizzi, 1978; Sanes et al., 1995).
However, an isolated structure or cortical area usually does not
by itself regulate a conpl ex behavior. |ndividual neural
structures generally contain many anatom cal ly segregated groups,
“popul ations,"” of neurons that carry out a particular “local”
operation. The |l ocal processes do not constitute an observabl e
behavi or. The neuronal population that carries out a | ocal process
is linked to, "projects"” to, anatom cally distinct neuronal

popul ations in other regions of the brain. The series of |inked
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neuronal popul ations forma neural "circuit.” The circuit
constitute the brain basis of an observabl e aspect of behavior --
wal ki ng, tal king, striking the keys of a conputer’s keyboard and
so on. Moreover, within a given neural structure, distinct
anatomi cal |l y segregat ed neuronal popul ati ons may occur that
project to neurons in different brain structures, formng multinpl

circuits that each regul ate sone ot her behavi or

As Dobzhansky (1973) put it, “Nothing in biology makes sens
except in the light of evolution.” Neural structures that were
initially adapted to control one function took on “new tasks.
Seen in this light, the local notor sequencing operations in the
subcortical basal ganglia discussed bel ow appear to be precursors
for simlar operations in cognitive domains. As we shall see, the
basal ganglia can alter a notor act when circunstances dictate by
switching fromone “notor pattern generator” to another nore
appropriate one. During a thought process they can switch fromon
“cognitive pattern generator” to another (G aybiel, 1997).

For exanple, within the putanen, a subcortical basal ganglia
structure, anatom cally segregated popul ati ons of neurons exi st
that formpart of a systemthat sequences the notor sub-novenents
that together constitute an overt novenent of a nonkey's hand, a
rat's groom ng sequence, or a person's wal ki ng or speaking
(Al dridge et al., 1993; Cunnington et al., 1995; Liebernman, 2000;
Mar sden and Cbeso, 1994). The putanen, in itself, is not the
"seat" of these nobtor acts; it acts as a device that, in essence,
connects the sub-novenent pattern generators to areas of notor
cortex. Distinct, anatom cally segregated neuronal populations in
t he putanmen project through other subcortical structures to
cortical areas inplicated in higher cognition, conprehending the

nmeani ng of a sentence, attention, and reward-based |earning (e.g.

e

e

e
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Al exander, Delong and Strick, 1986; Al exander and Crutcher, 1990;
Cummi ngs, 1993; Graybiel, 1995, 1997; Kinura, Aosaki and G aybiel,
1993; Marsden and Cbeso, 1994; M ddl eton and Strick, 1994).

Experiments-in-Nature and the Traditional Broca-Wernicke Model.

The study of the neural bases of human | anguage began wth
"experinments-in-nature” that produced "aphasia", permanent | oss of
linguistic abilities, after parts of the brain were destroyed by
acci dents, strokes, or other pathol ogies. Experinents-in-nature
still are germane to the brain-language question, particularly
when their findings are integrated with tracer, imging and
el ectrophysi ol ogi cal studies. Paul Broca's (1861) observations
arguably rank with the nost influential "experinents in nature.”
However, the interpretation of brain-behavior relationships
presented here is quite different fromBroca's.

Broca' s patient, "Tan," had a series of strokes. The strokes
had caused extensive brain damage including, but not limted to
one part of the brain, "the third frontal convolution"” an anterior
(front) area of the cortex. Tan's had limted speech ability and
only uttered the syllable "tan". Broca perhaps influenced by
earlier phrenol ogical theories (Spurzheim 1815), concl uded that
damage to this cortical region, which includes Broca' s area, was
the basis of the patient's speech deficit. If one’s nodel of the
brain is that discrete |localized regions regul ate observabl e
conpl ex behavior, it follows that destroying a region should
di srupt a particul ar aspect of behavior Overl ooked was the fact
that Tan al so had extensive subcortical damage and nonlinguistic
notor inpairnments. Wernicke in 1874 found that patients who had
suffered damage in the posterior |left hem sphere had difficulty
conpr ehendi ng speech. Again, Wrnicke's |ocalized receptive

linguistic ability to this neocortical area. Since | anguage
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i nvol ves bot h conprehendi ng and produci ng speech or alternate
phonetic systenms such as witing or sign |anguage, Lichtheim (1885)
proposed a cortical pathway |inking Broca's and Werni cke's areas.
According to this nodel, spoken | anguage is perceived in

Werni cke's area, a posterior tenporal region associated with

audi tory perception. A cortical pathway then transmits infornmation
to Broca's region, which is adjacent to cortical areas inplicated

in notor control

Al t hough the Broca-Wrni cke nodel has the virtue of
simplicity, it is at best inconplete. The behavioral deficits of
Broca's aphasia are not |imted to speaking; the linguistic
deficits involve difficulty conprehendi ng distinctions in neaning
conveyed by syntax and word-finding difficulties (Blunstein, 1995).
Patients also suffer fromcognitive deficits. Kurt CGoldstein (1948)
characterized Broca's aphasia as "l oss of the abstract capacity,"”
and noted an inability to adapt to changi ng circunstances.
Contenporary clinical evidence shows that permanent | oss of
| anguage does not occur absent subcortical danage, even when
Broca's or Wernicke's areas have been destroyed. For exanple,
al t hough MRI's showed al nost conpl ete destruction of Wernicke’s
area in a 60 year-old patient, he nade a full recovery; no
subcortical danage was apparent (Lieberman, 2000, pp. 101-102)

Mor eover, damage to subcortical structures, sparing cortex, can
produce aphasi c syndrones. Doubts had been expressed in the early
years of the twentieth century, but conputer aided tonography (CT)
scans and nagnetic resonance i maging (MRI) now provide information
on the nature and extent of brain danage that produces pernanent

| anguage | oss. Aphasia does not occur unless subcortical damage is
present (Stuss and Benson, 1986; Dronkers et al., 1992; D Esposito
and Al exander, 1995). Patients having extensive damge to Broca's

area generally recover unless subcortical damage al so occurs.

27



O her studies show that subcortical danage that |eaves Broca's
area intact can result in Broca-like speech production and

| anguage deficits (e. g. Naeser et. al., 1982; Benson and
Geschwi nd, 1985; Al exander, Naeser and Pal unbo, 1987).

Al exander and his col |l eagues (1987), for exanple, noted the
subcortical |ocus of aphasias, reviewing | 9 cases of aphasia that
resulted solely fromsubcortical |esions. The | anguage deficits
ranged fromfairly mld inpairment in a patient's ability to
recall words, to "gl obal aphasia”™ in which a patient produced very
limted speech. In general, the severest |anguage deficits
occurred in patients who had suffered the nobst extensive
subcortical brain damage and damage to the internal capsule (the
nerve fibers that project to the cortex. Subsequent studies rule
out damage to the internal capsule as causing aphasia. Deliberate
surgical lesions of the internal capsule ained at mtigating
obsessi ve- conmpul si ve behavi or do not induce aphasia (G eenberg,
Mur phy and Rasmussen, 2000).Danage to the basal ganglia from
strokes in the nedial cerebral artery which passes through them
may be the | ocus of Broca s aphasia. As D Esposito and Al exander
(1995) in their study of aphasia conclude, it is apparent,

That a purely cortical |esion--even a nmacroscopi c one--can

produce Broca's or Wernicke's never been denonstrated. (1995,

p. 41)

Cortical-striatal-cortical circuits.

The basal ganglia are subcortical structures |ocated deep
within the brain. They can be traced back to anurans simlar to
present day frogs (Marin, Sneets and Gonzal ez, 1998). The stri atal
conmponent of the basal ganglia includes the caudate nucl eus and
the lentiformnucleus. The lentiformnucleus itself consists of

the putanmen and gl obus pallidus. The putanen receives sensory
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i nputs fromnost parts of the brain. The gl obus pallidus is an

out put structure receiving inputs fromthe putanen and caudate
nucl eus. The caudate nucl eus, putanen, and gl obus pallidus are

i nterconnected and forma systemw th close connections to the
substantia nigra, thalanus, other subcortical structures and
cortex. The thalanus, in turn,connect to different cortical areas.
The connections with cortex are conplex (Al exander, Del ong and
Strick, 1986; Parent, 1986; Al exander and Crutcher, 1990; DelLong,
1993; Marsden and (beso, 1994; M ddl eton and Strick, 1994.

Di sruptions in behavior seem ngly unrelated such as
obsessi ve- conpul si ve di sorder (G eenberg, Mirphy and Rasnussen,
2000), schizophrenia (G aybiel, 1997) and Parkinson's D sease
(Jellinger, 1990) derive fromthe disruption of neural circuits
linking cortical areas with the basal ganglia. Behavioral changes
usual Iy attributed to frontal |obe cortical dysfunction can be
observed in patients having danage to basal ganglia (e. g.,

Cunm ngs and Benson, 1984; Flowers and Robertson, 1985; Al exander,
Del ong and Strick, 1986; Lange et al., 1992; Delong, 1993;).

Cummings in his 1993 review article identifies five parallel
basal ganglia circuits which are involved in notor control
cognition, attention and other aspects of behavior. The circuit
(probably circuits) projecting to the dorsol ateral region of
prefrontal cortex (a frontal region of the cortex) is associ ated
with cognitive behavior. Tracer studies confirmthese circuits.
Traditional tracer studies entail injecting substances into living
animals that attach thenselves to the outputs of neurons
projecting to other neurons formng neural circuits. Post-nortem
sectioning, staining, and m croscopi c exanination then reveal the
neural pathways. Tracer studies of nonkey brains confirmthat the
striatal basal ganglia (the caudate nucl eus and putanen) support

circuits that project to cortical areas associated with notor
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control and cognition (Al exander, Delong and Strick, 1986;

M ddl eton and Strick, 1994; G aybiel et al., 1994; G aybiel, 1995,
1997). Noni nvasive D ffusion Tensor |Inaging (DTl) techniques that
are based on MRl technol ogy, show simlar neural circuits in

humans (Lehericy et al. 2004).

Neur odegener ati ve Di seases

Par ki nson's (PD) damages the basal ganglia, nostly sparing
cortex (Jellinger, 1990). The primary deficits of PD are notoric;
trenmors, rigidity, and novenent disruptions occur. In PD, speech
production deficits occur simlar in nature to those occurring in
Broca's aphasia. Patients have difficulty sequencing the Iip,
tongue and | aryngeal maneuvers necessary to differentiate "stop"
consonants." Stop consonants are produced by nonmentarily
obstructing the SVT with the lips (for [b] and [p]) or tongue (for
[d], [t],[g] and [K]). The lips or tongue then open the SVT
produci ng a nonentary “burst,” an abrupt pul selike acoustic signal.
The |l arynx nmust then produce phonation keyed to the burst.
Phonati on nmust occur within 20 nsec. fromthe burst for the
English "voi ced" stops [b], [d], and [g] (the initial consonants
of the words "bad," "dab," and "god"). Phonation nust be del ayed,
usual ly for at least 60 nsec. for the English "unvoiced" stops [p],
[t], and [K] (the initial consonants of "pad," "tab," and "cod").
Thi s phonetic distinction, which entails controlling the sequence
of gestures between tongue or lips and the nuscles of the |arynx,

was termed "voi ce-onset-tinme" (VOI) by Lisker and Abranson (1964).

Simlar VOT distinctions differentiate the stop consonants of
all human | anguages anal yzed to date. (Many | anguages al so
differentiate words by neans of “prevoiced” stops in which voicing
starts before the burst.) Acoustic anal yses show that a breakdown

in regulating VOT is the nost synptomatic speech deficit of
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Broca's aphasia (Blunstein et al, 1980; Baumet al, 1990)and in PD
(Li eberman et al., 1992, 2000). In contrast, formant frequency
patterns that reflect SVT maneuvers are generally preserved in
both Broca's aphasia and PD (Bl unmstein, 1994; Lieberman, 2000).

As is the case for Broca' s aphasics (Blunmstein, 1995), PD
patients (lIlles et al., 1988) can have difficulty producing
sent ences that have conplex syntax. PD patients |ikew se have
difficulty conprehendi ng sentences that have noderately conpl ex
syntax as well as long sentences that tax the brain's
conput ati onal resources (e.g., Lieberman, et. al., 1992;
Nat sopoul os et al., 1993; Gossman et. al., 1991, 1993; Liebermn,
2000; Hochstadt, 2004). As PD progresses, denentia occurs,
different in kind fromAl zheimer's (Cunmm ngs and Benson, 1984).
Afflicted patients retain semantic and real -world know edge but
are unable to readily formor change cognitive sets (Flowers and
Robertson, 1985; Cools et al., 2001). These seem ngly unrel ated
deficits derive fromthe "local" operations perfornmed by the basal
ganglia in the cortical-striatal-circuits that regul ate these
aspects of behavior.

Basal Ganglia Operations:
The basal ganglia operations characterized by Gaybiel (1995,
1997, 1998) involve both “notor pattern generators” and “cognitive

pattern generators.” In the era before nedication with Levadopa
was used to treat Parkinson's D sease, thousands of operations
were perforned. The effects were reviewed in a sem nal paper by
Mar sden and Cbeso (1994). They note that the basal ganglia have
two different notor control functions.
First, their normal routine activity nay pronote automatic
execution of routine novenent by facilitating the desired

cortically driven novenents and suppressi ng unwant ed nmuscul ar
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activity. Secondly, they nay be called into play to interrupt
or alter such ongoing action in novel circunstances ...they
respond to unusual circunstances to reorder the cortical
control of novenment. (Marsden and Cbeso, 1994, p. 889)

Mar sden and Obbeso concl ude that,

Per haps the basal ganglia are an el aborate machine, within
the overall frontal |obe distributed system that allow
routi ne thought and action, but which responds to new
circunstances to allow a change in direction of ideas and
novenent. Loss of basal ganglia contribution, such as in
Par ki nson' s di sease, thus would lead to inflexibility of
mental and notor response..." (1994, p. 893).

Neur oi magi ng St udi es

Brain i magi ng studi es of human subjects confirmthis
i nference. The event-related functional magnetic resonance imgi ng
(fMRI') study of Monchi et al. (2001) shows the role of basal
ganglia when a person shifts cognitive sets. Brain activity was
nmonitored in neurologically intact subjects in a version of the
W sconsin Card Sorting Test (WCST), which eval uates a person's
ability to formand shift cognitive criteria. Subjects had to sort
cards by matching the images on themto the col ors, shapes, or
nunber of images on “match” cards. As predicted, neural circuits
i nvol ving prefrontal cortex and basal ganglia were activated
t hroughout the test. Bilateral activation was observed in
prefrontal cortex, basal ganglia and thal anus. Dorsol atera
prefrontal cortical areas were active at the points where the
subjects had to relate the current match with earlier events
stored in working nmenory. A cortical-striatal circuit involving a
different cortical area, (the md-ventrolateral prefrontal cortex),
caudat e nucl eus, putanen and thal anus was active when subjects had

to shift to a different matching criterion. Increased activity
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occurred in the putamen during these cognitive shifts. The

behavi oral study of Scott and his coll eagues (2002) conpl enents
these findings. A conprehensive set of cognitive tests that assess
“frontal |obe" functions such as planning as well as tests of
menory were adm nistered to PD patients who had under gone
neurosurgery that produced precise bilateral |esions of the

i nternal output pathway, of the gl obus pallidus. The sole deficits
occurred on the Wsconsin Card Sorting Test, where the subjects

were unable to shift the matching criterion as the test progressed.

Stowe et al. (2004) used PET imagi ng of neurologically intact
subjects in a sentence conprehension study that involved a form of
set shifting. The basal ganglia to dorsolateral prefrontal cortex
circuit was active when subjects have to change their
interpretation of an anbi guous sentence, confirm ng that basal
ganglia cognitive set shifting also manifests itself in | anguage.
O her neuroi magi ng studi es show basal ganglia as well as corti cal
activity during sentence conprehension and word retrieval tasks
(Klein et al., 1994; Kotz et al., 2003; Rissman, Eliassen and
Bl unst ei n, 2003).

The focus on subcortical structures here should in no way
inply that cortex is irrelevant. The inmagi ng studi es noted above
and many ot her studies show that Broca's area is active when a
person |istens to speech, when a person recalls a word as well as
when the nmeaning of a sentence or the when a |listener identifies
t he enotional content of a sentence. Cortical areas in both
hem spheres of the cortex are active in these tasks, including the
ri ght hem sphere honol ogues of Broca’ s and Werni ckes's areas and
prefrontal areas that are not traditionally associated with
| anguage. (Just et al ., 1996) The absence of basal ganglia activity

in other imaging studies may reflect "region of interest” (RO)
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procedures that did not | ook for subcortical activity during

i ngui stic tasks.

El ect rophysi ol ogi ¢ studies that nonitor brain activity in
nonkeys by neans of exceeding fine “mcroel ectrode” probes show
that the basal ganglia performsimlar functions (reviewed in
Graybiel, 1995, 1997, 1998) as well as in other mammal s. Wen the
basal ganglia of rats are destroyed they are able to execute the
i ndi vi dual subnovenents that when |inked together would constitute
a groom ng sequence (Berridge and Wi tshaw, 1992), but they cannot
performthe conpl ete groom ng sequence. El ectrophysiol ogic studies
of the rodents' basal ganglia neurons show firing patterns that
sequentially inhibit and rel ease subnovenents to the notor cortex,
thereby stringing theminto a groom ng sequence (Al dridge et al.
1993)

A | aboratory Called Mount Everest

It generally is not possible to conpare the behavior of human
subj ects before and after an insult to the brain. Nor is it
ethically justifiable to test theories by placing subjects in a
situation that mght harmtheir brains. However, nountain clinbers
who are determned to reach the summt of Munt Everest, provide a
uni que, ethically sound situation in which the effects of basal
ganglia dysfunction on notor control, |anguage, cognition and
ot her aspects of behavi or can be determ ned. The cognitive
abilities of individual subjects can be assessed before and after
hypoxic insult to their brains, allowi ng the assessnent of subtle
as well as profound inpairment. Everest provides an opportunity to
focus on basal ganglia function because hypoxia (oxygen deficits)
commonly occurs as nmountain clinbers ascend. Metabolically active
neural structures such as the basal ganglia are particularly

sensitive to hypoxia (lnoue et al., 1992; Burke et al., 1994).
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| ndependent studi es show that the gl obus pallidus is extrenely
sensitive to hypoxic danage (Laplane et al., 1984, 1989; Strub,
1989). MRl imaging confirmbilateral |esions |ocalized to gl obus
pal | i dus after exposure to altitude; the |esions produce
subcortical denmentia and aphasia (Jeong et al. 2002; Chie et al.
2004) .

A series of experinments (Lieberman et al., 1994, 2005) shows
t hat speech production deficits simlar to PD as clinbers becone
nore hypoxic as they ascend to higher altitudes. VOI sequencing is
i mpai red and their speech slows down as the duration of their
vowel s increases. Cognitive tests such as the WCST, adm ni stered
at successively higher altitudes show that the set-shifting
performance declines. Sentence conprehension al so sl ows down and
error rates increase. In extrene cases, hypoxic clinbers
exhi biting profound speech and set-shifting errors did not adapt
their behavior to changing life-threatening events. Shifts in
personal ity also occur, simlar in nature to those reported by
Cumm ngs (1993) for danamge to cortical-striatal-cortical circuits.

Motor Control and Reiterative Ability
Many |inguists (e.g. Jakendoff, 1994; Chonsky, 1999) still

hold to the view that human | anguage is so unique that it bears
little relation to the manner in which any other ani mal

comuni cat es or thinks. Chonsky, whose focus has been on syntax

for many years, has consistently argued that human syntactic
ability invol ves sonme uni que feature whose scope is restricted to

| anguage and | anguage al one. As noted earlier, the nbst recent

candi dat e (Hauser, Chonsky and Fitch, 2002), is a "narrow faculty
of language” (FNL) that confers recursion. Chonsky’s initial (1957)
generative syntactic theory proposed that the relative clause in
the sentence | saw the boy who was wearing a sweater, was the end

product of a process in which a hypothetical underlying sentence,
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The boy was wearing a sweater, had been inserted into the frane of
the carrier sentence “I saw the boy.” Subsequent hypotheti cal
“transformational” rules of the generative gramar then rewote
the resulting string of words to yield the sentence, | saw the boy
who was wearing a sweater, that would actually be heard or read.
Traditional grammars woul d straightforwardly characterize the

actual, observable sentence as containing a relative cl ause.

In Chonsky’s (1999) current “mnimalist” grammar the
syntactic rule “merge” recursively inserts sentences and ot her
syntactic units into the framework of a carrier sentence; the
m nimalist syntactic rule “nove’ then rewites the resulting
string of words to yield the sentence that one actually hears or
reads. The reiterative function of the basal ganglia includes
reordering and replicating cognitive pattern generators (G aybiel,
1997). The cognitive pattern generator that elicits the relative
cl ause, who was wearing a sweater, would sinply be inserted into

the franme of the carrier sentence.

In short, the basal ganglia sequencing engine can forma
potentially infinite nunber of different sentences by reordering,
reconbi ning and nodifying a finite set of words using a finite set

of linguistic "rules.” Reiteration can account for the sentences
that we actually hear, inserting a relative clause, a

preposi tional clause, whatever, into a carrier phrase. In
principle, the linguistic process is no different than inserting
the dance instruction “all emande right” into a square dance, or
Mozart inserting yet another variation into a rondo. Reiteration
can al so account for the formal phonol ogi c operations used by
lingui sts to descri be word-1|evel phonol ogi c processes such as the
formation of “regular” English plural nouns by addi ng the sounds

coded by the suffix “s,” e. g. book versus books.
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Chonsky and his coll eagues are correct in proposing
processes that can generate a potentially infinite nunber of
sentences or words froma finite set of words and rul es. However,
as we have seen the ability to reorder and reconbine a finite set
of elements to forman infinite set of actions is a key feature of
speech notor control, other notor acts and aspects of
“nonl i ngui stic” cognition such as changing the direction of one’s
course of action, or changing the criterion by which one

cat egori zes obj ects.

Many |inguists may argue that |anguage is quite different
than notor control. Formng different grammatical sentences
entails nore than inserting a phrase or word or sinply changi ng
word order. The semantic-syntactic constraints on the words in any
dictionary, including that in your brain, nust be taken into
account. Different verbs, for exanple, have particular constraints
(the linguistic termgenerally used is "argunent structure"). For
exanpl e, the ungranmmtical sentence "I w shed Ann." violates a
constrai nt because the verb "wi sh” cannot refer to an object,
whereas "I kissed Ann." is acceptable. Mdtor control entails
simlar, indeed nore conplex constraints. As the basal ganglia
rel ease and inhibit successive pattern generators, these
constraints cone into play. Consider wal king, which involves a
sequence of sub-novenents. Heel -stri ke, one conmponent of wal ki ng
can only be executed after the notor pattern generator that sw ngs
the lower Ieg forward. Nor can the pattern generator that |ocks
your legs in place while you standing still be followed wth heel
strike. Running, which appears to have shaped human evol uti on,
(Brambl e and D. Liebernman, 2004) requires exceedingly rapid and
precise control of a different set of pattern generators. If
wal ki ng or running seemtoo sinple, consider the set of sequenti al

not or commands i nvol ved in baseball, playing the violin, or
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dancing the tango. In short, notor pattern generators have

"argunent structures."

The FOXP2 Cene.

The FOXP2 gene undoubtedly is not the only regul atory gene
i nvolved in the evolution of human | anguage. Mbreover, it is not a
"| anguage" gene since it governs the enbryonic devel opnent of
neural structures that regulate notor control, other aspects of
cognition, and enotional regulation, as well as the devel opnent of
lung tissue and other structures. However, studies of the FOXP2
gene provide sone insights on the evolutionary history of the

human br ai n.

The di scovery of FOXP2 results froma sustained study of a
| arge extended fam |y nmarked by a genetic anomaly. A "syndrone," a
suite of speech and orofacial novenent disorders, and cognitive
and linguistic deficits occurs in afflicted nenbers of the KE
famly (Vargha-Khadem et al., 1995, 1998; Lai et al., 2001 \Vatkins,
et al., 2002). Afflicted individuals are not able to protrude
their tongues while closing their lips; they have difficulty
repeating two word sequences. On standardized intelligence tests,
they have significantly |ower scores than their non-afflicted
siblings. Sonme afflicted individuals had higher non-verbal 1Q
scores than unaffected nenbers of the KE fam |y, which | eads sone
i nvestigators to conclude that FOXP2 does not affect intelligence.
However, as the different non-verbal 1Q for the non-affected
nmenbers of the KE fam |y show, intelligence derives fromthe
interaction of many neural systenms and life's experiences. It is
i mpossi ble to know what the non-verbal 1@ of an affected
i ndi vi dual woul d have been, absent the genetic anomaly, but the
| ow mean 86 non-verbal 1Q of the affected nenbers (wth a range of

71-11), versus a nean of 104 (with a range of 84 to 119) for
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unaffected fam |y nenbers, suggests FOXP2 anonalies being

responsi bl e for generally I ower intelligence.

MRl i maging of affected fam |y nenbers shows that the caudate
nucleus is abnormally small bilaterally, while the putanen, gl obus
pal | i dus, angul ar gyrus, cingulate cortex and Broca's area are
abnormal wunilaterally. (Vargha-Khademet al., 1995, 1998). Watkins
et al.(2002) note that reduced caudate nucl eus volune was "
significantly correlated with fam |y nenbers' perfornmance on a
test of oral praxis, non-word repetition, and the codi ng subtest
of the Wechsler Intelligence Scale.” fMR studies that conpare
afflicted nmenbers of the KE famly with both their "normal"
si bl i ngs and age-matched control s show t hat under-activation
occurs in the putanen, Broca's area and its right honol og
(Liegeois, et al. 2003), which is what woul d be expected in neural
circuits connecting the striatum and Broca's area (Lehericy et al.,
2004). The pattern between of neural anomalies and behavi oral
deficits is simlar to those seen in individuals afflicted wth PD

hypoxi a and | esions in basal ganglia.

This constellation of neural anonalies and behavi oral
deficits results froma dom nant point nutation mapped to
chronobsone 7931 in the FOXP2 gene (Fisher et al., 1998; Lai et al.
2001). Lai and her coll eagues determ ned the neural expression of
FOXP2 during early brain devel opnent in humans, and the nouse

version (foxp2), in mce (Lai et al. 2003) -- mammalian "end
poi nts" separated by 75 mllion years of evolution (Muse genone
sequenci ng consortium 2002). The gene encodes a protein that
regul ates the expression of other genes during enbryogenesis.
Mut ations to other simlar genes have been inplicated in a nunber

of devel opnental disorders. In the case of famly KE, the nutation
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changes an am no acid, apparently |eading to protein dysfunction.
The sim | ar areas of expression that indicate where the gene is
active in both the human and nouse brain include structures in the
cortical-striatal-cortical circuits that regulate notor contro

and cognition -- the thal anus, caudate nucl eus and putanmen as wel |
as the inferior olives and cerebellum These structures are al
intricately interconnected. |Independent evidence shows that foxp2
in other manmal s is expressed in the putanmen as well as the
caudat e (Takahashi et al., 2003).

The FOXP2 gene provides a neans to date the evolution of the
human brain and the enmergence of fully human speech capabilities.
Despite the high degree of simlarity there are inportant
di stinctions between the nouse, chinpanzee and human versions. The
nouse and human versions are separated by three nutations. The
chi npanzee and human versions are separated by two nutations.
Enard et al. (2002), using the techniques of nolecul ar genetics,
estimate that the human form appeared fairly recently, sonmewhere
in the | ast 100, 000 years, 100,000 years being in the tinme frane
(Stringer, 1998) associated wth the energence of anatom cally
nodern Hono sapi ens.

Walking, Running and the Antiquity of Speech

One point concerning the evolution of hunman speech deserves
nore enphasis, its antiquity. The Lieberman and Crelin (1971)
Neanderthal study is often cited to support clains that speech
evol ved abruptly at a recent date. Boe et al. (1999, 2002), claim
that we concluded that Neanderthals were a "speechl ess species.”
However, this was not our conclusion, what we wote was that
Neanderthal s represent:

...an internedi ate stage in the evolution of |anguage. This

indicates that the evolution of |anguage was gradual, that it
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was not an abrupt phenonenon. The reason that hunan
linguistic ability appears to be so distinct and unique is
that the internmediate stages in its evolution are represented
by extinct species (Lieberman and Crelin, 1971, P. 221).

Sonme form of speech nmust have been in place in the archaic
hom ni ds ancestral to both humans and Neanderthals. There woul d
have been no sel ective advantage for retaining of the nutations
that yielded the species-specific human SVT at the cost of
i ncreased norbidity from choking, unless speech was al ready

present. The question is when?

The basal ganglia dysfunction that is the proxinmte cause of
PD inpairs wal king. PD patients have difficulty executing the
internally guided sequential novenments involved in wal king. The
Hoehn and Yahr (1967) diagnostic scale for PDis a neasure of
upri ght bal ance and | oconotion. Running is inpossible. As we have
seen, the subcortical structures whose expression is regul ated by
FOXP2, the basal ganglia and cerebellum play a critical role in
notor control, notor learning as well as in cognition. Learning to
execute a notor sequence involves activity in these subcortical
structures as well as prefrontal cortex (e. g. Kimura, Aosaki and
G aybiel, 1993; Thatch, 1996).

Sel ection for wal king, starting fromthe base apparent in
present day chi npanzees who can wal k for limted periods, perhaps
was the "start-point" for the evolution of human speech, | anguage
and cognition. The evolution of the genus Honbo was narked by
adaptations for endurance running (Branmble and D. Liebernman, 2004),
whi ch places still further demands on the basal ganglia sequencing
engi ne. Lacking nore data, we can only specul ate that a neural
substrate permtting voluntary speech notor control was in place

in early Honbo erectus. Further selection for speech production may
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have resulted in the human form of FOXP2 and the notor, cognitive,
and linguistic abilities of contenporary humans. Devel opnental -
neur ophysi ol ogi ¢ studi es conparing the devel opnment of wal ki ng and

speech may nove this proposal beyond specul ati on.

Putting Anatomy and the Brain Together

The findings di scussed here, concerning the evol ution of
human speech anatony and the human brain, point to the sane
concl usi on. The evol ution of speech was driven by Darw ni an
Nat ural Sel ection, the opportunistic use of existing structures
adapted for another purpose, and nutations on regul atory genes
that have far reaching consequences. Contenporary human speech and
cognitive capabilities, including enhanced syntactic and | exi cal
abilities, are species-specific properties of Hono sapi ens which
derive from anatony and neural nechanisns that appear to have
coevol ved. The FOXP2 gene clearly is inplicated in the formation
of neural circuits that regulate human cognitive and notor
capacities. Natural selection acting on the nutations that vyielded
its human form woul d have enabl ed rapi d, encoded speech, in turn
enhanci ng the sel ective value of the nmutations that shaped the
nodern hunman vocal tract. These events which led to the energence
of fully nodern speech, |anguage and cognition appear to have
occurred sonetime in the period between 90,000 and 50,000 BP, the
time frane between fossils |ike Skhul V and fully nodern hunans

who were capabl e of tal king as we do.
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