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23.
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events and phonetic element contexts and contrasts
that occur in natural running speech. The third game
(Old McDonald’s Flying Farm), produced with Direc-
tor (Macromedia) software, was a limited hold reac-
tion time task in which the child maintained a touch-
screen ‘“‘button” press while repeated stimuli were
delivered in regular sequence. The child’s task was
to release the button when there was a change in
phonetic element identity. The durations of a wider
array of synthetic consonant elements and the inter-
stimulus times between repeated stimuli were the
main exercise variables. The fourth game (Phonic
Match), also developed with Director (Macromedia)
software, was a sound-matching exercise in which
button presses resulted in soundings that the child
had to locate a match for, on a 2-by-2 to 5-by-5
touch-screen button array. The button array size and
the temporal structpre of elements and of element
sequences in individual consonant-vowel-consonant
stimuli were game variables. Stimuli applied in this
exercise were synthetically processed to prolong and
differentially amplify brief phonetic elements [see (7)].
Children also played both of these games for approx-
imately 20 min/day throughout the 20-day training
period. In general, children’s performances at these
two games paralleled their progressive achievements
at the time order judgment and phonetic element
recognition tasks described in this report. All LLI chil-
dren who were trained at these games also under-
went training with acoustically modified speech stim-
uli, as described by Tallal et al. (7).

. Children were still improving at their game perfor-

mances when these exercises were arbitrarily ter-
minated at the end of the 4-week training period.
Their ultimately achievable performance limits are
unknown.

The Token Test for Children (Teaching Resources
Corporation, Boston, MA, copyrighted 1978) is de-
signed to test the ability to follow auditory commands
of increasing length and grammatical complexity.
The intensity of practice at three FM stimulus catego-
ries were all significantly correlated with Token Test
(language outcome) results. For the 1+ kHz catego-
ry, trial numbers versus language outcome, r = 0.75,
P = 0.01; for 2+ kHz FM stimulus, trial numbers
versus language outcome, r = 0.73, P < 0.01; for 4+
kHz FM stimulus, trial numbers versus language out-
come, r = 0.84, P = 0.01. The 0.5+ kHz category
practice trial numbers were not significantly correlat-
ed with language outcomes (r = 0.48).
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Language Comprehension in Language-Learning
Impaired Children Improved with Acoustically
Modified Speech

Paula Tallal,” Steve L. Miller, Gail Bedi, Gary Byma,
Xiaoqin Wang, Srikantan S. Nagarajan, Christoph Schreiner,
William M. Jenkins, Michael M. Merzenich

A speech processing algorithm was developed to create more salient versions of the
rapidly changing elements in the acoustic waveform of speech that have been shown to
be deficiently processed by language-learning impaired (LLI) children. LLI children re-
ceived extensive daily training, over a 4-week period, with listening exercises in which all
speech was translated into this synthetic form. They also received daily training with
computer ‘““‘games’ designed to adaptively drive improvements in temporal processing
thresholds. Significant improvements in speech discrimination and language compre-
hension abilities were demonstrated in two independent groups of LLI children.

Exposure to a specific language alters an
infant’s phonetic perceptions within the first
months of life, leading to the setting of pro-
totypic phonetic representations, the building
block on which a child’s native language de-
velops (1). Although this occurs normally
without explicit instruction for the majority of
children, epidemiological studies estimate
that nearly 20% of children fail to develop
normal speech and language when exposed to
speech in their native environment (2). Even
after all other primary sensory and cognitive
deficits are accounted for, approximately 3 to
6% of children still fail to develop normal
speech and language abilities (3). Longitudi-
nal studies have demonstrated a striking con-
vergence between preschool language delay
and subsequent reading disabilities (such as
dyslexia). A broad body of research now sug-
gests that phonological processing deficits
may be at the heart of these language-learning
impairments (LLIs) (4, 5).

Tallal’s earlier research has shown that
rather than deriving from a primarily linguis-
tic or cognitive impairment, the phonologi-
cal and language difficulties of LLI children
may result from a more basic deficit in pro-
cessing rapidly changing sensory inputs (6).
Specifically, LLI children commonly cannot
identify fast elements embedded in ongoing
speech that have durations in the range of a
few tens of milliseconds, a critical time frame
over which many phonetic contrasts are sig-
naled (7). For example, LLI children have
particular difficulty in discriminating be-
tween many speech syllables, such as [ba]
and [da], which are characterized by very
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rapid frequency changes (formant transi-
tions) that occur during the initial few tens
of milliseconds. Interestingly, LLI children
are able to identify these same syllables when
the rates of change of the critical formant
transitions are simply synthetically extended
in time by about twofold (8). A strong pre-
diction is suggested by these findings: If the
critical acoustic cues within the context of
fluent, ongoing speech could be altered to be
emphasized and extended in time, then the
phonological discrimination and the on-line
language comprehension abilities of LLI
children should significantly improve.

To test this prediction, we have conduct-
ed two studies with LLI children who have
been trained with the application of tempo-
rally modified speech. These same children
also received training at making distinctions
about fast and rapidly sequenced acoustic
inputs in exercises mounted in the format of
computer “games” (9). Modification of flu-
ent speech was achieved by application of a
two-stage processing algorithm (10). In the
first stage, the duration of the speech signal
was prolonged by 50% while preserving its
spectral content and natural quality. In the
second processing stage, fast (3 to 30 Hz)
transitional elements of speech were differ-
entially enhanced by as much as 20 dB. This
two-step acoustic modification process was
applied to speech and language listening
exercises that were recorded on audiotapes,
as well as to the speech tracks of children’s
stories recorded on tapes and on educational
CD-ROMs. The differential emphasis of fast
elements also resulted in a speech envelope
that was more sharply segmented. This pro-
cessed speech had a staccato quality in
which the fast (primarily consonant) ele-
ments were exaggerated relative to more
slowly modulated elements (primarily vow-
els) in the ongoing speech stream. We rea-
soned that amplifying the fast elements
should render them more salient, and thus
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