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In order to investigate the precise acoustic features of stop consonants that pose perceptual
difficulties for some children with learning problems, discrimination thresholds along two separate
synthetic /da-ga/ continua were compared in a group of children with learning protdl&nand a

group of normal children. The continua differed only in the duration of the formant transitions.
Results showed that simply lengthening the formant transition duration from 40 to 80 ms did not
result in improved discrimination thresholds for the LP group relative to the normal group.
Consistent with previous findings, an electrophysiologic response that is known to reflect the brain’s
representation of a change from one auditory stimulus to another—the mismatch negativity
(MMN )—indicated diminished responses in the LP group relative to the normal group to /da/ versus
/ga/ when the transition duration was 40 ms. In the lengthened transition duration condition the
MMN responses from the LP group were more similar to those from the normal group, and were
enhanced relative to the short transition duration condition. These data suggest that extending the
duration of the critical portion of the acoustic stimulus can result in enhanced encoding at a
preattentive neural level; however, this stimulus manipulation on its own is not a sufficient acoustic
enhancement to facilitate increased perceptual discrimination of this place-of-articulation contrast.
© 1999 Acoustical Society of Amerid&0001-496899)00210-9

PACS numbers: 43.71.Pc, 43.71[BMH]

INTRODUCTION the present paper presents a systematic examination of fine-
grained discrimination of one aspect of stop-vowel syllables
Numerous studies have established that a subset of chilhat has been proposed as a perceptually vulnerable feature,
dren with diagnosed language and/or learning problems exiamely the characteristically brief formant transition dura-
hibit deficits perceiving certain acoustically similar speechtion in the initial portion of the vowel following the stop
sounds(e.g., Tallal and Piercy, 1974, 1975; Brandt andrelease.
Rosen, 1980; Godfregt al, 1981; Tallal and Stark, 1981, An important aspect of this study is the use of a com-
Werker and Tees, 1987; Reed, 1989; Ellettal, 1989; Le-  bined behavioral and neurophysiologic approdske also
onard and McGregor, 1992; Sussman, 1993; Stark anraus etal, 1993, 1996, in press With this multi-
Heinz, 19964, b; Kraust al, 1996; Modyet al, 1997, and disciplinary technique, we hoped to gain insight into both
otherg. However, the precise nature of the underlying per-stimulus representation at a preattentive neural level and per-
ceptual deficit and its effect on language development andeption of these speech signals in a task requiring focused
academic achievement has yet to be fully explained. As patttention to the stimuli. Furthermore, in both the neurophysi-
of a comprehensive study of speech sound discriminatiomlogic and behavioral testing paradigms, we used a task that
abilities, academic achievement, and neurophysiologic retested the subject’s ability to detect small differences be-
sponses to speech stimuli in normal and learning-disabletiveen synthetic speech stimuli that varied along a single
school-aged children, we were interested in investigating thacoustic dimension. The use of this type of fine-grained dis-
specific acoustic-phonetic features that provoke perceptuarimination task with “stripped down” synthetic speech
difficulty in the disabled population. While the sound struc- stimuli allowed us to test speech sound perception under
ture of naturally spoken language is sufficiently rich in conditions that stress the system beyond what is required in
acoustic and contextual cues to tolerate some degree of inmatural spoken language processing. This testing procedure
precision in perceptual acuity, measures of fine-grainedvas deemed appropriate for investigating the auditory-
speech sound perception are potentially very useful for thgerceptual deficits of school-aged children with learning
identification and monitoring of children whose learning problems based on the assumption that, rather than having
problems may have an auditory-phonetic basis. Accordinglydifficulty perceiving naturally produced speech under favor-
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able listening conditions, these subjects have difficulty undeboundaries, indicating less sharply defined phonetic catego-
less-than-optimal listening conditions. For example, percepries than normal childrefBrandt and Rosen, 1980; Godfrey
tual difficulties may become apparent in noisy listening en-et al,, 1981; Werker and Tees, 1987; De Weirdt, 1988; Reed,
vironments, or when fine categorical distinctions at the seg1989; Sussman, 1993; Modt al., 1997.

ment level are important, such as when learning the sound— Synthetic speech continua have also been used to deter-
letter associations required for reading. mine discrimination thresholds. For this measurement of

The literature on speech sound perception in impairedine-grained discrimination, subjects are presented with
children is vast and somewhat diffuse in terms of subjectstimuli that become increasingly similar along a particular
task, and stimulus factors. Nevertheless, several general findcoustic dimension according to an adaptive procedure. The
ings have emerged, which we attempt to summarize heraliscrimination threshold, or just noticeable difference score
With respect to subject population, various studies have exjnd), is determined as the point at which the subject’s ability
amined children diagnosed as specific language impairetb discriminate two stimuli reaches a preset criterion, such as
(SLI), reading impaired(dyslexicg, or learning impaired. 70% correct. Using this kind of task, several studies have
For example, several studies found speech perception deficishown that disabled children require greater acoustic dis-
in children with “developmental aphasia,” or Ské.g., Tal- tances between stimuli along certain synthetic speech con-
lal and Piercy, 1974, 1975; Frumkin and Rapin, 1980; Tallaltinua in order to tell them apafElliott and Hammer, 1988;
and Stark, 1981; Stark and Heinz, 19964, b; Elliott and HamElliott et al, 1989; Krauset al, 1996; Stark and Heinz,
mer, 1988; Elliottet al, 1989; Sussman, 1993, and others 1996a.

Similar deficits have also been documented in reading- The third variable to be manipulated across the numer-
disabled children(e.g., Tallal, 1980; Godfrewet al, 1981; ous studies on this topic is the stimulus variable. While task-
Brandt and Rosen, 1980; Werker and Tees, 1987; De Weirdhy-stimulus (e.g., Sussman, 1993and population-by-
1988; Reed, 1989; Modgt al, 1997, and many othersFi-  stimulus(e.g., Frumkin and Rapin, 198nteractions have
nally, Krauset al. (1996 recently reported deficits in the been observed, several general stimulus-related effects have
biological representation of speech sounds in children diagbeen reported in the literature, which we have summarized in
nosed with a learning disability, attention deficit disorder, orTable I. This list is not exhaustive; nevertheless, it provides
both. While these subject population groups have apparentlgn overview of the kinds of stimulus-related factors that vari-
disparate diagnostic labels, it is clear that individuals withinous researchers have investigated. With respect to consonant
these groups exhibit similar speech perception deficits, sugsontrasts, voicing and place-of-articulation appear to be
gesting that these deficits are somehow correlated, or coexibighly vulnerable to perceptual disruption. For voicing con-
with impaired language development, reading, and generdtasts, the critical acoustic dimension is tempdxalice on-
academic achievement. set timg. For place-of-articulation contrasts the critical

A variety of task-related variables have been employedicoustic dimension is either dynamic-spectral, as in the case
in studies of speech perception abilities in impaired childrenpf stop-vowel syllables, or static-spectral, as in the case of
however, most tasks fall into one of two basic types. The firsfricatives. In contrast to voicing and place-of-articulation
type of task requires subjects to respond to stimulus pairs, deatures, the stop-glide manner feature has not been shown to
longer strings of stimuli, in which each member represents @rovoke perceptual difficulty, nor has a combination of
good exemplar of a particular speech sound cate¢exy., place, manner, and voicing features. In the case of the stop-
Tallal and Piercy, 1974, 1975; Tallal, 1980; Frumkin andglide contrast, the critical acoustic dimension is temporal in
Rapin, 1980; Tallal and Stark, 1981; Stark and Heinz, 1996bnature(formant transition duratioin.In the case of a combi-
Mody et al,, 1997. In these tasks, subjects are typically re- nation of place, manner, and voicing features, the stimulus
quired to identify a given stimulus as a member of one ofcontrasts do not differ minimally along an acoustic dimen-
two categories, to discriminate between the two stimuli, or tosion, but rather the combination of various features differen-
judge the order of presentation of the two stimuli. Since subtiates the two stimuli, thus making them acoustically and
jects hear only good category exemplars, these tasks tap infthonetically more distinct.
the subjects’ abilities to make judgments that rely on percep-  For vowels, perceptual difficulties have been shown to
tion of cross-category differences. This type of task usingarise, particularly for contrasts between vowels that are close
stimulus pairs that are minimally different has revealed iden{ogether in the acoustic-phonetic vowel space, that is, for
tification, discrimination, and temporal order judgment im-vowels that are acoustically similar. A contrast between pe-
pairments in clinical populations relative to normal popula-ripheral vowels that are at the edges of the acoustic-phonetic
tions. vowel spacd/i-&-a-u) has only been shown to provoke dif-

In the second type of task, subjects are presented witficulty when embedded in a tri-syllabic stririgglab_ba). A
series of stimuli that represent points along an acoustic corcontrast between vowels that are more similar in terms of
tinuum. In the traditional categorical perception paradigmtheir formant frequencie@e-a/) was shown to be less resis-
both identification and discrimination functions along syn-tant to perceptual difficulty for impaired subjects. However,
thetic speech continua are measured in order to determine thiee data for this vowel contrast are somewhat contradictory.
“sharpness” of category boundaries. Using this paradigmWhile a recent study found impaired perception for thwee/
several studies found that, when compared to normal chileontrast, but not for the /a-i/ contrast, regardless of stimulus
dren, disabled children were less consistent in identifyinglength (Stark and Heinz, 1996bearlier studies found nor-
and less accurate at discriminating, stimuli close to categorynal perception for thegfee/ contrast when the stimuli were
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TABLE |. Summary(nonexhaustiveof findings regarding stimulus factors
and impaired speech perception in children with learning problems.

/da-ga/ continuum result in improved discrimination thresh-
olds for children known to have elevated thresholds along

Contrast Impaired perception? Study this place-of-articulation continuum?2) How are behavior-
ally determined discrimination abilities in normal and im-
Consonants L . . . .
Voicng paired subject groups reflected in an electrophysiologic re-
Iba-pa/ Yes 9 sponse that is known to reflect the brain’s preattentive
I/da-ta/ Yes 5 representation of a change from one auditory stimulus to
Place " . . .
tba-da/ short FTD Ves 134568 a_nother. The answer to _the first quest!on should_ contnbu_te
9,10,11,15 directly to our understanding of the precise acoustic-phonetic
/ba-da/ varying FTD Yes 12 features that provoke perceptual difficulties. The answer to
/da-ga/ short FTD Yes 3,4,9,14 the second question should contribute to our understanding
;ZZiZq/ ;(:SS 120 of the nature of the underlying deficit as stemming from
Ipa-ta/ short FTD Yes 7 faulty stimulus encoding at a neural level, deficient represen-
/ba-da/ long FTD No 2 tation at an acoustic-phonetic level, or a combination of both
Manner these factors. Taken together, the responses to these two
Iba-wa/ No 14 questions should provide information that is relevant to the
Voicing+ Place+- Manner design of auditory training procedures for children with
;ga'S:// No 15 speech perception deficits.
af No 5 Formant transition duration in stop-vowel syllables has
Vowels been the subject of several previous studies. Tallal and
Dissimilar Piercy (1974, 1975% claimed that children with developmen-
/a-i/ long (40—240 m$ No 13 tal hasia had i ired tual abiliti lative t
Ja-i short(10—40 ms No 13 al aphasia had impaired perceptual abilities relative to nor-
Ja-zel Id_b/ (250 m3 No 5,10 mal children for /ba-da/ syllables with shd#3 m9 formant
/i-ul 100 ms No 10 transition durations, but not for /ba-da/ syllables with long
fi-ul Idab_ba/ (100 m3 Yes 10 (95 m9 formant transition durations. They interpreted this
Similar finding as indicating that lengthened transition durations re-
le-z/ long (250 m3 No 18 sulted in improved perception due to the increased process-
iz /Shl?’:i‘éomrgs \'(\‘é’s ‘z ing time allowed by the longer stimulus duration. This view
Je-ze/ long (40240 m Yes 13 of tk_le ungr!ying perceptugl impairment as re.sultir)g from a
le-zl v. short(10-40 mg Yes 13 basic deficit in the processing of rapidly changing signals led

FTD=Formant transition duration; & Tallal and Piercy, 1974; 2 Tallal
and Piercy, 1975; 3 Brandt and Rosen, 1980;=Godfreyet al., 1981; 5
=Tallal and Stark, 1981; € Werker and Tees, 1987;=/De Weirdt, 1988;

8=Reed, 1989;

& Elliott et al., 1989;
1992; 1% Sussman, 1993;

16-=Leonard and McGregor,
B2Stark and Heinz, 19963;

EStark

and Heinz, 1996b; 14 Krauset al., 1996; 15 Mody et al., 1997.

either long (250 mg or short (40 m9, provided that they

were presented in isolation with no immediately following across the place-of-articulation contrast, which results from
phonetic materia{Tallal and Piercy, 1974, 1975lt is likely

that this apparent cross-study discrepancy regarding thgansitions (see also Reidel and Studdert-Kennedy, 1985
/e-zel contrast is due to differences in both stimulus and taSkI'hus in their view, perception of this place-of-articulation

detalls. For our purposes, however, the important point 'Fontrast is affected far more by the phonetic nature of the

that this contrast has been known to provoke perceptual dif-
ficulty, whereas contrasts between highly dissimilar vowels
have generally been shown to be resistant to perceptua

breakdown.

to the development of a training program which exposes im-
paired children to speech that has been modified so that the
fast transitional elements are lengthened and ampl{fied

lal et al, 1996; Merzenictet al,, 1996.

In a critical assessment of this approach to the problem,
Mody et al. (1997 claimed that the apparent improved per-
ception of /ba-da/ stimuli with lengthened formant transition
durations may instead be due to increased phonetic distance

the glidelike quality of the stimuli with lengthened formant

contrast than by the processing time allowed for by the
sfimulus duration. Central to their view is the finding that

nonspeech sine wave analogs of the second and third for-
ants in the /ba-da/ contrast did not provoke perceptual dif-

In the present study, we focused on a population ofnan .
school-aged children with learning problems, a task tha‘pcul'ues. In other words, these acoustic elements were vul-

measured discrimination thresholds along synthetic speedferable to perceptual disruption only when they formed part
continua, and stimuli that allowed us to investigate some o @ Speech contrast. o B .
the precise acoustic-phonetic characteristics of stop conso- Our broad research agenda is aimed specifically at in-
nant place-of-articulation contrasts that provoke perceptuafestigating the neural encoding and perception of speech sig-
difficulty. Concurrent with the behavioral speech perceptionnals. Thus, we do not directly address the question of
measurement, we investigated the neurophysiologic encodvhether the perceptual deficits exhibited by impaired chil-
ing of these stimulus contrasts. The specific questions thatren are general auditory or speech specific in nature. Rather,
we addressed in this study wer@) Does lengthening the by focusing on the effect of lengthening the formant transi-
consonant—vowel formant transition duration in a synthetidion duration in a /da-ga/ continuum, we hoped to add to the
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empirical data addressing the nature of the underlying per- The children ranged in age from 6 to 16 years. As re-
ceptual deficit as it pertains to speech perception in particuviewed elsewheréKrauset al,, in press$, there is no docu-
lar. mented effect of age on either the psychophysical or neuro-
physiologic measures used in this study. Moreover, IQ does
L METHOD not vary with these psychophysical measures at any age.
A. Subjects B. Stimuli

A group of 104 school-aged children served as subjects: Two /da-ga/ place-of-articulation continua were created
72 were classified as normal, and 32 were classified as hawusing the Klatt cascade-parallel formant synthesi#datt,
ing learning problems. The normal children had no history 0f1980. All stimuli in both continua consisted of a formant
learning or attention problem&ased on a detailed parent transition period followed by a 60 ms steady-state period.
questionnairgand scored within normal limit§ncluding no  There was no release burst. For all stimuli in both continua,
discrepancy between ability and achievement all tests in  the first and second formant onset frequencies were 220 and
a psychoeducational test battery that was administered d¥00 Hz, respectively. The third formant onset frequency
part of our complete testing protocol. We therefore refer tovaried from 2580(/da)) to 2180 Hz(/ga) in 40 steps of 10
this group as the WNLwithin normal limit9 group.(The  Hz each. In the first continuuntdaga40, these three for-
psychoeducational test battery included portions of themants reached the vowel steady-state frequencies of 720,
Woodcock-Johnson Psycho-educational Battery, Woodcockt240, and 2500 Hz over a period of 40 ms, giving a total
Johnson Psycho-educational Battery-Revised, and the Widgimulus duration of 100 ms. In the second continuum
Range Achievement Test, 3rd g&dThe children with learn- (daga80, this formant transition duration was lengthened to
ing problems had been formally clinically diagnosgutior =~ 80 ms, giving a total stimulus duration of 140 ms. For stimuli
to entry into the studyas having a learning disabilityn(  in both continua, the fourth and fifth formants were held
=11), attention deficit disordemE& 14), or both 6=7).  constant across the entire stimulus duration at 3600 and 4500
Furthermore, these impaired subjects had significantly loweHz, respectively. Bandwidths were set as follows1
scores than the normal subjects on all tests in the psychoede-60 Hz, F2=90Hz, F3=150Hz, F4=200Hz, andF5
cational test battery. We therefore refer to this group as the=200 Hz. Each stimulus started wiED set at 100 Hz. The
LP (learning problemsgroup. All children had normal intel- fundamental frequency rose linearly to 125 Hz over the first
ligence (Brief Cognitive Score-85) and normal hearing. 35% of the stimulus duration, and then fell linearly to 80 Hz
(The Brief Cognitive Score is a measure of overall mentalover the remainder of the stimulus duration.
aptitude. Normal hearing was defined as thresholds better Short syllable duration€L00 and 140 ms for daga40 and
than 20 dB HL for 500—8000 Hg. daga80, respectivelywere chosen in order to facilitate the

It is important to note that that the psychoeducationaluse of identical stimuli in the behavioral and electrophysi-
test battery administered as part of our testing protocoblogic tests. The use of short stimuli in the electrophysi-
served as a study-internal verification of subject group aselogic test optimized the recording session by increasing the
signment. In order for a subject to be assigned to the Lmumber of responses it was possible to record in a given time
group, she or he had to have a fornfatofessionaldiagno-  period. Pilot behavioral testing confirmed that these stimuli
sis, as well as below normal scores on our test battery. Simiwere appropriate for use with the target subject population.
larly, in order for a subject to be assigned to the WNL group,Additionally, a very small step size was chosen for th
she or he had to have no clinical diagnosis and normal scoremset frequency continuum in order to maximize the chance
on our test battery. that significant perceptual differences along this continuum

The experimental design specifically included childrenbetween the WNL and LP subject groups would be revealed.
from various clinical diagnostic categories. The rationale be-  As a task control condition, a stop-glide continuum go-
hind these broadly defined inclusion criteria stems from ouing from /ba/ to /wa/ was also created. It was expected that
larger scale studies which have revealed that biologic andiscrimination along this continuum would be relatively easy
perceptual deficits cut across diagnostic categories such &sr impaired subjectéKrauset al, 1996, and therefore that
learning disability, attention deficit disorder, and dyslexia.equivalent performance in this condition across subject
Our previous report on 91 children with various diagnosticgroups would establish that any group differences on the
categories(learning disability, attention deficit disorder, or /da-ga/ continua were not due to general task-related diffi-
both) indicated that 35%—-40% of children in each of theseculties. Stimuli in this continuum consisted of a formant
categories have fine-grained auditory perceptual deficittransition period followed by a steady-state period, with no
(Krauset al, 1996. Ongoing accumulated data on 161 LP release burst. For all stimuli, the first and second formant
children uphold the observation that these deficits cut acrossnset frequencies were set at 234 and 616 Hz, respectively.
diagnostic categories and are not correlated with any specifithese two formants then rose linearly to reach their steady
diagnostic group. Thus, a child with an auditory perceptuaktate values of 769 and 1232 Hz, respectively. The duration
deficit and a diagnosis of learning disabled may have more inf this formant transition period varied from 1the /ba/ end
common(perceptually with a child with similar perceptual of the continuumto 40 ms(the /wa/ end of the continuum
deficits with another diagnostic category, such as attentiom 30 steps of 1 ms each. For all stimuli in this continuum the
deficit disorder, than with another learning-disabled childtotal stimulus duration was 100 ms. The third, fourth, and
who does not exhibit an auditory perceptual deficit. fifth formants were held constant across the entire stimulus
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duration at 2862, 3600, and 4500 Hz, respectively. Bandindicated that the subject could discriminate stimuli with
widths were set as followsF1=60Hz, F2=90Hz, F3 transition durations of 40 and 33 ms with 69% accuracy.
=150Hz, F4=200Hz, andF5=200Hz. Each stimulus The total test time required for obtaining an average jnd
started withFO set at 100 Hz. The fundamental frequencyscore for each stimulus continuum was approximately 30
rose linearly to 120 Hz over the first 11 ms of the stimulus,min per subject. This included time for instructions to the
and then fell linearly to 80 Hz over the remainder of thesubject and breaks between individual measurements during

stimulus duration. which subjects selected “prizes” such as candy, stickers,
pencils, etc.
C. Procedure 2. Neurophysiology

In order to probe the representation of the daga40 and
daga80 stimulus contrasts at a preattentive neural level, mis-
All subjects participated in both behavioral and neuro-match negativityMMN) responses were recorded from all
physiologic tests of their ability to discriminate stimuli along subjects to stimulus pairs from each of the two place of ar-
the two /da-ga/ continugtest conditions and the /ba-wa/ ticulation continua, as well as from the stop-glide continuum.
continuum (control condition. Behavioral discrimination The mismatch negativity is a passively elicited cortical
thresholds were determined using an adaptive tracking algavoked potential that is known to reflect the brain’s response
rithm (Parameter Estimation by Sequential Trackimgth a  to an acoustic chang@&aatanen, 1995. It is elicited with an
four-interval AX discrimination task4lAX). On each trial in ~ “oddball” stimulus delivery paradigm, in which a “devi-
this task, the subject was presented with two pairs of stimulant” stimulus is presented embedded in a string of “stan-
from a given continuum. In one pair, the two stimuli were dard” stimuli. The MMN is seen as a negative deflection
identical; in the other pair, the stimuli were different. The around approximately 200 ms after stimulus presentation. It
subject responded by indicating on a two-button responsis most clearly noticeable in the difference between the wave
box which pair was different. Feedback was provided forin response to the stimulus when presented in a string of
each response. One end of the stimulus continuum was deslentical stimuli and the wave in response to the same stimu-
ignated the “anchor” end, and the “same pair” was always lus when presented as a deviant stimulus in a string of con-
two presentations of this anchor stimulus. In the “differenttrasting standard stimuli. During recording, the subject is en-
pair” the anchor stimulus and another stimulus from the con-gaged in an unrelated task such as watching a video. Thus, it
tinuum were presented. The PEST algorithm is designed sprovides a neurophysiologic index of the brain’s representa-
that the stimuli in the “different pair” get increasingly tion of an acoustic contrast at a preattentive neural level. For
harder to discriminate(i.e., closer together on the con- extensive discussion of MMN characteristics, generators, and
tinuum), and the subject’s just-noticeable-difference scoreresearch applications, see dtimen et al. (1978 and Na-
(jnd) is determined by the distance between stimuli in thetanen and Kraug1995.
“different pair” that is required to achieve a performance Stimulus pairs for the present study were selected based
level of 69% correctCarrellet al, 1999. In order to ensure on pilot behavioral testing which indicated that &8 onset
an accurate jnd score, at least two measurements were takelitference of 80 Hz between the standard and deviant stimuli
If the two scores differed widely, then a third measurementvould constitute a MMN recording between stimuli near the
was taken. The final jnd score was then calculated as thieehavioral discrimination threshold along a /da-ga/ con-
average of the two best scores. tinuum for normal adult listeners. Accordingly, for both the
In the present study, both the daga40 and daga80 comlaga40 and the daga80 continua, the /da/ endpoint stimulus
tinua consisted of stimuli whose3 onset frequency varied (F3 onset=2580H2 and the stimulus eight steps away on
from 2580 to 2180 Hz in 40 steps of 10 Hz. Thus, assuminghe continuumF3 onset=2500 H2 were selected as the de-
the subject could reliably discriminate between the anchowiant and standard stimuli, respectively. The same selection
stimulus(stimulus 2 and the stimulus at the other extreme of criterion was applied to the contr@bawa condition. In this
the continuunstimulus 41, the range of possible jnd scores case, the standard and deviant stimuli had transition dura-
in these test conditions was 1-40, with each step represertions of 35 and 40 ms, respectively.
ing anF3 onset difference of 10 Hz. In both cases, stimulus A detailed description of procedures used to record the
1 (F3 onset=2580H2 was designated as the anchor stimu-MMN in school-aged children is described elsewh@¢eaus
lus. Thus, for example, a jnd of 5 indicated that the subjecet al, 1993, 1996, therefore here we provide only an abbre-
could discriminate stimulus 1 from stimulus 5 with 69% ac- viated description of the recording procedures. Subjects were
curacy, that is, the subject needed BB onset frequency seated in a comfortable reclining chair in a sound-treated
difference of 40 HzZ(F3=2580 Hz versu$-3=2540H2 in  booth. During data collection they watched a video of their
order to tell the stimuli apart 69% of the time. own choosing. Stimuli were presented to the subject’s right
In the control condition(bawa, the transition duration ear at approximately 75 dB SPL through an insert earphone.
varied from 10 to 40 ms in 30 steps of 1 ms each. Thus, th&ubjects listened to the movie soundtrack through the left ear
range of possible jnd scores was 1-30 with each step repréfree field, no earphongsn both the daga40 and the daga80
senting a transition duration difference of 1 ms. In this con-conditions the stimulus onset asynchrony was 590 ms; in the
dition, the stimulus with the 40-ms transition duration wasbawa condition the stimulus onset asynchrony was 710 ms.
designated as the anchor stimulus. A jnd of 7, for exampleln all conditions, deviant stimuli were randomly interspersed

1. Behavioral discrimination thresholds
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140 LP) and Stimulus(daga40 vs. daga8@s factors showed a
significant main effect of Groufd=(1,176)=7.56,p<0.05].

130 - . : e

The main effect of Stimulus was not significant, nor was the
120 Group by Stimulus interaction. In other words, in both con-
110 ditions the LP subjects had elevated discrimination thresh-

olds relative to the WNL subjects; and, for both groups, the
lengthened transition duration had no effect on discrimina-

tion threshold.
§//—% In the /ba-wa/ task control condition, both subject
groups had jnd’s of approximately 7, indicating that they

JIND (Hertz)
© o
o (o)

o]
o

0] needed transition duration differences of approximately 7 ms
60 - ‘—EI—L[D eg2) in order to tell the stimuli apart. Importantly, there was no
50 ; (n=32) ‘ difference in performance in this condition across the two
0 & WNL (n=72) groups. This equivalent performance established that the
/da-ga/ 40 /da-ga/ 80 group difference observed in the daga40 and daga80 condi-

tions was not due to a general task-related difficulty on the
part of the impaired subjects. Rather, the elevated discrimi-

FIG. 1. Discrimination thresholds for the normal childr@NL) and chil- nation thresholds in the /da-ga/ conditions were stimulus-
dren with learning probleméLP) along the daga4@short transitioh and
daga80(long transition stimulus continua. related(see also Kraust al, 1996‘

Stimulus Condition

between standard stimuli with a minimum of three standaraB' Neurophysiology

stimuli between deviants. Frequency of occurrence of the Figure 2 shows grand averaged waveforms from the nor-
deviant stimulus was 10%. In each recording session, remal children(WNL, n=72) and children with learning prob-
sponses to approximately 200—250 deviant stimuli were relems (LP, n=32) to the daga40 and daga80 stimulus pairs
corded. In addition to the oddball presentation paradigm, reselected for the MMN recordings. Recall that these stimuli
sponses were recorded to approximately 1000 presentatiomgere selected such that th&iB onset frequencies differ by

of the deviant stimulus presented alone. The wave of intere®0 Hz, and the waves shown in the figure come fromRhe

is the average “deviant” wave minus the average “alone” (frontal, midling recording site. In each quadrant of the fig-
wave. That is, we were interested in the comparison betweeure the upper two waveforms show the electrophysiologic
the response to the deviant stimulus when presented embesponse to the deviant stimulus(F3  onset
ded in stream of standard stimuli versus the response to tHeequency=2580 H2 when presented as a rare stimulus in a
same stimulus when presented alone. Neurophysiologic regtring of standard stimul(F3 onset frequency2500 H2
resentation of the difference between the standard and ttend when presented alone. The lower waveform represents
deviant stimulus is manifested in this difference wave as dhe difference between these two waveforms at each point in
negativity around approximately 200 ms after stimulus prethe recording window, with the horizontal line at zero. In all
sentation. Data were recorded from nine active scalp elegases, positive is up. The boxes below the difference wave
trode sites in accordance with the 10—20 recording systerindicate the points at which the difference wave is signifi-
(American Electroencephalographic Society, 19%tevious cantly different from zero at the<<0.01 andp<<0.001 levels
studies have shown the MMN to be robust at Bzgfrontal,  (by one-group, two-tailed-tests. The height of these boxes
midline) location, therefore in this paper we present onlydifferentiates the two levels of significan¢see labels in the
recordings from that sit¢ For additional information regard- lower right quadrant These grand averaged waveforms al-

ing MMN data analysis techniques, see McGeeal. low us to gain initial insight into the overall response pat-

(1997.] terns across groups, and as such are useful indicators of in-
tergroup central tendency variation.

Il. RESULTS In all four cases shown in Fig. 2, we see evidence of a

MMN response. That is, in all cases there is a period of
negativity starting at around 200 ms after stimulus onset.
Figure 1 shows the discrimination thresholds for the nor-However, the overall magnitude of this negative deflection
mal children (WNL) and children with learning problems appears to vary across groups and stimuli. These variations
(LP) along the daga4@short transition and daga8Qlong in MMN responses are seen most clearly in Fig. 2 by the
transition stimulus continua. In both conditions, the normal duration of the highly significant negative periods, that is, by
children required arF3 onset frequency difference of ap- the extent of the boxes along the bottom of the plots. These
proximately 75—80 Hz in order to discriminate the stimuli grand averaged waveforms show that the LP group had di-
with 69% accuracy. The children with learning problems re-minished responses relative to the normal group in the short
quired anF3 onset frequency difference of approximately transition duration conditior(daga4(. However, the im-
110-117 Hz in order to perform at this same level. For bottpaired and normal groups had more similar responses in the
groups, there was no difference in their discriminationlong transition duration conditiodaga8. Similarly, in the
thresholds along the daga40 and daga80 continua. A twd-P group, the lengthened transition duration stimuli resulted
factor repeated measures ANOVA with Gro@¢/NL vs. in an enhanced neurophysiologic response relative to the

A. Behavioral discrimination thresholds
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FIG. 2. Grand averaged waveforms from the normal childi&tNL, n=72) and children with learning problem&P, n=32) to the daga40 and daga80
stimulus pairs selected for the MMN recordings. Waves shown in the figure come frolz tfiental, midline recording site. In each quadrant, the upper

two waveforms show the electrophysiologic response to the deviant stirfitBusnset frequency2580 H2 when presented as a rare stimulus in a string of
standard stimul{F3 onset frequency2500 H2 and when presented alone. The lower waveform, represents the difference between these two waveforms at
each point in the recording window, with the horizontal line at zero. In all cases positive is up. The boxes below the difference wave indicate #te point
which the difference wave is significantly different from zero at pke0.01 and thg<0.001 levels(by one-group, two-taile¢-tests. The height of these

boxes differentiates the two levels of significarisee labels in the lower right quadrant

short transition duration stimuli. In the normal group, theaged waveforms shown in Fig. 2, we see a different pattern
lengthened transition duration had no effect on neurophysief results for the impaired subjects in the daga40 condition
ologic responses. Thus, the overall impression of the grantbpen squargsn comparison to the pattern of responses for
averaged waveforms is that the MMN in the daga40 condithe other three cases. In the daga40 condition for the im-
tion for the group of children with learning impairments paired subjects, the distribution of MMN areas was skewed
(Fig. 2, top left panelis diminished relative to the other towards small areas. In contrast, the distributions of MMN
three cases. areas were skewed towards large areas in each of the other
In order to quantify this general impression from the three cases. It is important to note that, in all four cases, the
grand averaged waveforms, the area of negativity was calcuwnajority of individual subjects showed MMN responses with
lated for each individual subject’s difference wave. Thisareas between 100 and 420/ ms. However, group and
measure was calculated as the area between the differensgmulus differences were revealed when we examined the
wave and the zero line, and took into account both the duraedges of the MMN area distributions.
tion and the amplitude of the MMN response. A large area  Specifically, in the impaired subject group for the
(e.g., greater than 45@v Xms) indicated a robust MMN re- daga40 condition, 22% of the individual subjects had very
sponse, whereas a small ar@ag., less than 10@V Xmsg) small (<100uV Xms) MMN areas, whereas only 9% had
indicated a diminished MMN response. Figure 3 shows thevery large MMN areas 4504V Xms). In contrast, only
percentage of subjects from each group with large and smalll% of the normal subjects had very small MMN areas
MMN responsegas defined aboydor each stimulus condi- (<100xV Xms), whereas 28% had very large MMN areas
tion. By focusing our analyses on the extreme ends of thé>450uV Xms) in this stimulus condition. A significant chi-
MMN area distributions for the two subject groups we couldsquare statisti¢chi-square (1¥5.29, p=0.021] indicated
observe the relative robustness of MMN response across thibat the distribution of MMN areas for the impaired subjects
two subject populations. In this figure, as in the grand averwas significantly different from that of the normal subjects
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35 vidual subjects within each subject group in each stimulus

--[1-LP-daga40 —m—WNL-daga40 condition. In this analysis, we found that small MMN areas
30 | |"©@LP-daga80 —@—WNL-daga80 were more frequent than large MMN areas in the impaired
subject group in the daga40 condition. However, in the
o5 - daga80 condition, large MMN areas were more frequent than
small MMN areas for this same group of subjects. For the
2 0 | normal subjects, in both stimulus conditions, large MMN
= areas were more frequent than small MMN areas.
@ 15 Given that in all cases a high proportion of subjects
& (approximately 61%—69%showed intermediate MMN areas
10 - (between 100 and 45V ms), these neurophysiologic data
need to be interpreted with caution. That is, there was a high
5 degree of overlap across groups and stimulus conditions, in-
dicating that MMN response magnitude on its own is not a
0 good basis for subject or stimulus categorization. Neverthe-
<100 5450 less, these groupwise neurophysiologic data, in combination
MMN area (microvolts*msec) with the behavioral discrimination data, can provide mean-

ingful initial insights into the nature of the underlying

FIG. 3. Percentage of subje(_:ts from eac_h_ group with very large and verguditory-perceptual deficit that many children with learning
small MMN areas for each stimulus condition. problems contend with.

for the daga40 condition. In the daga80 condition, the distri-”l' GENERAL DISCUSSION

bution of MMN areas was similar across the two subject  Taken together, these behavioral and neurophysiologic
groups. A relatively small percentage of both subject groupslata suggest that the source of the underlying perceptual
in this condition had very small MMN areas: 9% and 6% for deficit may be a combination of faulty stimulus representa-
the impaired and normal groups, respectively. A considertion at the neural level as well as deficient perception at an
ably larger percentage of both subject groups had largaecoustic-phonetic level. Specifically, the group of children
MMN areas in this condition: 28% and 29% for the impairedwith diagnosed learning problems exhibited a behavioral
and normal groups, respectively. In this case, the chi-squareficit in discriminating minimally different stimuli along a
statistic showed that the MMN area distributions were not'da-ga/ continuum regardless of whether the critical formant
significantly different across the two subject groups. transition was relatively short or long in duration. The neu-
An examination of the MMN area distributions within rophysiologic data indicated that, in the short transition du-
each group of subjects across the two stimulus conditionsation condition, a stimulus contrast below the impaired
showed a significant difference in MMN area distributionsgroup’s mean discrimination threshold was not well repre-
between the daga40 and daga80 conditions in the impairesented at a preattentive neural level in this subject group.
group[chi square (1¥6.89,p=0.032, but not in the nor- Thus, in this case, the neurophysiologic data paralleled the
mal group. In the impaired group, a considerably larger perbehavioral data, suggesting a biological basis for the im-
centage of subjects had small MMN areas than large MMNpaired behavioral perceptidsee also Kraust al,, 1996. In
areas22% versus 9%for the daga40 condition, whereas, in the long transition duration condition, the neurophysiologic
the daga80 condition, a considerably larger percentage afata indicated that thE3 contrast was more robustly repre-
subjects had large MMN areas than small MMN arg8%  sented in the impaired subject group at the neural level than
versus 11% For the normal subjects, in both conditions thethe short transition duration stimuli; however, the behavioral
distributions were skewed towards larger MMN areas. Fi-data showed that their impaired perception of this contrast
nally, in the control condition with the /ba-wa/ contrast, both persisted despite the lengthened transition duration.
the grand averaged waveforms and the MMN area distribu- ~ While the behavioral and physiologic responses are re-
tions showed equivalent responses in the impaired and nolated in that they reflect auditory pathway representation of
mal subject groups. acoustic events, it must be remembered that these are inher-
In summary, an examination of the MMN responsesently differentresponses which represent different levels of
from the same children who patrticipated in the behavioraprocessing. That is, the neurophysiologic response is a pre-
tests described above showed that responses from the groafientive neural representation of acoustic change, whereas
of impaired subjects in the short transition duration conditionthe behavioral response also involves focused attention and
tended to be diminished relative to their responses in théater phonetic processing. Thus, the convergent behavioral
long transition duration condition, as well as relative to theand neurophysiologic findings in the short transition duration
responses from the group of normal children in both stimulusondition, in combination with the more divergent behav-
conditions. This pattern of MMN responses was evident inioral and neurophysiologic findings in the long transition du-
the grand averaged waveforms, which provided an indicatiomation condition, suggest that robust stimulus representations
of the responses across the whole group of subjects. Addat both levels of processing are necessary for fine-grained
tional support for this response pattern was obtained by exdiscrimination of the /da-ga/ contrast. In the short transition
amining the distribution of MMN area measures in indi- duration condition, faulty stimulus encoding at the neural
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level appeared to underlie the observed elevated discriminappear to be stimulus- and task-specifimd perhaps also
tion threshold in the LP subject group. In the long transitionsubject-specific factors that interact with signal manipula-
duration condition, regardless of the relatively robust stimu-+ions that attempt to enhance perception of synthetic speech
lus representation at the neural level, perceptual discriminasounds. The origin of these interactions remains to be iden-
tion was still impaired in this subject group, thus implicating tified. However, by examining the neurophysiologic encod-
a breakdown at higher levels of processing. ing of the /da-ga/ contrast for both short and long formant
The present behavioral results replicate previous findtransition duration stimuli, the present neurophysiologic data
ings reported in the literature showing impaired place-of-provided some insight into the relationship between the pre-
articulation perception for disabled children relative to nor-attentive representation of this contrast at the neural level
mal children (see Table | and references thejein and its perceptual discrimination in a task requiring focused
Furthermore, based on these behavioral findings, it appeasgtention to the stimuli.
that simply lengthening the formant transition duration from The present data raise the following, critical question:
40 to 80 ms is not effective in enhancing discrimination be-What bearing do these findings have on the design of reme-
tween stimuli along a /da-ga/ continuum. This behavioraldiation programs for children who exhibit speech perception
result seems to stand in contrast to the earlier finding ofleficits? In response to this question we offer the following
Tallal and Piercy(1975 who showed enhanced perception speculations based largely on previous findings reported in
by children with developmental aphasia of a synthetic /bathe literature. Major generator sources for the MMobb-
da/ contrast when the formant transition duration was lengthtained from animal models and modeled from scalp-recorded
ened from 43 to 95 ms. However, there are several subjectdata in humansinclude the extralemniscal auditory thalamo-
task-, and stimulus-related factors that differentiate the twaortical pathway (reviewed in Alho, 1995; Kraust al,
studies. The impaired subjects in the present study had diad994. Because the MMN has nonprimary, extralemniscal
noses of learning disability, attention deficit disorder, orauditory CNS origingKrauset al., 1994; Scherg and Picton,
both, whereas in the Tallal and Piercy study the subjectd990 and these pathways inherently exhibit plasti¢ide-
were diagnosed as developmental aphasics. In the presdit and Weinberger, 1991; Kraus and Disterhoft, 198Ris
study, our task determined discrimination thresholds along amenable to training. Moreover, during speech sound train-
/da-ga/ continuum. In contrast, Tallal and Pie(@®75 ex- ing, learning-associated neurophysiologic changes can be
amined the identification, serial ordering, discrimination, andevident before learning is manifested behavioréllgemblay
serial recall of /ba/ and /da/ stimuli that represented goockt al, 1998. Consequently, the better neurophysiologic rep-
exemplars of the /b/ and /d/ categories. Finally, in the presentsentation of the longer duration stimuli may underlie the
study, the duration of the steady-state portion of the stimulsuccess of training strategies which employ stimuli with
remained constant across the daga40 and daga80 conditiomsngthened formant transition stimule.g., Tallal et al,
whereas in the Tallal and Piercy study the duration of thel996; Merzenictet al, 1996. Brief duration stimuli, which
steady-state portion was shorter in the long formant transiare poorly represented physiologically by the auditory CNS,
tion condition than in the short formant transition condition. may be difficult for children to access for training purposes.
In proportional terms, the transition durations of the stimuliHowever, given that the present data showed that lengthen-
in the present study occupied 40% and 57% of the daga4ihg the critical formant transition duration on its own did not
and daga80 stimuli, respectively. In the Tallal and Piercyresult in improved discrimination thresholds along the /da-
stimuli, the transition durations occupied 17% and 38% ofga/ continua, it is also likely that any effective training pro-
the short and long transition duration stimuli, respectively.cedure will also need to include direct means of enhancing
These subject, task, and stimulus differences between thgerception at a phonetic level.
two studies may well account for the different results. The conclusions and interpretations of the present study
Nevertheless, the present finding of no perceptual disare necessarily tentative due to various practical limitations
crimination enhancement with lengthened formant transitiorthat are imposed on any study of this scale with this subject
duration suggests that a revision of the general interpretatiopopulation. One such constraint is the range of testing para-
offered in the earlier studies by Tallal and colleagues isdigms that can be included in the experimental protocol. Ide-
called for. Specifically, Tallal and Pierdj1979 concluded ally, the behavioral data set would have included both dis-
that “... it is the brevity not the transitional character of this crimination and labeling functions from each individual
component of synthesized consonants which results in theubject for each stimulus condition. However, in order to
impaired perception...”(p. 73. This conclusion was based avoid excessively long, tedious, and numerous testing ses-
on their finding of impaired perception of synthetic /ba/ andsions with the children in the study, performance on only one
/da/ with brief formant transition durations and//and &1/ kind of task was included in the protocol. The discrimination
with brief initial vowels, but intact perception of these sametask was selected because it directly reflects the subject’s
CV syllables with extended formant transition durations andability to perceive fine-grained acoustic contrasts, and there-
long steady-statee/ and £e/. However, the present study fore more closely parallels the task requirements of the odd-
(with subjects with very similar perceptual deficits to the ball paradigm used to elicit the MMN than a labeling task.
Tallal and Piercy subjectsuggests that this earlier finding Clearly, the availability of corresponding labeling data
fails to generalize to other stimulfrom /ba-da/ to /da-g&/  would have made it possible to examine in greater detail the
and also fails to transfer to a novel tagkom endpoint iden- relationship between the present data and the Tallal and
tification to discrimination along a continugmThus, there  Piercy (1975 data.
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A second limitation of the present data set is related to “Performance of dyslexic children on speech perception tests,” J. Exp.
the auditory nature of the long transition duration stimuli. As Child Psychol .32, 401-424. N
a direct consequence of the lengthened transition duratiorf§ating. P. A, and Blumstein, S. §1978. “The effects of transition

for all of the first three formants, these stimuli lose their !:;g:; on the perception of stop consonants,” J. Acoust. Soc. &n.

S'[Op|||.(e quality gnd .Sound somewhat g“de"ke'_ Th.e Con'KIatt, D. (1980. “Software for a cascade/parallel formant synthesizer,” J.
struction of the stimuli for the present study was inspired by acoust. Soc. Am67, 971-995.
the Tallal and Piercy stimuliwhich also had lengthendsll, Kraus, N., and Disterhoft, §1982. “Response plasticity of single neurons
F2, and F3); however, it is important to note that other in rabbit auditory association cortex during tone-signaled learning,” Brain
studies have maintained the stoplike quality of this type of Res.246 205-215. _ '
CV stimulus by lengthening only the higher formants while Kaus: N McGee, T., Littman, T., Nicol, T., and King, A.994. “Encod-
L . . . . ing of acoustic change in non-primary auditory thalamus,” J. Neuro-
maintaining relatively short first formant transitiofiéeating .
. . physiol. 72, 1270-1277.
and Blum_Stem' 1978; Sussman and Carney, ].9‘896 ef- Kraus, N., Koch, D. B., McGee, T. J., Nicol, T. G., and CunninghaninJ.
fect of this manner-class shift between the short and long press. “Speech-sound discrimination in school-age children: psycho-
transition stimuli therefore remains an issue for future re- physical and neurophysiologic measures,” J. Speech Language Hear. Res.
search. Kraus, N., McGee, T. J., Carrell, T. D., King, C., Tremblay, K., and Nicol,
As a final word, we would like to stress that a critical T. G. (1995. “Central auditory system plasticity associated with speech

. . discrimination training,” J. Cogn. Neurosci, 27—-34.
feature of the present study was the combined behaworakraus N. McGee TgJ Carre?l T D. Zecker S. G. Nicol T. G.. and

neurophysiologic approach. The combination of the two yqcn p. B.(1996. “Auditory neurophysiologic responses and discrimi-
sources of data provided insight into the underlying percep- nation deficits in children with learning problems,” Scien2e3 971—
tual processes that neither technique could have provided973.

alone. Furthermore, in combination with other studies ofraus, N., McGee, T. J., Micco, A., Carrell, T. D., Sharma, A., and Nicol, T.
auditory-perceptual plasticity, we believe that we will be G. (1993. “Mismatch negativity in school-age children to speech stimuli

. . . . that are just perceptibly different,” Electroencephalogr. Clin. Neuro-
able to identify critical elements of training procedures that physiol. 88, 123-130.

can eventually be incorporated into efficient, effective, and ¢onarg L. B. McGregor, K. K., and Allen, G. 11992, “Grammatical
scientifically grounded intervention programs for children morphology and speech perception in children with specific language im-
with speech perception deficits. pairment,” J. Speech Hear. Re35, 1076-1085.
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negativity? An assessment of methods for determining response validity in
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