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Sensory-based learning disability: Insights

from brainstem processing of speech sounds

Abstract
Speech-evoked auditory brainstem responses (speech-
ABR) provide a reliable marker of learning disability in
a substantial subgroup of individuals with language-
based learning problems (LDs). Here we review work
describing the properties of the speech-ABR in typically
developing children and in children with LD. We also
review studies on the relationships between speech-ABR
and the commonly used click-ABR, and between speech-
ABR and auditory processing at the level of the cortex. In
a critical examination of previously published data, we
conclude that as many as 40% of LDs have abnormal
speech-ABRs and that these individuals are also likely to
exhibit abnormal cortical processing. Yet, the profile of
learning problems these individuals exhibit is unspecific.
Leaving open the question of causality, these data suggest
that speech-ABR can be used to identify a large sub-
population of LDs, those with abnormal auditory phy-
siological function. Further studies are required to
determine the functional relationships among abnormal
speech-ABR, speech perception, and the pattern of
literacy-related and cognitive deficits in LD.

Sumario
Las respuestas del tallo cerebral evocadas por lenguaje
(ABR por lenguaje) aportan un marcador confiable de
discapacidad para el aprendizaje en un subgrupo sustan-
cial de individuos con problemas de aprendizaje depen-
dientes del lenguaje (LD). Aquı́ revisamos trabajos que
describen las propiedades de las ABR por lenguaje en
niños con un desarrollo tı́pico y en niños con LD.
También revisamos estudios sobre la relación entre las
ABR por lenguaje y las comúnmente utilizadas ABR
inducidas por clicks, y entre las ABR inducidas por
lenguaje y el procesamiento auditivo a nivel de la corteza.
Luego de un examen crı́tico de datos previamente
publicados, concluimos que hasta un 40% de los LD
tienen ABR por lenguaje anormales, y que estos indivi-
duos son más propensos a exhibir un procesamiento
cortical anormal. Sin embargo, el perfil de problemas de
aprendizaje mostrado por estos individuos es inespecı́fico.
Dejando de lado la pregunta sobre la causalidad, estos
datos sugieren que las ABR por lenguaje pueden ser
utilizadas para identificar un gran sub-población de
sujetos con LD, aquellos con una función fisiológica
auditiva anormal. Se requieren más estudios para deter-
minar las relaciones funcionales entre la anormalidad de
las ABR por lenguaje, la percepción del lenguaje y las
patrones de LD relacionados con el nivel de educación y
las deficiencias cognitivas.

The auditory system is extremely sensitive to the temporal

characteristics of sound (see Frisina, 2001; Oertel, 1997 for

reviews), and auditory-evoked potentials (AEPs) are commonly

used to characterize these temporal properties in a non-invasive

fashion. Furthermore, AEPs have long been recognized as a

reliable vehicle for providing objective information about the

structural and functional integrity of the central auditory system

(Hall, 1992; Kraus & McGee, 1992). AEPs provide an important

tool not only in auditory neuroscience laboratories but also in

the audiologist’s clinic (Hood, 1998), and the operating room

(Martin & Mishler, 2002).

Brief and rapid acoustic events (i.e. clicks) result in a

synchronized pattern of neural activity in nuclei along the

auditory brainstem. When recorded from the scalp, this activity

results in a series of voltage fluctuations known as the click-

ABR. This response provides information about brainstem

nuclei along the ascending auditory pathway (Hood, 1998;

Jacobsen, 1985; Møller, 1999). Fractions of a millisecond

deviations from the normal pattern are clinically important in

the diagnosis of hearing loss (Hood, 1998), and pathologies such

as brainstem tumors (Musiek & Gollegly, 1985) and multiple

sclerosis (Keith & Jacobson, 1985).

Known temporal properties of brainstem neurons, which can

phase lock up to �1000 Hz, as well as the remarkable temporal

precision of the scalp recorded response they evoke implies that

the brainstem is likely to also faithfully encode many of the

acoustic properties of speech and other complex auditory

signals. Evidence that AEPs may be used to study various

aspects of this complex speech/acoustical encoding in humans

has been obtained in several laboratories (Galbraith et al, 1995;

Krishnan, 2002; Russo et al, 2004). Here we review work on the

normal subcortical encoding of one of the building blocks of

speech*consonant vowel (CV) syllables*and the disruption of

this normal process in the learning-impaired population.

The speech-evoked brainstem response

Speech is a complex signal whose acoustic properties change

continuously over time and whose processing extends from the

cochlea to the cortex. Work in animal models has shown that
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neurons in the auditory nerve and the cochlear nucleus are

sensitive to various properties of speech-like stimuli such as

formant structure (Delgutte, 1980; Delgutte & Kiang, 1984a),

formant transitions (Delgutte & Kiang, 1984b), and voice onset

time (Clarey et al, 2004). Relatively little is known about the

encoding of speech or speech-like stimuli in higher areas of the

brainstem, where the majority of animal studies focused on

simpler stimuli such as amplitude-modulated noise bursts to

study coding properties at both the single cell and multi-unit

levels (e.g. Langner & Schreiner, 1988; Schreiner & Langner,

1988).

Nonetheless, clinical evidence indicates that higher brainstem

nuclei such as the inferior colliculus (IC) play an important role

in auditory processing in humans (Johkura et al, 1998; Musiek et

al, 2004). For example, Johkura et al (1998) report the case of a

patient with bilateral IC lesions who showed symptoms of

auditory agnosia in the absence of a cortical temporal lobe

lesion. Indeed, the response generators of both the late waves of

the ABR (V and Vn, here called A) and the FFR (frequency

following response) have been localized to the upper brainstem

(lateral lemniscus, IC), (Boston & Møller, 1985; Møller, 1999).

Corroborating evidence from animal models supports the idea

that these regions of the brainstem are sensitive to complex

spectral and temporal properties of complex stimuli (Eggermont

& Ponton, 2002; Irvine, 1992; Langner & Schreiner, 1988;

Schreiner & Langner, 1988; Sinex & Chen, 2000) and are

therefore likely to have a role in speech processing in humans.

Encoding of speech and speech-like signals at the level of the

brainstem (lateral lemniscus, IC) has been studied in humans

using AEPs (Galbraith et al, 1995; Krishnan, 2002; Plyler &

Ananthanarayan, 2001; Russo et al, 2004). In particular, studies

focusing on the FFR demonstrated its role in encoding speech

and speech-like sounds (Galbraith et al, 2004, 1995; Krishnan,

2002; Krishnan et al, 2004). Understanding how complex

acoustic stimuli are encoded in the brainstem, and how this

processing is related to processes taking place in lower (e.g. the

auditory nerve) and higher (e.g. the auditory cortex) areas of the

auditory pathway, should lead to a better understanding of

processes underlying normal and abnormal human communica-

tion.

Description of the normal speech-ABR
Brainstem responses elicited by speech stimuli can provide clues

about encoding of the sound structure of speech syllables by the

CNS. In recent years it has been demonstrated that the neural

code indeed reflects specific features of the acoustic signal (e.g.

formants, VOT). Thus, the morphology of the brainstem

response elicited by a speech syllable can be described in terms

similar to those used to describe the physical stimulus itself. As

shown in Figure 1, the brainstem response can be divided into

two components: an onset response, and the frequency following

response (FFR).

Together, the onset and the FFR components of the speech-

ABR roughly reflect the acoustic parameters of the CV stimulus

used to evoke the response. The onset component arises as a

response to the onset of sound. In the case of a CV stimulus the

onset represents the initiation of the consonant and contains

aperiodic information. Its initial waves are similar to those

observed in response to click stimuli (waves I, III and the VA

complex), whereas wave C possibly reflects the onset of voicing.

The FFR reflects phase locking to the fundamental frequency of

the stimulus. It arises in response to the periodic information

present in the vowel at the frequency of the sound source (i.e. the

glottal pulse). Thus the period between peaks D, E, and F of the

FFR corresponds to the fundamental frequency of the stimulus

(F0), whereas the peaks between waves D, E, and F represent

phase locking at the frequencies of the first formant (F1). The

parallels between the morphology of the syllable /da/ and the

ABR it evokes have been recently reviewed in detail by Johnson

et al (2005), and by Russo et al (2004).

In the following paragraphs the characteristics of the speech-

ABR evoked by the syllable /da/ will be described in some detail.

The Kraus laboratory has been studying this response inten-

sively in both typically developing children and children with

learning problems 8�12 years of age. We will first describe the

characteristics of the normal response and then examine the

abnormal response as measured in a large group of children with

language-based learning problems (LD). The stimulus and

recording parameters have been described in detail in previous

publications (Johnson et al, 2005; Russo et al, 2004; Song et al,

2006).

The speech-evoked brainstem response is a complex pattern of

voltage fluctuations. As can be seen in Figure 1, the physiological

Figure 1. Top: Amplitude vs. time waveform of the syllable /da/.
Bottom: Example of a typical speech-ABR waveform recorded to
a 40 ms 80 dB /da/ (stimuli were presented at a rate of 11/s,
response is the average of 6000 presentations) showing the onset
and the FFR portion of the response. The stimulus has been
shifted by �7 ms (representing the delay in neural conduction at
the brainstem) to demonstrate the similarities between the
stimulus and the response over the FFR period. The thin
horizontal lines intersecting the stimulus and response represent
0 mV.
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response includes an orderly series of peaks and troughs. In

analysing the response, both timing (peak latencies) and

magnitude measures (peak amplitudes, RMS) are used. The first

positive peaks (labeled I and III in Figure 1) are similar to waves I

and III generated by click stimulation and likely originate at low

levels of the auditory system (the 8th nerve and the low brainstem

respectively) (Boston & Møller, 1985). Similarly, wave V repre-

sents the onset of the speech stimulus at the upper brainstem,

followed by a large negative deflection (wave A). Characteristic

latency and amplitude values are shown in Table 1 (top part). The

brainstem response evoked by the /da/ syllable is reliable at the

individual level. First, between different individuals the speech-

evoked brainstem response is consistent, with the same morpho-

logical and spectral features identifiable for the large majority of

individuals (see Table 1 for mean and standard deviation values

in the normal population). Second, within an individual the

evoked responses measured on different occasions are highly

replicable (Russo et al, 2004).

In addition to the peak latency/amplitude analysis, yielding

information about transient events within the response,

sustained aspects of the response can be analysed as well. A

sustained magnitude measure describing total response energy

over different time windows is the RMS. Additional sustained

measures can be obtained using an analysis in the frequency

domain (Fast Fourier transform, FFT), providing information

about the presence of specific frequencies in the response. As

shown in Figure 2, an FFT over the periodic portion of the

response (23�44 ms) reveals that the bulk of physiological

energy is distributed in frequency ranges roughly correspond-

ing to the F0 and F1 formants of the /da/ syllable.

Characteristic magnitude values are shown in Table 1 (bot-

tom). While the formants are prominent in the /da/ signal, by

definition formant frequencies always correspond to harmo-

nics of the fundamental. Thus while the spectral peaks

observed in Figure 2 around 220 Hz and 450 Hz are larger

than those roughly corresponding to the other harmonics, it

could still be claimed that the response is encoding, at least in

part, the harmonics and not F1. Also it should be noted that

because both F0 and F1 change over time, the FFT, which is

calculated over time, provides only an approximation for the

spectral shape of the response in any given point in time.

In the normal population, significant correlations exist

between the latencies of the onset measures, but not between

the latencies of the onset and the FFR waves (see Russo et al,

2004 for details). Russo et al (2004) have further found that

significant correlations also exist between the latencies of the

onset measures and the spectral magnitude of F1, indicating a

relationship between precision of temporal and spectral aspects

of the response. It has been suggested that the pattern of

correlation between the onset peaks, and the lack of correlation

between the onset and the FFR peaks, reflects dissociation

between these two classes of response*filter and source classes

respectively, representing the building blocks of the message (i.e.

the content) vs. talkers’ identity (see Kraus & Nicol, 2005).

Taken together with the pattern of brainstem abnormalities

observed in children with LD (reviewed below), Kraus & Nicol

(2005) proposed that the separate encoding of these response

classes at the brainstem may be a precursor for the cortical

‘what/where’ pathways (Rauschecker & Tian, 2000; Romanski et

al, 1999).

Finally, in the presence of background noise, brainstem

encoding of speech is disrupted. In particular, noise interferes

with the onset response. In the majority of normal subjects the

onset response is severely degraded, while in 40% of subjects it is

completely abolished. On the other hand, the FFR portion of

the response is less susceptible to noise and the FFR peaks are

identifiable in cases where the onset has disappeared (Russo et al,

2004).

Table 1. Normative speech-ABR values based on 88 typically
developing 8�12 year old children. (A) Transient measures. (B)
Sustained measures (12�47 ms). Mean9s.d. values are shown.

Speech-ABR measures

A. Transient Peak latencies (ms) Peak amplitudes (mV)

V 6.6890.25 0.3190.15

A 7.5990.31 �0.6790.17

C 17.8690.48 �0.3290.13

D 22.2990.43 �0.3390.17

E 30.9990.44 �0.3990.13

F 39.5490.44 �0.4490.19

O 47.9590.52 �0.1990.11

B. Sustained Magnitude

RMS 0.2090.03

FFT F0 (mV) 0.08190.032

FFT F1 (mV) 0.03490.009

0 500 1000
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0.04
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0.08

0.1

0.12

Frequency (Hz)

m
ag

ni
tu

de
 (

µV
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Figure 2. Mean FFT magnitude (average spectra from 23 to 44
ms) during the periodic portion of the response for 90 normal
learning children. Spectral peaks are observed at regions
corresponding to F0 and F1 in the /da/ stimulus (stimulus F0:
103�125 Hz; F1: 220�720 Hz), however, F0 is more strongly
represented. The thick line denotes mean magnitude; thin
dashed lines are 91 s.d. of the mean.
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Abnormal speech-ABR and learning disability

The focus here is on children with language-based learning

problems. Previous work indicated that some children with LDs

exhibit abnormal encoding of sound at the cortical level (see

Heim & Keil, 2004; Lyytinen et al, 2005 for recent reviews), and

our studies (Banai et al, 2005b; King et al, 2002; Wible et al,

2004, 2005) have also revealed abnormal encoding at the

brainstem level. The first studies looking into brainstem encod-

ing in the LD population compared learning-disabled children to

typically developing ones at the group level. Thus, Cunningham

et al (2001) found that wave V latency was delayed in a group of

LDs in noise, but not in quiet. They further demonstrated that

the magnitude of the spectral content of the response in children

with LD during the FFR period was reduced in background

noise, especially in the frequency range corresponding to F1.

Using a slightly different version of the /da/ stimulus (described

in Russo et al, 2004; Wible et al, 2004), subsequent studies found

that LDs had delayed waves A, C, and F (King et al, 2002), a less

synchronized onset of the speech-ABR as measured by the VA

complex (Wible et al, 2004) and, consistent with the findings of

Cunningham et al (2001), reduced spectral representation in the

F1 range (Wible et al, 2004). Wible et al (2004) also established

that the slope of the VA complex (i.e. the inter-peak amplitude

divided by the inter-peak duration) provides a useful metric to

describe the abnormal response by capturing both the duration

of the V-to-A transition and its amplitude in a single number;

and indeed this measure has been found useful in later studies

with larger samples. These findings were in contrast to the

normal click-evoked ABRs typically reported in earlier studies in

individuals with LD (see ‘The relationship between speech- and

click-ABR’, below).

A careful examination of the data however, reveals that, in the

group with LD, responses are abnormal due to the contribution

of a subgroup of the LD population, whereas many children

with LD exhibit a normal response. For example, King et al

(2002) have observed for wave A that 20/54 children with LD

had responses deviating from the mean normal response latency

by 1 standard deviation or more. Thus the question arises � how

to define and characterize the abnormal response at the

individual level?

Definition of the abnormal speech-ABR
Like most biological signals the speech-ABR is a continuous

response. Consequently each parameter of the response may

span a wide range of values, even in the normal population.

Determining whether an individual response is abnormal

presents a challenge. From a purely scientific standpoint it

may be advantageous to look at the entire response continuum,

but from a clinical perspective it is important to be able to

easily distinguish a normal from an abnormal response based

on some classification rule. In order for the definition of an

abnormal response to be meaningful, the criteria chosen should

be sensitive to the clinical population at hand, but also have a

low rate of false positives. Yet, it should be noted that every

criterion chosen will be arbitrary to some extent.

Indeed, King et al (2002) used a 1 SD criterion for wave A

latency, whereas Banai et al (2005b) used 1.5�2 SD over a wider

range of response parameters that included all onset measures.

Based on these two criteria, 30�40% of LD responses were

classified as abnormal, but each yielded a somewhat different

grouping of LDs to those with ‘normal’ vs. ‘abnormal’ responses.

In ongoing work, Abrams et al (work in progress) are looking at

different classification criteria. Our goal is to optimize grouping

by using a criterion that will be sensitive to the presence of LD

while keeping the false positive rate (i.e. the number of typically

developing children whose responses are classified as abnormal)

under 10%. This effort is geared towards a sub-group within the

LD population and is not necessarily related to the debate

surrounding causal role of abnormal speech-ABR in LD.

Indeed, several scenarios can account for the presence of

abnormal speech-ABR (and other auditory functions) in some

but not all persons with LD. First, abnormal brainstem function

could be a cause of LD in some individuals, whereas LD is

caused by other reasons in other individuals. Alternatively,

abnormal brainstem function could be a risk factor that

contributes to the learning problem only when present with

other genetic and environmental risk factors (see Bishop, 2006).

This scenario can explain both why there is a high incidence of

auditory processing deficits among individuals with LD, and

why some people have abnormal auditory processing but do not

develop LD.

In order for the speech-ABR to be clinically useful, it is

important to establish its test re-test reliability not only in the

general population, but also among individuals with learning

problems. Ten of the children with LD identified by Banai et al

(2005b) as having abnormal speech-ABR were retested using a

clinical system (BioMAPTM, see below). Since the number of

sampling points differs between the BioMAPTM and the original

laboratory measurement, it was not possible to directly calculate

a correlation score between the two measurements for each

individual. However, using the norms collected for the clinical

system and the same classification criteria used in the original

study, all ten individuals were, again, classified as having an

abnormal response, indicating that abnormal responses identi-

fied in the first measurement were not of transient nature.

The relationships between click- and speech-ABR

Numerous studies in the LD population have shown that

individuals with LD have normal click-ABRs (Grontved et al,

1988a,b; Jerger et al, 1987; Lauter &Wood, 1993; Mason &

Mellor, 1984; McAnally & Stein, 1997; Purdy et al, 2002). A

prerequisite to participation in our speech-ABR studies is a

clinically normal click-evoked wave V, to rule out peripheral

hearing loss as a cause of abnormal speech-ABRs. In the

general population, the early waves of the speech-ABR are

similar to the waves evoked by click stimuli. Furthermore, in

the normal population, significant correlations exist between

the latency of wave V evoked by a click, and the latencies of

waves V and A evoked by speech (Song et al, 2006),

suggesting that processing of these two types of stimuli is

(at least to some extent) shared. This pattern of correlation is

maintained among children with LD. On the other hand, this

normal pattern of correlation is disrupted when speech-ABR

is delayed, such that in children with abnormal onset of

speech-ABR the correlation between the latencies of the

speech- and click-evoked measures is significantly reduced.

These findings indicate that these two processes do not always

overlap.

Sensory-based learning disability: Insights
from brainstem processing of speech sounds
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Song et al (2006) further noted that among children with

abnormal speech-ABR, click-ABR latencies were delayed com-

pared to children with normal speech-ABR, even if latencies

were still within the normal range. This provides further support

for the notion that speech and click stimuli are not indepen-

dently encoded, even if deficits can not be observed using

common clinical procedures.

Song et al (2006) suggested that while the encoding of speech

and click stimuli shares some common characteristics, the ABRs

they evoke differ, based on the acoustic characteristics of the

evoking stimuli. Thus, the acoustic characteristics of the speech

syllable /da/ used to measure the speech-ABR may be more

challenging to the auditory system of persons with LD since the

periodic portion of the vowel may mask the abrupt onset of the

consonant (backward masking). This idea received support in a

recent study by Marler and Champlin (2005) demonstrating, in a

group of children with language disorder, a significant delay in

wave V latency under backward masking conditions. Alterna-

tively, the slower rise time of the speech-stimulus compared to

the click could potentially enhance the effects of neural

desynchronization in the population with LD.

The findings of slightly delayed (yet within normal) click-ABR

is consistent with recent findings in an animal model. Strata et al

(2005) have shown that experimentally induced perinatal anoxia

in rats results in progressively delayed auditory processing from

the brainstem to the auditory cortex. Taken together with our

own findings regarding the relationships between click- and

speech-ABR, these findings raise the possibility that abnormal

speech-ABR may be a manifestation of a broader ‘problem’ in

the central auditory system not detected by pure-tone audio-

metry or supra-threshold click-ABR. This hypothesis should be

tested in further studies.

Early waves of the speech-ABR

Song et al (manuscript in preparation) are looking at the early

waves (I, III) of the speech-ABR, aiming to characterize those

waves, similarly to the work of Russo et al, (2004) for the later

waves (wave V and later). Preliminary findings indicate the

timing of the early waves appears normal in the majority of

individuals with abnormal late waves (V and A) suggesting that,

for the most part, the origins of the speech encoding deficits

documented using the speech-ABR are retrocochlear.

The relationships between brainstem and cortical
processing

Deficient brainstem timing has been linked to several manifesta-

tions of abnormal cortical processing.

First, in the normal population, the robustness of cortical

speech-encoding in noise is correlated with brainstem timing.

Wible et al (2005) showed that a strong correlation exists

between brainstem timing and the effects of background noise

on the cortical response, placing children with LD and delayed

brainstem timing on the opposite end of this continuum with

respect to those with normal timing and normal learning

children.

Second, abnormal brainstem timing is associated with reduced

cortical discrimination of fine acoustic differences (MMNs).

Thus, as a group, individuals with delayed brainstem timing do

not show a significant MMN response to an oddball stimulus,

even though their basic cortical representation of the same

sound (the P1/N1 complex) is normal. At the individual level,

MMN was small or absent in more than 40% of individuals with

LD and abnormal brainstem timing, as opposed to only 10�15%

among typically developing children and children with LD and

normal brainstem timing (Banai et al, 2005b).

Third, Abrams et al (2006) have shown a relationship between

the degree of delay in brainstem timing and the degree of

laterality in cortical auditory processing. Thus, individuals with

delayed brainstem timing showed a smaller degree of left/right

cortical asymmetry in response to the speech sound /da/.

Taken together, this series of studies suggests that abnormal

processing at the auditory brainstem and cortex are intimately

linked. While it is tempting to interpret the findings that a

single deficit at the level of the brainstem is related to a wide

array of abnormalities in cortical function to support a

bottom-up causal relationship between the midbrain and the

cortex, this is not necessarily the case. On the one hand,

developmental studies indicate that the brainstem responses

probably mature at an earlier age than cortical potentials (see

Hood (1998), and Johnson et al (2006) for maturation of the

click- and speech-ABRs respectively; and Sharma et al (1997),

Cunningham et al (2000), and Ponton et al (2002) for

maturation of cortical AEPs). Thus, a deficit in brainstem

timing would result in degraded input to the still-developing

cortex. On the other hand, similar genetic or environmental

factors leading to abnormal brainstem timing could also cause

abnormal cortical function. Indeed, Strata et al (2005)

reported that in rats, anoxia results in deficits in both the

auditory brainstem and cortex, and that the cortical abnorm-

alities were more pronounced. A third possibility was sug-

gested by Galaburda (1999) who claimed that cortical

ectopias, emerging at a relatively early developmental stage

actually affect lower brain regions (i.e. the thalamus) to which

they are connected and thus are responsible for temporal

processing deficits observed in ectopic mice (and humans with

dyslexia). Recent studies (reviewed in Kraus & Banai, 2007)

indicate that language experience affects encoding at the level

of the brainstem. Krishnan et al (2005) have shown that

brainstem encoding of Mandarin speech-sound differs between

native speakers of Mandarin and English speakers. These

findings suggest that encoding at the level of the brainstem

could be malleable to top-down effects (e.g. experience and

context). A potential explanation for top-down influences on

sensory processing is provided by the reverse hierarchy theory

(RHT), (Ahissar & Hochstein, 2004). The RHT suggests that

conscious perception is typically based on the highest possible

representation of the stimulus along the perceptual hierarchy.

With repeated exposures, higher levels are thus likely not only

to use input from lower levels, but also influence the ways the

lower levels encode incoming stimuli in a context dependent

manner. This is consistent with the effect of musical expe-

rience on brainstorm function (Wong et al, 2007). How

top-down influences interact with developmental factors in

accounting for the speech-ABR deficits in children with LD is

at present unknown. Alternatively, the differences between

Mandarin and English speakers could be accounted for by the

former’s greater exposure to the specific statistics of Mandarin

pitch patterns. In support of this view Xu et al (2006) have
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recently shown that the more robust pitch encoding in

Mandarin speakers was specific to naturally occurring pitch

contours, but not to slightly unnatural pitch contours that

could still be heard as good quality Mandarin words.

The functional significance of abnormal speech-ABR

How abnormal speech encoding in the brainstem affects

behavior is still poorly understood. In the two following sections

we discuss speech perception, literacy-related and cognitive

abilities in individuals with LD, and abnormal speech-ABR.

The data were obtained by pooling together data from our

previously published studies (Abrams et al, 2006; Banai et al,

2005a; King et al, 2002; Wible et al, 2004, 2005), and

reclassifying participants with LD into normal and abnormal

speech-ABR groups based on the norms presented in Table 1.

Speech-ABR and speech perception
We hypothesized that abnormal speech-ABR should manifest

itself in difficulties in speech perception. To test this hypothesis,

a speech discrimination task was administered to study partici-

pants in our laboratory. Discrimination thresholds were deter-

mined using an adaptive protocol and a four-interval two-

alternative forced choice task. Stimuli were taken from the /da-

ga/ continuum. On every trial, participants heard two pairs of

100 ms syllables (e.g. /da-da/ and /da-ga/) and were required to

select the pair in which the two sounds differed from each other.

Initially, the endpoints of the continuum were used and,

following correct responses, the F3 frequency of the /ga/ token

was made more similar to that of the /da/ token which served as

an anchor. Just noticeable difference (JND) was determined for

each subject at the 69% percent correct level. See Bradlow et al

(1999) and King et al (2002) for further description, but note

that the stimuli were slight modifications of the stimuli described

in these two papers. JNDs were measured in quiet and in

background noise.

At the group level, the two groups of children with LD (those

with normal and abnormal speech-ABRs) had significantly

higher JNDs compared to normal learning children, but did

not differ significantly from each other in either quiet or in the

presence of background noise as shown in Table 2 (means are for

43 normal learning children, 35 children with LD and normal

speech-ABR, and 33 children with LD and abnormal speech-

ABR). This finding is surprising, and suggests that abnormal

speech-ABR is not necessary or sufficient for abnormal speech

perception. However, if difficulties in phonological processing

are related to abnormal phonological representations which may

be the result of difficulty in the perception of fine acoustic

differences, it makes sense that speech discrimination will be

impaired in the majority of persons with LD, irrespective of their

brainstem status.

Speech-ABR, literacy-related and other cognitive abilities
All study participants in our laboratory are routinely tested on a

psychoeducational test battery that provides information on

their current level of performance on literacy-related tasks,

phonological awareness, and other cognitive abilities. Group

means and standard deviations for 75�90 normal learning

children, 34�44 children with learning disability and normal

speech-ABR, and 30�49 children with learning disability and

Table 2. Speech, literacy related and cognitive abilities in normal learning (NL) and learning disabled groups (LD) with normal and
abnormal speech-ABR. Mean9s.d. values are shown. Values in bold type indicate that the highlighted group was significantly
different (p50.037) from the other groups on a Scheffe post-hoc comparison.

NL LD normal speech-ABR LD abnormal speech-ABR F (p)

Speech perception (JNDs, Hz)

Quiet 105949 149975 155969 6.99 (0.001)

Noise 2329130 3179110& 2859141 4.46 (0.014)

Phonological abilities (CTOPP scores)

Elision 11.792.1 7.992.9 7.992.8 41.02 (B0.001)

Phoneme Reversal 11.092.5 7.791.8 7.691.9 39.84 (B0.001)

Segmenting nonwords 10.891.9 9.492.3 8.692.4 13.17 (B0.001)

Literacy (standard scores)

Reading 115911 89910 85913 140.4 (B0.001)

Spelling 115914 8898 85911 140.6 (B0.001)

Word attack 117914 9099 88911 114.0 (B0.001)

Other cognitive abilities (standard scores)

Memory for words 108916 94911 95912 21.2 (B0.001)

Listening comprehension 120916 106919 105919 22.2 (B0.001)

Cross out 114913 100916 98919 15.4 (B0.001)

Brief cognitive Scale 123912 100913 100915 72.8 (B0.001)

TONI-3$ 117916 107916 101911 10.0 (B0.001)
&This group was significantly different from NLs, but not from the other group of LDs.
$This test was completed by 61 normal-learning children, 23 children with LD and normal speech-ABR, and 21 children with LD and abnormal
speech-ABR.
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abnormal speech-ABR are shown in Table 2. Literacy was

measured using the reading and spelling subtests of the wide

range achievement test (WRAT, Wilkinson, 1993), and the word

attack subtest of the Woodcock Johnson revised (WJ-R, Wood-

cock and Johnson, 1989Woodcock and Johnson, 1990). Phono-

logical processing was measured using three subtests taken from

the comprehensive test of phonologicalp (CTOPP, Wagner et al,

1999); Elision, phoneme reversal and segmenting non-words; as

well as the memory for words subtest from the WJR. Non-verbal

cognitive ability was estimated using the test of non-verbal

intelligence (TONI-3, Brown et al, 1997) and the brief cognitive

scale (WJ). In addition, the listening comprehension and the

cross out (a measure of visual speed of processing) subtests of

the WJR were also administered. Children with LD scored lower

than normal learning children on all of these measures, but

children with LD and normal or abnormal speech-ABR did not

differ from each other.

The analyses of the speech perception and psychoeducational

data leads us to conclude, at-present, that on the one hand, the

cognitive profiles of children with LDs with either normal or

abnormal speech-ABRs are similar. On the other hand, available

data suggest that more than 80% of LD individuals with

abnormal brainstem timing are poor readers (Banai et al,

2005b). This figure is much higher than the proportion of

poor readers in our larger sample (50�60% poor readers) of

children with an LD diagnosis (not specifically selected for poor

reading) and reflects the generally estimated proportion of poor

readers from the total LD population in the US (Snow et al,

1998). The implication is that speech-ABRs can serve to help

organize the highly heterogeneous population of LDs into more

homogenous subgroups, at least with respect to the physiological

correlates of their LD.

Furthermore, following auditory training programs for LDs,

both auditory cortical processing and speech discrimination tend

to significantly improve in LDs with abnormal brainstem

processing, compared to LDs whose brainstem processing is

normal, even though the degree of speech perception deficits is

similar in these two groups before training (Hayes et al, 2003;

King et al, 2002). These outcomes suggest that, at least for

speech discrimination, the etiology of the deficit may differ

between children with LD with normal and abnormal speech-

ABR, hence the different effects of training. Enrolling in a

demanding training program is resource intensive. If further

studies support these findings, and perhaps extend them to other

training programs and outcome measures, the speech-ABR may

help to determine when to refer a child to training, and reduce

the frustration of parents and educators from the uncertainty of

outcomes.

Summary

Evidence accumulating during nearly a decade of research

suggests that a substantial sub-population of LDs exhibit

abnormal encoding of speech at the level of the brainstem. In

particular, abnormal onset of the response and reduction of its

magnitude over the FFR period distinguish normal from

abnormal responses, suggesting less precisely timed neural

response to complex sounds in a subgroup of children with

LD. The abnormal speech-ABR, in turn, shows a relationship to

cortical processing and literacy deficits. The importance of these

relationships and the relative ease with which speech-ABR may

be measured has recently led to its translation as a clinical tool:

the BioMAPTM (Biological marker of auditory processing, Bio-

Logic, Mundelein, IL), designed to provide knowledge about

physiological encoding of sound during the course of LD

diagnosis. Further research and clinical use of the speech-ABR

should lead to a refinement of our understanding of the neural

bases of auditory processing and improve clinical diagnosis and

treatment. Further research comparing children with LD with

normal versus abnormal speech-ABR on other perceptual,

language, and cognitive measures, familiality of LD, and medical

history is required to establish whether abnormal speech-ABR is

associated with any specific phenotype among individuals with

learning problems. Developmental cross-sectional or longitudi-

nal studies are required to determine the relationships between

abnormal brainstem function and the emergence of learning

problems.
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