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Abstract

Claims have been made that language-impaired children have deficits processing rapidly

presented or brief sensory information. These claims, known as the ‘temporal processing

hypothesis’, are supported by demonstrations that language-impaired children have excess backward

masking (BM). One explanation for these results is that BM is developmentally delayed in these

children. However, little was known about how BM normally develops. Recently, we assessed BM

in normally developing 6- and 8-year-old children and adults. Results showed that BM thresholds

continue to improve over a comparatively protracted period (>10 years old). We also analysed

reported deficits in BM in language-impaired and younger children in terms of a model of temporal

resolution. This analysis suggests that poor processing efficiency, rather than deficits in temporal

resolution, can account for these results. This ‘processing efficiency hypothesis’ was recently tested

in our laboratory. This experiment measured BM as a function of delays between the tone and the

noise in children and adults. Results supported the processing efficiency hypothesis, and suggested

that reduced processing efficiency alone could account for differences between adults and children.

These findings provide a new perspective on the mechanisms underlying communication disorders,

and imply that remediation strategies should be directed towards improving processing efficiency,

not temporal resolution.
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1. Introduction

Three to ten percent of children who are otherwise unimpaired have difficulty

learning language [1]. This condition is known as Specific Language Impairment (SLI).
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In 1978, Zangwill [2] defined this condition as ‘‘slow, limited or otherwise faulty

development of language in children who do not otherwise give evidence of gross

neurological or psychiatric disability, and where the language difficulty is not secondary

to deafness.’’ The aetiology of this condition is largely unknown. However, by

definition, children with SLI have normal detection of pure tones, which is the

conventional clinical assessment of hearing loss. Even so, a child may pass conven-

tional audiological assessment but nevertheless process more complex sounds abnor-

mally. Indeed, some authors have suggested that auditory processing deficits may cause

SLI [3]. These claims have been termed the ‘temporal processing hypothesis’ [3].

Despite mounting evidence suggesting a link between SLI and auditory processing

impairments, their role in the genesis of developmental language disorders remains

controversial.
2. Language impairments and the auditory repetition task

Claims that language impairments are associated with deficits in auditory processing

have been reported as early as 1965 [4]. However, the idea that auditory processing

deficits cause SLI is most associated with Tallal et al. [5,3]. An early study by Tallal and

Piercy [5] investigated auditory processing in children with language impairments using

the so-called ‘Auditory Repetition Task’. The task involved listening to two brief tones.

One tone was 100 Hz and the other was 305 Hz. The two tones were played one after

the other with varying silent intervals between them. The children were trained to

identify the order of the two tones by pressing keys on a keypad that corresponded to the

low and high tones. The crucial finding was that language-impaired children had no

difficulty in identifying the order of the tones when the silent interval between them was

long (>300 ms); however, when the interval between the tones was short (<300 ms),

performance worsened considerably. Control children, with normally developing lan-

guage, performed well even with the shortest intervals between the tones. Tallal

concluded from this study that language-impaired children have deficits in processing

brief or rapidly presented sounds, and suggested that these deficits may cause their

language disorder.
3. SLI and tone-in-noise masking

More recently, Wright et al. [6] supported Tallal’s claims through a demonstration that

children with SLI have difficulty detecting a much simpler stimulus, brief tones presented

with a masking noise (‘tone-in-noise masking’). Wright found what appeared to be an even

more robust effect than Tallal’s using more refined psychoacoustic techniques. In Wright’s

experiment, 8-year-old children sat in a soundproof room and tones and noises were

played to the right ear only over headphones. Two identical narrowband noises (0.6–1.2

kHz, 300 ms duration, 40 dB SPL spectrum level) were presented in two intervals, one

after the other. A 20 ms, 1 kHz tone was also presented in one of the intervals. The subject

had to indicate which interval contained the tone. The level of the tone was then adaptively



Fig. 1. Mean tone thresholds for the three masking conditions for normally hearing 6-year-old (n=16) and 8-year-

old children (n=8) and adults (n=7). Thresholds are also plotted for 8-year-old children with SLI (n=8). Error bars

show F1 standard error. Control data from Hartley et al. [9] and SLI data from Wright et al. [6].
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varied using the ‘maximum-likelihood’ technique [7] to estimate the listener’s tone

threshold. In one version of the task, the tone was presented immediately before the

noise (Backward condition), in another the tone was presented during the noise (Simul-

taneous condition), and in a third version, the tone was presented after the noise (Forward

condition).

The most striking result was that children with SLI had about 45 dB higher

thresholds for the backward condition compared with controls (Fig. 1). Children with

SLI also had, on average, 15 dB higher thresholds for the forward condition. However,

SLI children only had small deficits in the simultaneous condition. It was concluded in

the studies by Wright et al. that language impairments are associated with poor temporal

resolution.
4. Development of tone-in-noise masking

Temporal resolution has been defined as the minimum time interval within which

different acoustic events can be distinguished [8]. One possible explanation for Wright’s

results was that temporal resolution was developmentally delayed in children with SLI.

However, until recently, little was known about the normal development of this aspect of

auditory processing. In 2001, we investigated the development of temporal processing

abilities in 6- and 8-year-old children and adults [9] using identical masking tasks and

procedures to those used by Wright et al. [6]. We found that tone thresholds improved with



Fig. 2. Tone thresholds for a brief tone presented immediately before a masking noise (backward masking) as a

function of age, with best fitting exponential function. Data from Hartley et al. [9].
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age in both the backward and simultaneous masking conditions (Fig. 1). However, the

improvements in the backward condition were much greater than in the simultaneous

masking condition. Specifically, 6-year-old children had, on average, about 34 dB higher

backward masking (BM) thresholds than adults. Whereas 6-year-old children had on

average just 6 dB higher thresholds on the simultaneous masking task 8-year-old children

had, on average, 12 and 3 dB higher thresholds than adults on the backward and

simultaneous conditions, respectively. A negative exponential decay function fitted to

data from all age groups indicated that backward masking only reaches adult-like

performance between 11 and 15 years old (Fig. 2).
5. Development of the auditory system

Awealth of anatomical, physiological and behavioural data suggest that aspects of the

auditory system are immature at birth [10]. The difference between adult and children’s

auditory processing abilities appears to arise from both structural and functional imma-

turities in the auditory periphery (peripheral to the auditory nerve), and from more central

limitations on auditory perception [10,11]. A few aspects of hearing, particularly those that

depend almost exclusively upon cochlear function, appear to reach adult-like performance

in infancy. For example, detection thresholds for pure tones, especially for higher

frequencies (>1 kHz), appear largely to reach adult-like performance by 2 years old

[12]. More complex auditory processing tasks are present in infancy, but appear to

continue to develop later into childhood before asymptotic performance is reached.

Therefore, compared with pure-tone sensitivity, which appears to reach adult-like

performance in infancy, backward masking thresholds appear to develop over a compar-

atively protracted period. Wright interpreted poor backward masking thresholds as deficits

in temporal resolution.
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6. A model of temporal resolution

Although neural mechanisms underlying temporal resolution are not fully understood,

they are thought to represent more central processing within the auditory system [13]. To

understand further the nature of auditory processing deficits associated with language

impairments in younger children, we analysed these data [14] in terms of a model of

temporal resolution [15]. The model of temporal resolution, originally developed by

Moore et al. [15], consists of four stages (Fig. 3A):

(i) First, a tone and a noise are passed through a filter, which represents one of a bank of

filters present in the auditory periphery.

(ii) Next, the output of the filter is passed through a compressive non-linear device (Fig.

3B), which simulates the compressive input–output function of the basilar membrane.

The input–output function of the basilar membrane has been derived from both

physiological [16] and psychophysical measurements [17]. It is widely believed that

the compression on the basilar membrane depends upon an active physiological

mechanism mediated by the outer hair cells [18]. The compressive non-linear function

can be roughly divided into three regions: for low and high stimulus levels, the input–

output function is approximately linear, that is a 10 dB increase in the input level

results in a 10 dB increase in the response. However, for moderate level signals, an
Fig. 3. (A) A block diagram of the model proposed by Moore et al. [15] to describe auditory temporal resolution.

(B) A schematic representation of the compressive input–output function of the basilar membrane to a pure-tone

stimulus. The relative response is arbitrarily scaled so that an input of 100 dB gives an output of 100 dB. (C) The

shape of the temporal window [19].
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increase in the stimulus level of 10 dB increases the output by just 1.6 dB, i.e. it is

highly compressive.

(iii) A temporal window follows the compressive function (Fig. 3C). The shape of the

temporal window has been derived from psychoacoustic experiments using combined

forward and backward masking tasks [19]. Indeed, it has been suggested that a neural

mechanism for this phenomenon may be located within the central auditory system

[13], although the exact mechanism is currently unknown. The function gives most

weight to the output of the non-linear stage at times close to the centre of the window.

Progressively less weight is given to outputs before and after the window’s centre.

Importantly, the build-up is steeper than the decay, which accounts for the asymmetry

between forward and backward masking thresholds.

(iv) Lastly, the model incorporates a decision device. The assumption of the model is that

detection occurs when the ratio of the internal effect of the signal at the output of the

temporal window is a certain proportion of the internal effect of the masker, i.e. Es/

Em is a constant, regardless of the masking task.
7. Analysis of psychophysical data in terms of the model

In terms of the model (Fig. 3), to suggest that a child with SLI has poor temporal

resolution implies he has a widened temporal window. However, there is an alternative

explanation for Wright’s results [6]. Our analysis using the model suggests that poor

processing efficiency can account for Wright’s data, without changing the shape of the

temporal window. Processing efficiency encompasses all factors, aside from temporal

resolution, that may affect detection on a task, such as attention, cognition and

motivational factors [20]. In terms of the model, to suggest that children with SLI

have poor processing efficiency means that they require a higher signal-to-noise ratio in

the decision devise to detect the tone (Fig. 3A). To demonstrate how poor processing

efficiency can account for Wright’s results, we will consider an example. Let us

hypothesise that in the study by Wright et al. [6], control children required a signal-

to-noise ratio of XdB for detection to occur, and children with SLI required the signal-

to-noise ratio to be X+6dB to detect the signal. In this example, SLI children require the

tone to be 6 dB higher at the output of the compressive function for detection to occur

(Fig. 3A). For the simultaneous masking condition, because the tone and noise co-occur,

they are subject to the same compression on the basilar membrane. To increase the

output of the compressive devise by 6 dB, the input must also be increased by 6 dB.

However, for the backward condition, where tone is presented before the noise,

physiological data suggest that compression is fast acting [21], therefore the tone and

noises are compressed independently. In the backward masking condition, because of the

shape of the temporal window (Fig. 3C), tone thresholds are comparatively low (Fig. 1)

and lie within the highly compressive region of the input–output function (Fig. 3A). To

increase the internal effect of the tone by 6 dB, the input must be increased by nearly 40

dB. So, for the backward condition, the tone level at threshold would be about 40 dB

higher for SLI children than for controls. These findings are consistent with experi-

mental data.
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The model can also explain excessive forward masking in children with SLI (Fig. 1).

Tone thresholds for forward masking are higher than for backward masking (Fig. 1) and,

subsequently, lie in a region of the input–output function on the BM that is more linear

(Fig. 3B). Thus, children with SLI have larger deficits in backward masking than in

forward masking.

The same explanation can be used to explain the comparatively protracted development

of backward masking in normally hearing children (Fig. 1). Specifically, if we assume that,

compared with normally hearing adults, young children have poor processing efficiency,

and require the internal effect of the tone to be higher at threshold, then processing

efficiency deficits will be magnified in the backward masking condition due to the

compressive non-linear function of the basilar membrane. This is again consistent with

experimental data [9].

Our analysis suggests that auditory processing deficits in children with SLI can be

better explained by an ‘auditory processing efficiency hypothesis’. Indeed, this processing

efficiency hypothesis is not only of theoretical importance since it has enormous

implications to treatment and rehabilitation strategies. In fact, there are reports that

auditory training can result in improved language abilities [3]. Therefore, we suggest that

rehabilitation strategies should be directed to improvement in processing efficiency rather

than temporal resolution.
8. A test of the competing hypotheses

A recent study in our laboratory [22] tested the competing temporal processing and

processing efficiency hypotheses by measuring backward masking as a function of delays

between the tone and the noise in children and adults. Twelve adults and 12 children, with

normal reading and language skills, were tested using similar methods used in Wright’s

experiment. However, in this experiment, there were four different backward masking

tasks, in which a silent interval was introduced between the tone and the noise of 0, 10, 50

and 150 ms. This enabled the shape of the positive side of the temporal window (Fig. 3C) to

be predicted. Results showed that children had significantly higher tone thresholds for the

backward masking task at every silent interval between the tone and the noise compared

with adults. Experimental results for children and adults were then analysed using the

model of temporal resolution [15]. The modelling showed that both data sets could be fitted

well using a single temporal window whose shape was based on previous data obtained

from adult listeners [19]. These data and the model support the processing efficiency

hypothesis, and suggest that differences in the results between adults and children could be

accounted for by reduced processing efficiency alone. Further experiments are planned to

assess the processing efficiency hypotheses in language- and reading-impaired individuals.
9. Conclusions

In this paper we have argued that a deficit in auditory processing efficiency more

completely describes a range of experimental data on language-impaired children than
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does a deficit in auditory temporal processing. However, the causal relationship between

processing efficiency and language abilities remains unclear. Tallal et al. [23] hypoth-

esised that auditory processing deficits might degrade the ability to perceive the brief

elements of speech, and putatively cause language impairments. However, Bishop et al.

[24] suggested that auditory processing deficits may act as a moderating variable that is

neither necessary nor sufficient for causing language impairments, but which exert an

effect on language development only in individuals who are otherwise at risk. Another

theory states that any link between auditory processing and language impairments is not

causal. Specifically, Beitchman et al. [25] suggested that associations between auditory

processing and language impairments might reflect co-morbid attentional deficits.

Therefore, although our analysis suggests that individuals with language impairments

have deficits in processing efficiency, the causal relationship between these factors

remains controversial.
Acknowledgements

The Wellcome Trust and the Medical Research Council.
References

[1] U.S. Department of Education, ‘‘Seventh Annual Report to Congress on the Implementation of Public Law

94–142: the Education for All Handicapped Children Act’’, 1985.

[2] O.L. Zangwill, The concept of developmental dysphasia, in: M.A. Wyke (Ed.), Developmental Dysphasia,

Academic Press, London, 1978.

[3] M.M. Merzenich, W.M. Jenkins, P. Johnston, C. Schreiner, S.L. Miller, P. Tallal, Temporal processing

deficits of language-learning impaired children ameliorated by training, Science 271 (1996) 77–81.

[4] A.D. Lowe, R.A. Campbell, Temporal discrimination in aphasoid and normal children, J. Speech Hear. Res.

8 (1965) 313–314.

[5] P. Tallal, M. Piercy, Deficits of non-verbal auditory perception in children with developmental dysphasia,

Nature 241 (1973) 468–469.

[6] B.A. Wright, L.J. Lombardino, W.M. King, C.S. Puranik, C.M. Leonard, M.M. Merzenich, Deficits in

auditory temporal and spectral resolution in language-impaired children, Nature 387 (1997) 176–178.

[7] D.M. Green, Stimulus selection in adaptive psychophysical procedures, J. Acoust. Soc. Am. 87 (1990)

2662–2674.

[8] D.A. Eddins, D.M. Green, Temporal integration and temporal resolution, in: B.C.J. Moore (Ed.), Hearing,

Handbook of Perception and Cognition, 2nd ed., Academic Press, London, UK, 1995, pp. 207–242.

[9] D.E.H. Hartley, S.C. Hogan, B.A. Wright, D.R. Moore, Age related improvements in auditory backward

and simultaneous masking in 6 to 10 year old children, J. Speech Lang. Hear. Res. 43 (2000) 1402–1415.

[10] E.W. Rubel, A.N. Popper, R.R. Fay (Eds.), Development of the Auditory System, Springer, New York,

1998.

[11] L.A. Werner, E.W. Rubel (Eds.), Developmental Psychophysics, American Psychological Association,

Washington DC, 1992.

[12] B.A. Schneider, S.E. Trehub, D. Bull, High-frequency sensitivity in infants, Science 207 (1980) 1003–1004.

[13] B.C.J. Moore (Ed.), Cochlear Hearing Loss, Whurr Publishers, London, UK, 1998.

[14] D.E.H. Hartley, D.R. Moore, Auditory processing efficiency deficits in individuals with specific language

impairment and dyslexia, J. Acoust. Soc. Am. (in press).

[15] B.C.J. Moore, B.R. Glasberg, C.J. Plack, A.K. Biswass, The shape of the ear’s temporal window, J. Acoust.

Soc. Am. 83 (1988) 1102–1116.



D.E.H. Hartley et al. / International Congress Series 1254 (2003) 215–223 223
[16] G.K. Yates, I.M. Winter, D. Robertson, Basilar membrane nonlinearity determines auditory nerve rate-

intensity functions and cochlear dynamic range, Hear. Res. 45 (1990) 203–220.

[17] A.J. Oxenham, C.J. Plack, A behavioural measure of basilar-membrane nonlinearity in listeners with normal

and impaired hearing, J. Acoust. Soc. Am. 101 (1997) 3666–3675.

[18] B.C.J. Moore, A.J. Oxenham, Psychoacoustic consequences of compression in the peripheral auditory

system, Psychol. Rev. 105 (1998) 108–124.

[19] A.J. Oxenham, B.C.J. Moore, Modeling the additivity of nonsimultaneous masking, Hear. Res. 80 (1994)

105–118.

[20] R.D. Patterson, I. Nimmo-Smith, D.L. Weber, R. Milroy, The deterioration of hearing with age: fre-

quency selectivity, the critical ratio, the audiogram, and speech threshold, J. Acoust. Soc. Am. 72 (1982)

1788–1803.

[21] G.K. Yates, Cochlear structure and function, in: B.C.J. Moore (Ed.), Hearing, Academic Press, San Diego,

CA, 1995, pp. 41–73.

[22] P.R. Hill, D.R. Moore, The Auditory Temporal Window in 9–10 year old children adults and dyslexic

adults, Proceedings of the Association of Research in Otolaryngology, vol. 25, 2002, p. 19.

[23] P. Tallal, S. Miller, R.H. Fitch, Neurobiological basis of speech: a case for the preeminence of temporal

processing, Ann. N.Y. Acad. Sci. 682 (1993) 27–47.

[24] D.V.M. Bishop, R.P. Carlyon, J.M. Deeks, S.J. Bishop, Auditory temporal processing impairment: neither

necessary nor sufficient for causing language impairment in children, J. Speech Lang. Hear. Res. 42 (1999)

1295–1310.

[25] J.H. Beitchman, R. Nair, M. Clegg, B. Ferguson, P.G. Patel, Prevalence of psychiatric disorders in children

with speech and language disorders, J. Am. Acad. Child Adolesc. Psych. 25 (1986) 528–535.


	The auditory basis of language impairments: temporal processing versus processing efficiency hypotheses
	Introduction
	Language impairments and the auditory repetition task
	SLI and tone-in-noise masking
	Development of tone-in-noise masking
	Development of the auditory system
	A model of temporal resolution
	Analysis of psychophysical data in terms of the model
	A test of the competing hypotheses
	Conclusions
	Acknowledgements
	References


