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UNDERSTANDING how letter units represent particular
speech sounds is a crucial skill for developing competent
reading skills. However it is not known whether such
phonological ability is constrained by basic auditory
capacities such as those necessary for detecting the
frequency modulations characteristic of many pho-
nemes. Here we show that nearly 40% of the variability
in normal children's phonological and reading skills can
be predicted from their sensitivity to 2 Hz frequency
modulated (FM) tones. This relationship does not hold
for sensitivity to 240 Hz FM. Because lower but not
higher rates of FM provide information important for
speech comprehension, dynamic auditory sensitivity is
likely to play an important role in children's phonologi-
cal and reading skill development. NeuroReport 10:2045±
2050 # 1999 Lippincott Williams & Wilkins.
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Introduction

Phonological awareness refers to the knowledge
that words can be broken down into combinations
of letters that can be mapped to speci®c speech
sounds. Most children develop competent phono-
logical skills without instruction, and in pre-readers
this competency can predict their future reading
ability [1]. Hence poorer readers often have poorer
phonological skills, a ®nding that is exempli®ed by
the strong evidence for pervasive phonological
de®cits associated with developmental dyslexia [2].
Phonological ability has been shown to be geneti-
cally in¯uenced [3,4] and mediated by particular
neural circuits [5], but it is still not known to what
extent it is constrained by basic auditory mechan-
isms. The widely held view is that phonological
(dis)abilities are speci®c to the processing of lan-
guage stimuli and are unrelated to lower level
auditory processing [6].

Whereas several studies have demonstrated lower
level auditory de®cits, especially for rapid or chan-
ging acoustic stimuli, concomitant to phonological
de®cits in speci®c language-impaired [7] and dys-
lexic [8] populations, few studies have explicitly
examined the nature of the relationship between
phonological awareness and dynamic auditory sensi-

tivity. However, Witton et al. [9] demonstrated that
pseudoword reading skill, a sensitive measure of
phonological ability, of both dyslexic and control
adults could be predicted from their sensitivity to
2 Hz auditory FM, where detection is achieved by
tracking the actual frequency modulation (`wobble')
of the carrier. The same relationship did not hold
for a higher FM rate (240 Hz) where detection is
achieved by detecting a tone at the pitch of the
modulating frequency rather than tracking the mod-
ulation of the carrier with time. These two modula-
tion frequencies are probably processed by separate
auditory mechanisms: 2 Hz FM sensitivity is deter-
mined by cortical mechanisms but 240 Hz is ex-
tracted at a lower, peripheral level [10,11].

The important phonetic distinctions within con-
tinuous speech are mainly conveyed by temporal
changes in acoustic energy rather than by spectral
cues [12,13]. An inability to detect temporal audi-
tory changes is also associated with speech percep-
tion de®cits [14]. We therefore predicted that
normal children's sensitivity for 2 Hz FM, but not
for 240 Hz FM, would correlate strongly with their
phonological skills, and therefore also with their
reading and spelling ability. We also predicted a
weaker relationship between FM sensitivity and
exception word reading skill because irregular word
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naming is probably less reliant upon phonological
skills than upon orthographic abilities [15].

Materials and Methods

Subjects: This study was carried out in accordance
with the guidelines of the Declaration of Helsinki.
The subjects were 32 unselected children comprising
a single primary school class. Sixteen of the children
were females. The average age of the sample was
118.4 months (9.9 years) and all of the participants
were native English speakers (Table 1). All of the
children's cognitive and reading skills as ascertained
by standardised tests of achievement were within
2 s.d. of the population mean for their age group.

Auditory stimuli: Detection thresholds were meas-
ured for both 2 Hz and 240 Hz FM of a 1 kHz
carrier tone. The duration of each test tone was
1000 ms, with a 500 ms interstimulus interval be-
tween tones. Tones were gated on and off with
20 ms rise/fall times. All stimuli were generated by
Tucker Davis Technologies System II equipment,
and presented through headphones (Sennheiser HD
40) in a quiet room.

The psychophysical procedure was a standard
two-alternative forced choice paradigm. The order
in which the two modulation frequencies were
tested was randomized between subjects to control
for potential order effects. Prior to data collection,
subjects were given a short period of practice to
familiarise them with the stimuli. Each subject was
deemed able to perform our tasks based upon this
practice period. Pure tone detection thresholds were
also measured for all subjects to ensure that they

had no hearing loss at 1 kHz. Stimuli were then
presented at a comfortable 50±60 dB hearing level,
as determined by the child's pure tone audiogram.
In each trial, pairs of sounds were presented: one
was a pure tone, the other a sinusoidally frequency
modulated tone (the target tone). Subjects reported
verbally which tone (`®rst' or `second') was the
target. Ten trials were performed at each of six
depths of FM, chosen to span the threshold in equal
intervals. In each trial the modulation depth and
order of presentation of the tones was randomly
assigned by computer. The number of trials in
which the subject correctly identi®ed the target was
plotted as a function of the frequency modulation
depth, and ®tted with a Weibull function [16].
Detection threshold (Table 1) was de®ned as the
modulation index at which subjects reached a criter-
ion of 75% correct. Threshold modulation index
was obtained by dividing the subject's threshold in
Hz by the modulation rate of the carrier frequency.
FM thresholds were log10 transformed in order to
normalize the data prior to statistical analysis.

Psychometric measures: Cognitive, reading and
spelling ability were estimated using British Abilities
Scales (BAS) subtests [17]. Cognitive measures were
chosen to sample both verbal (Similarities: Bass) and
non-verbal performance (Matrices: Basm), as well as
short-term verbal memory (Digit Span: Basd). BAS
single word reading (Read) and spelling (Spell) were
also administered. Children's abilities were scored
and converted to age adjusted T-scores prior to
statistical analyses (Table 1). The sample distribu-
tions for reading and spelling were normally distrib-
uted as were the distributions for each of the BAS
cognitive measures and our other language measures
(described below) as ascertained by Kolmogorov±
Smirnov Z tests. Individual differences in perform-
ance on Bass, Basm and Basd were accounted for by
removing variance attributable to these factors by
hierarchical multiple regression analysis.

We also measured the children's phonological and
orthographic word decoding skills. The phonologi-
cal measures included a test of non-word naming,
which taps children's ability to use the rules that
specify the relationship between letter units and
speech sounds to decode and pronounce a pseudo-
word string (e.g. `torlep') [18] and a test of spooner-
isms [19]. This measures children's ability to
manipulate phonemes in words presented to them
orally. It has three sections with increasing task
dif®culty: simple phoneme deletion and substitution
(`dog' `/l/' � `log'), complex phoneme deletion and
substitution (`dog' `lick' � `log') and spoonerisms
(`lazy dog' � `daisy log'). Total number of items

Table 1. Group means and standard deviations for the psycho-
metric and linguistic measures in 32 subjects

Measured variable (units) Mean (s.d.)

Age (months) 118.4 (4.6)
Bass (T-score) 55.4 (7.9)
Basm (T-score) 55.5 (8.5)
Basd (T-score) 44.7 (7.4)
Read (T-score) 55.8 (10.7)
Spell (T-score) 52.5 (7.4)
Non (% correct) 73.6 (20.4)
Irr (% correct) 65.0 (15.8)
Spoon (% correct) 62.3 (22.6)
FM 2 Hz (mod. index) 4.4 (2.8)
FM 240 Hz (mod. index) 4.1 (2.8)

BAS similarities T-score (Bass), BAS matrices T-score (Basm),
BAS digit span T-score (Basd), BAS reading T-score (Read),
BAS spelling T-score (Spell), Castles and Coltheart non-word
naming accuracy (Non), Castles and Coltheart irregular word
naming accuracy (Irr) and proportion correct on the Spooner-
isms section of the Phonological assessment battery (Spoon).
Thresholds for 2 and 240 Hz FM are reported in modulation
index (mod. index) units, de®ned as the detection threshold in
Hz divided by the modulation rate.
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correct out of a maximum of 40 was recorded and
converted to percentage correct.

An irregular word (e.g., `yacht') naming test from
the same test battery as the non-words [18] was used
as a measure of orthographic reading skill. This test
measures orthographic more than phonological
word identi®cation processes because the correct
words need to be decoded and identi®ed by a direct
lexical procedure based upon retrieving graphemic
information visually from memory, hence the words
cannot be read simply by sounding words out by
applying phonological knowledge [15,18]. For the
irregular word (IRR) and non-word (NON) naming
tests, the children were instructed to name each
item, which was presented to them visually in a list,
while proceeding as quickly as possible without
making errors. The number correct was recorded for
each 30 item list. The total number of items correct
was then converted to percentage correct.

Results

Pearson product moment correlations between our
tests are shown in Table 2. The BAS tests of
cognitive ability accounted for up to 20% of the
intersubject variability in our auditory measures.
These cognitive scores were similarly correlated
with the children's performance on the reading and
language tasks, so the impact of these factors was
controlled by removing the variance attributable to
these cognitive abilities as the ®rst step in a hier-
archical regression analysis. This enabled more
direct comparison between our sensory and linguis-
tic variables in subsequent correlation analyses.

Our most important ®nding was that phonologi-
cal skill, as assessed by non-word naming (Fig. 1b)
and spoonerisms decoding, strongly covaried with
sensitivity to 2 Hz FM. Forty percent of the variance
in non-word naming performance and nearly 29%
of the variance in individuals' ability to decode
spoonerisms could be accounted for by 2 Hz FM

thresholds, whereas thresholds for 240 Hz FM were
not signi®cantly correlated with either variable. This
suggests an important in¯uence of low frequency
FM detection on the development of the phonologi-
cal skills necessary for reading.

Children's reading skills were also strongly pre-
dicted from their sensitivity to 2 Hz modulation of a
1 kHz tone, but not from sensitivity to 240 Hz
modulation of the same carrier frequency. As shown
in Fig. 1a, 34% of the variance in BAS reading
ability could be predicted from sensitivity to FM at
2 Hz. 240 Hz FM could account for another 10%
but this was not statistically signi®cant. A similar,
but less strong effect was found between FM
sensitivity and spelling ability. Twenty-eight percent
of the variance in individuals' spelling scores could
be predicted from 2 Hz FM thresholds, whereas a
non-signi®cant proportion (7%) was accounted for
by sensitivity to 240 Hz FM. 2 Hz FM sensitivity
was less predictive of orthographic coding skill as
assessed by irregular word naming than it was for
non-word naming (Fig. 1c) although the administra-
tion and scoring of these measures were identical.
This suggests that low modulation rates of FM
mediate the individual variations in phonological
ability rather than affecting other aspects of word
recognition such as orthographic analysis.

Discussion

Our results show that normal children's phonologi-
cal and reading skills, but to a lesser extent their
orthographic abilities, covary with their basic sensi-
tivity for the temporal (or `dynamic') properties of
FM in sound. Such a ®nding suggests that basic
auditory skills can constrain phonological develop-
ment and therefore also reading ability. It also
implies that the phonological problems of language
impaired populations may also result from impaired
acoustic perception rather than de®cits speci®c to
linguistic processing.

Table 2. Correlations between test battery items

FM2 FM240 Read Spell Non Irr Spoon Bass Basd

FM2
FM240 0.34
Read ÿ0.70� ÿ0.44
Spell ÿ0.67� ÿ0.43 0.79�
Non ÿ0.74� ÿ0.42 0.82� 0.79�
Irr ÿ0.59� ÿ0.48 0.83� 0.67� 0.71�
Spoon ÿ0.68� ÿ0.40 0.69� 0.71� 0.83� 0.63�
Bass ÿ0.48 ÿ0.28 0.44 0.39 0.37 0.38 0.38
Basd ÿ0.36 ÿ0.41 0.25 0.35 0.45 0.34 0.44 0.24
Basm ÿ0.45 ÿ0.33 0.43 0.41 0.48 0.32 0.48 0.54 0.23

Asterisks depict signi®cant Pearson product moment correlations ( p , 0.05) after Bonferroni
correction for multiple comparisons. Legend is the same as for Table 1 except for the FM
thresholds which have been log10 transformed for statistical analysis.
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Subjects' thresholds for 2 Hz and 240 Hz FM
detection, although obtained using the same psycho-
physical method, were poorly correlated with each
other (Table 2). This result re¯ects the likelihood
that different mechanisms mediate their detection
[10,11]. Successively higher levels in the auditory
pathway respond most effectively to progressively
lower modulation rates [20]. Thus, higher rates are
analysed preferentially by brainstem mechanisms
whereas lower rates are analysed more by central
structures. Whit®eld and Evans [21] have shown
that units in the auditory cortex respond to sinusoi-
dal FM tones at rates up to 15 Hz.

The different relationships between the two FM
rates and the phonological tasks also suggest that
slow frequency modulations are important for co-
ding information required for comprehending
speech. The strong correlations that we found be-
tween basic linguistic abilities and FM sensitivity at
2 Hz imply that accurate detection of slower fre-
quency changes is needed for discriminating speech
sounds in order to develop precise phonological
representations, and that this is an important pre-
requisite for successful reading. Our observation
that sensitivity to 2 Hz rather than 240 Hz FM
predicts normal children's reading and phonological
ability shows that tracking frequency changes, rather
than spectral cues, is likely to be the crucial proces-
sing skill. The modulation rate we used (2 Hz) more
directly signals syllabic identity than phonemic
identity, as the latter is more likely to be conveyed
by frequency modulations in the 30±40 Hz range.
However, such values are measures of instantaneous
frequency change; and in continuous speech these
rapid changes are frequently separated by steady
state vowels where the frequency is relatively con-
stant. It is possible therefore that the effective rates
of modulation in speech are lower than those
estimated from consonants in isolation. Our data
suggest that accurate encoding of rate of change of
frequency may be important for phoneme identi®ca-
tion in all readers. Although it is unlikely that FM
sensitivity is directly responsible for reading and
spelling ability, the effects of FM could mediate
individual differences in speech perception. This
could determine phonological ability, which in turn
impacts upon reading skill.

It has been argued that poor phonological skills
may result from a basic inability to segment acoustic
stimuli that rapidly follow one another or those that

have very brief stimulus durations [22]. Our study
differs substantially from recent reports that demon-
strated such acoustic de®cits in special populations
[13,23,24], however, because we assessed subjects
who spanned the normal range of reading abilities
rather than classifying subjects into dichotomous
groups. We then related these lower level sensory
skills directly to our subjects' literacy skills by
correlation analyses. Our FM stimuli also measured
auditory temporal processing more directly than
most previous studies because we measured subjects'
ability to detect stimuli that were de®ned by their
changes in time. Previous studies have primarily
used stimuli that were temporal only in the sense
that subjects' processing time was restricted by short
stimulus durations or short interstimulus intervals.

Conclusion

We have shown that both phonological and reading
ability covary strongly with a child's sensitivity to
slow modulations in auditory frequency. Although
we have not proven that this relationship is causal,
the sensitivity of the auditory system for FM [25],
but not for modulations in amplitude (AM) [26],
shows marked improvement from infancy to at least
10 years of age at the same time when phonological
and reading skills are also developing. Thus, our FM
measures might be used to identify children at risk
of both dyslexia and other receptive language pro-
blems at early ages prior to any reading experience.
Moreover, these FM measures, which exploit the
apparent plasticity of FM detection mechanisms at
young ages, could also be included in educational
programmes designed to improve the phonological
skills of all children.
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