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Another Temporal Processing Deficit
in Individuals With Developmental

Dyslexia: The Case of Normalization
for Speaking Rate
Yafit Gabay,a,b Inaas-Jana Najjar,a,b and Eva Reinischc
Purpose: Developmental dyslexia (DD) has mostly been
attributed to arise from phonological impairments; however,
several theories indicate a temporal processing deficit as
the underlying cause of DD. So far, research examined the
influence of temporal cues on concurrent speech sound
categorization in DD, but effects of temporal information
from a context (e.g., speaking rate) on the perception of
subsequent sounds (i.e., “rate normalization”) have not been
considered. This study examined whether individuals with DD
are capable of implicitly extracting temporal information
embedded in context and use it for phoneme categorization
to the same extent as healthy readers.
Method: Fifteen individuals diagnosed with DD and 16 healthy
readers, all native speakers of Hebrew, listened to context
sentences followed by target words. They had to indicate
whether the target word sounded more like taam (“taste”; a
of Special Education, University of Haifa, Israel
afra Brain Research Center for the Study of Learning
niversity of Haifa, Israel
honetics and Speech Processing, Ludwig Maximilian
unich, Germany

ce to Yafit Gabay: ygabay@edu.haifa.ac.il

ef: Julie Liss
t Yaruss

28, 2018
ived November 27, 2018
ruary 23, 2019
/10.1044/2019_JSLHR-S-18-0264

ch, Language, and Hearing Research • Vol. 62 • 2171–2184 • July 2019

loaded from: https://pubs.asha.org University Haifa on 05/09/2020,
long-vowel response) or tam (“naïve”; a short-vowel response).
Temporal information of the context was manipulated
(slow vs. fast speaking rate sentences) as well as the vowel
duration of the target in a 5-step continuum.
Results: Listeners with DD did use the rate context to inform
their decisions but to a significantly lesser extent than healthy
listeners. In addition, their categorization of the vowel
duration continuum was somewhat less distinct than that
of the control group.
Conclusions: Individuals with DD are impaired not only in
tasks involving direct temporal processing, as shown in
previous studies but also in the use of temporal information
of a context that impacts the perception of subsequent
target words. This inability to fully utilize rate normalization
processes may influence the formation of abstract
phonological representations in individuals with DD.
Developmental dyslexia (DD) is a specific and sig-
nificant deficiency in the development of reading
skills that is not solely accounted for by mental

age, visual acuity problems, or inadequate schooling (World
Health Organization, 2001). DD is one of the most fre-
quent neurodevelopmental disorders and has been identi-
fied to affect roughly 7% of the population (Peterson &
Pennington, 2015). DD has mostly been attributed to arise
from a deficit in direct access to and manipulation of pho-
nemic language units (sounds that differentiate between the
meanings of words) retrieved from long-term declarative
memory (the phonological deficit hypothesis; Ramus &
Szenkovits, 2008; Snowling, 2001). Accordingly, phonolog-
ical impairments are among the central symptoms associ-
ated with DD. Phonological awareness (sensitivity to the
sound structure in a word), phonological short-term mem-
ory, and lexical retrieval are impaired in DD (Melby-Lervåg,
Lyster, & Hulme, 2012).

Deficits that characterize individuals with DD extend
far beyond the phonological domain (Démonet, Taylor, &
Chaix, 2004). Problems also occur, for instance, in temporal
processing (Protopapas, 2014). In particular, individuals with
DD have trouble with perceiving temporal order (Ben-Artzi,
Fostick, & Babkoff, 2005; Reed, 1989; Rey, De Martino,
Espesser, & Habib, 2002; Tallal, 1980) and exhibit impair-
ments in time estimation tasks, that is, in judging whether
a stimulus is longer or shorter compared with a standard
stimulus (Khan, Abdal-hay, Qazi, Calle, & Castillo, 2014;
Nicolson, Fawcett, & Dean, 1995). They are also impaired
in implicitly learning temporal information (Gabay, Schiff,
Disclosure: The authors have declared that no competing interests existed at the time
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& Vakil, 2012; Gabay, Thiessen, & Holt, 2015; Howard,
Howard, Japikse, & Eden, 2006; Lum, Ullman, & Conti-
Ramsden, 2013; Singh, Walk, & Conway, 2018) and in
adapting to time-compressed speech (Gabay, Karni, &
Banai, 2018). Furthermore, more and more literature in-
dicates problems with categorizing speech and nonspeech
sounds based on their temporal cues in individuals with
DD. In particular, individuals with DD have problems cat-
egorizing continua between spoken syllables that differ in
rapid spectral changes over a very brief temporal time
window (Vandermosten et al., 2010, 2011). These findings
have led some researchers to hypothesize that a temporal
processing deficit leads to speech perception deficiencies,
resulting in impoverished phonological representations and
subsequent reading difficulties in those with DD (Goswami,
2011; Tallal, 1980).

Notably, studies in support of temporal processing
deficits in DD mostly examined the influence of temporal
information on concurrent speech perception. That is, they
considered temporal aspects of the segments that listeners
should identify or discriminate (Vandermosten et al., 2011).
Yet in real-world listening environments, the perception of
speech sounds rarely occurs in isolation. Importantly, acous-
tic information in the context in which a sound occurs
(i.e., word or sentence) can influence the perception of this
sound. Healthy listeners are capable of implicitly extract-
ing spectral and temporal information embedded in a
context and use this information for the identification of
subsequent speech sounds (i.e., concerning temporal con-
text, this effect is termed rate context effect or normaliza-
tion for speaking rate). However, given that, for individuals
with DD, temporal processing is a major source of diffi-
culty, the question arises whether and to what extent they
can use temporal context information in speech perception.
This question is the main topic of the current investigation.
Before turning our attention to describing the rate context
effect in more detail, temporal processing theories of DD
will be briefly introduced.

Temporal Processing Accounts of DD
Several theoretical accounts have been proposed to

specifically account for the temporal processing deficits
observed in DD, most prominently the rapid temporal pro-
cessing deficit theory (Tallal, 1980) and the temporal sam-
pling framework (Goswami, 2011). The rapid temporal
processing deficit theory suggests that DD arises from prob-
lems in the ability to process rapidly presented sounds in
the order of tens of milliseconds. This deficit is presumed
to interfere with the fine-grained analysis that is required
to process acoustic differences at the level of the phoneme,
resulting in the poor phonemic segmentation and decoding
skills typical of DD. This account is based on a seminal
study by Tallal (1980), who showed that children who failed
to develop language properly were also impaired in se-
quencing and discriminating brief nonspeech sounds when
the stimuli were closely spaced in time. Further studies
revealed auditory temporal processing problems in both
2172 Journal of Speech, Language, and Hearing Research • Vol. 62 •
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adults and children with DD while using either speech or
nonspeech stimuli (Cohen-Mimran & Sapir, 2007; Farmer
& Klein, 1995; Reed, 1989; Rey et al., 2002; Van Ingelghem
et al., 2001) and found a predictive relationship between
auditory processing and reading-level attainment (Boets
et al., 2011).

The studies of Vandermosten et al. (2010, 2011), in
particular, assessed auditory temporal processing in DD by
asking adults and children with DD to categorize speech
and nonspeech sounds from different types of sound con-
tinua. Results showed that individuals with DD were im-
paired in categorizing a continuum with rapidly changing
spectral cues, as in /ba/–/da/ (and the respective nonspeech
analogue), but not the long, stable cues in /u/–/y/ (or the
respective nonspeech analogues) relative to control par-
ticipants. These and similar previous findings led to the
conclusion that the processing of rapid temporal informa-
tion is impaired in individuals with DD. Notably, the stud-
ies by Vandermosten et al. and others tested the use of
short and rapidly changing versus long and stable spectral
cues. However, sounds in many languages may be differen-
tiated mainly by their temporal information. For instance,
the English words say and stay are differentiated by the
duration of the gap between the /s/ and the vowel. Interest-
ingly, Nittrouer (1999) did not find any difference in the
categorization of duration continua of the type say–stay in
children with DD compared to a control group of healthy
readers. However, other studies reported impaired ability
of individuals with DD to use durational cues for speech
categorization of vowels (Groth, Lachmann, Riecker,
Muthmann, & Steinbrink, 2011; Steinbrink, Klatte, &
Lachmann, 2014). Therefore, the results are mixed with
regard to how temporal information in the form of sound
duration influences speech categorization in DD.

In contrast to the rapid temporal processing deficit
theory, the temporal sampling framework suggests that
DD arises from deficits in processing sensory temporal in-
formation of speech in the range of seconds (Goswami,
2011). It rests on the assumption that temporal coding in
the brain involves the sampling of the incoming auditory
signal at different rates through neural oscillations at dif-
ferent frequencies (Giraud & Poeppel, 2012). Specifically,
these frequency bands appear to correspond to different
linguistic units in the speech signal such that phonemes,
syllables, and linguistic phrases roughly correspond to the
periods of gamma, theta, and delta oscillations in the brain
(Ghitza, 2011; Poeppel, 2003). The temporal processing
deficit in individuals with DD is then assumed to arise from
problems in time sampling and/or phase locking of phono-
logical processing to one or more of these frequency bands
(Goswami, 2011), with specific impact on the perception of
syllable rate amplitude modulations (Goswami et al., 2002).
Research in favor of the temporal sampling hypothesis has
shown problems in discriminating and categorizing amplitude-
modulated sounds that differ in the abruptness of the am-
plitude increase, termed rise time among DD readers
(Goswami et al., 2002; Muneaux, Ziegler, Truc, Thomson, &
Goswami, 2004; Richardson, Thomson, Scott, & Goswami,
2171–2184 • July 2019
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2004). In addition, in a study carried out by Corriveau,
Goswami, and Thomson (2010), preschoolers’ sensitivity
to amplitude rise time was significantly correlated with
their emerging phonological and reading skills.

The rapid temporal processing deficit theory (Tallal,
1980) and the temporal sampling framework (Goswami, 2011)
share the notion that DD can be attributed to difficulties in
auditory processing, which leads, through impaired speech
perception, to phonological deficits that are then linked to
reading impairments. The theories differ, however, in terms
of what sorts of auditory processing deficits are attributed
to DD and specifically what temporal parameters are im-
paired in DD (i.e., stimulus duration and rapidity of
stimulus change according to the rapid temporal processing
deficit theory vs. dynamic changes within longer stimuli
according to the temporal sampling framework). Although
there is evidence in support of each of these two accounts,
there are several questions that remain unclear with regard
to what type of auditory processes are affected, their causal
link to reading, and whether auditory processing is a con-
sequence of DD rather than the cause of it (Halliday,
Tuomainen, & Rosen, 2017; Protopapas, 2014). Impor-
tantly, most studies in support of one or the other theory
have addressed the use of acoustic information on concurrent
speech perception. As mentioned above, this study’s goal is
to extend the question about temporal processing deficits
in those with DD to the domain of subsequent speech
perception.

Temporal Information Influences Subsequent
Speech Categorization

Speech perception in real-world listening environments
does not occur in isolation but with strong contextual sup-
port. That is, the acoustic characteristics of a preceding
sentence or word are used to interpret subsequent sounds.
For example, listeners interpret speech sounds relative to
the phonetic context in which they appear (i.e., adjacent
segments; e.g., Liberman, Cooper, Shankweiler, & Studdert-
Kennedy, 1967) and the talker who is perceived to have
produced it (e.g., Ladefoged & Broadbent, 1957). Such
context-dependent speech perception processes have been
termed perceptual normalization according to the nature
of the contextual information that is being used (Francis,
Ciocca, Wong, Leung, & Chu, 2006). The process of using
context that is related to temporal information is termed
normalization for speaking rate or rate context effect. That
is, sounds that are cued by duration (e.g., in a vowel dura-
tion contrast such as /a/ vs. /a:/ in German words such as
bahnen vs. bannen “to channel”–“to ban”; Reinisch, 2016a)
are interpreted relative to the speaking rate of the preced-
ing context (for recent studies including summaries of past
research, see Heffner, Newman, & Idsardi, 2017; Reinisch,
2016b; Reinisch, Jesse, & McQueen, 2011; Reinisch &
Sjerps, 2013; Toscano & McMurray, 2015). The direction
of the effect is contrastive, that is, following a fast (i.e.,
short/compressed) context sentence, a target sound tends
to be perceived as relatively longer than following a slow
G
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context sentence. In this way, the sentence context can
shift the perception of a target sound and hence word mean-
ing if duration is used in a linguistically contrastive fash-
ion. Therefore, the rate context effect is an example of how
temporal information of a context influences subsequent
speech categorization.

The information in the context is perceptually weighted
such that speaking rate information closer to a given target
sound is more important than a more distal context (e.g.,
Reinisch et al., 2011; Summerfield, 1981). Normalization
for speaking rate has been argued to involve general audi-
tory processes related to auditory contrast effects (Diehl &
Walsh, 1989), as it occurs with nonspeech context (Bosker,
2017; Wade & Holt, 2005), and arises very early during
processing (Reinisch & Sjerps, 2013; Toscano & McMurray,
2015) prior to other perceptual processes such as perceptual
learning from lexical context (Sjerps & Reinisch, 2015)
or talker-selective processing (Bosker, 2017; Newman &
Sawusch, 2009). Using the speaking rate of the context to
interpret a durationally cued sound contrast is an implicit
automatic process that does not require attention (Bosker,
Reinisch, & Sjerps, 2017; Kösem et al., 2018). Neurobiolo-
gically, rate normalization has been hypothesized to arise
from neural entrainment at the syllable level (i.e., theta oscil-
lation; Bosker, 2017; Bosker & Ghitza, 2018).

In typical development, perceptual normalization
processes can help listeners maintain phoneme constancy
is spite of different acoustic realizations of the same pho-
neme (Heald & Nusbaum, 2014). The inability to fully
utilize normalization processes may hence impair the for-
mation of the abstract representations of speech sounds
necessary for robust phoneme–grapheme mapping during
reading development (Perrachione et al., 2011). Surpris-
ingly, perceptual normalization processes in the form of
context effects have rarely been examined in DD, and the
few studies that have been conducted reported intact abil-
ity to use a preceding context as support of phonological
categorization (Blomert, Mitterer, & Paffen, 2004; Gabay
& Holt, 2018). However, these studies focused on the use
of spectral rather than temporal contexts and did not ob-
serve any differences in the use of context in DD individuals
compared with healthy listeners. Based on temporal pro-
cessing deficits found in those with DD, we hypothesized
that, for individuals with DD, the ability to use speaking
rate context in categorizing speech sounds may be compro-
mised relative to healthy readers.
The Present Study
In this study, we examined the extent to which people

with DD are able to use temporal information of a context
(fast vs. slow speaking rate of a context sentence) to cate-
gorize a phonological speech sound contrast that is mainly
distinguished by a difference in duration. In this way, two
types of temporal processing demands were tested: (a) the
use of the slow versus fast rate of the context sentences and
(b) the use of durational cues in the vowel when categorizing
abay et al.: Perceptual Normalization Processes in Dyslexia 2173
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a vowel duration continuum. In the current study, we asked
the following questions:

1. To what extent are individuals with DD capable of
implicitly extracting temporal information from a con-
text (fast vs. slow speaking rate of a context sentence)
and use it in subsequent phoneme categorization?

2. To what extent are individuals with DD capable of
using concurrent temporal information (durational
cues) for vowel categorization?

If people with DD are less capable of using temporal
information embedded in a context than healthy readers,
their phonological categorization of the vowel contrast is
expected to be less affected by the rate of the context than
is typically seen in rate normalization tasks (i.e., more long-
vowel responses following a fast than a slow context). In
addition, if people with DD were less capable of using tem-
poral cues for vowel categorization in general, they are
expected to exhibit a flatter identification curve of vowel
categorization compared with healthy readers.

The answers to these questions can inform theories
of temporal processing in DD, as different predictions can
be made as for whether those with DD would show deficits
in the use of temporal context information on subsequent
phonetic categorization. Since the rapid temporal processing
deficit theory (Tallal, 1980) focuses on deficits in the pro-
cessing of rapid temporal information in the range of
milliseconds (i.e., in the domain of sounds), deficits in nor-
malization for speaking rate are likely not predicted. This
is because the domain of rate normalization is typically seen
at the syllable level, hence at longer temporal modulations.
Critically, the neurobiological mechanism underlying rate
normalization is assumed to relate to entrainment to syllable-
level theta oscillations (Bosker & Ghitza, 2018). Therefore,
given that the temporal sampling framework (Goswami,
2011) assumes the deficit underlying impaired phono-
logical processing in DD is the ability to entrain to brain
oscillations at the syllable level, this account straightfor-
wardly predicts an atypical use of rate context in those
with DD.
Method
Participants

The study consisted of 31 university students, 15 indi-
viduals with DD and 16 healthy readers. All were native
speakers of Hebrew with no history of neurological disor-
ders, psychiatric disorders, or attention deficits (according
to the criteria of the American Psychiatric Association, 2013).
In addition, all participants had normal or corrected-to-
normal vision and had normal hearing. The DD group
was recruited from the Yael Learning Disabilities Center
at the University of Haifa, Israel. A documented diagnosis
of a comorbid learning disability, such as attention-deficit/
hyperactivity disorder or specific language impairment, or
any sensory or neurological impairment was an exclusion
criterion. The inclusion criteria for the dyslexia group were
2174 Journal of Speech, Language, and Hearing Research • Vol. 62 •
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(a) a formal diagnosis of dyslexia by a qualified psychologist,
as indicated by previous test records of the participant, and
(b) a score of at least 1 SD below the average of the local
norms in a test of phonological decoding (nonword reading).
This test was part of the psychometric test battery that was
administered to participants in this study. Since there are no
standardized reading tests for adults in Hebrew, the selection
was based on local norms, using similar criteria to other
studies conducted on Hebrew readers with DD (Weiss,
Katzir, & Bitan, 2016; Yael, Tami, & Tali, 2015). Scores
of 1 SD below the mean of the local norms were chosen
following the standard practice in the Hebrew literature
(Breznitz & Misra, 2003; Shany & Breznitz, 2011). The
control group consisted of individuals with no reading
problems (i.e., above the inclusion criteria of the DD group
on the nonword reading test) and the same level of cognitive
ability (i.e., reaching a scaled score of 7 or above in Simi-
larities and Block Design subtests from the Wechsler
Adult Intelligence Scale; Wechsler, 1997). Based on these
criteria, one participant with DD and five control partici-
pants were replaced to yield the sample of 31 participants
listed above. In particular, the reading scores of the replaced
controls were below the inclusion criteria for the DD group.
Reading scores of the replaced participant with DD were
above the exclusion criteria for the dyslexia group. All par-
ticipants completed a battery of tests to assess multiple
indicators of language skills and general cognitive ability
(see below). Participants were compensated for their par-
ticipation in the study (120 New Israeli Shekel, approxi-
mately 30 USD). Written informed consent was obtained
from all participants. The study was approved by the faculty
ethics committee at the University of Haifa and conducted
in accordance with the Declaration of Helsinki.

Cognitive and Literacy Measures
Intellectual ability was assessed by means of two sub-

tests from the Wechsler Adult Intelligence Scale (Wechsler,
1997). Verbal intelligence was assessed by the Similarities
subtest. This test requires participants to indicate how alike
various pairs of words (e.g., dog/cat) are. This test consists
of 19 pairs. Task administration is discontinued when a par-
ticipant fails to provide the correct answer on four consec-
utive pairs. Nonverbal intelligence was measured by the
Block Design subtest. In this test, participants are required
to rearrange blocks with different color patterns according
to a stimulus presented to them on a card.

Verbal working memory was assessed by the Digit
Span subtest from the Wechsler Adult Intelligence Scale
(Wechsler, 1997). In this task, participants are required to
recall the names of digits presented auditorily in the order
they appeared, with a total raw score of 28. Task adminis-
tration is discontinued after a failure to recall two trials
with a similar length of digits.

Word reading and decoding skills were examined by
the One-Minute Test of Words (Shatil, unpublished test
for Hebrew) and the One-Minute Test of Nonwords (Shatil,
unpublished test for Hebrew), which assess the number of
2171–2184 • July 2019
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words and nonwords accurately read aloud within 1 min.
The One-Minute Test of Words contains 168 nonvowelized
Hebrew words of an equivalent level of difficulty, listed in
columns, ranging from high to low lexical frequency. The
One-Minute Test of Nonwords contains 86 successively
difficult vowelized Hebrew nonwords listed in seven columns.
It assesses participants’ ability to read nonwords varying
in complexity with a maximum total raw score of 45. Both
accuracy (number of correct words read per minute) and
speed (number of items read per minute) were measured.

Phonological awareness was assessed by the Phoneme
Deletion Test (Breznitz & Misra, 2003). This test consists
of 25 words. The experimenter reads a word and a pho-
neme aloud, and the participant is required to indicate
how the word sounds after deletion of this phoneme as fast
and as accurately as possible. Due to experimenter error,
only accuracy scores, but not response speed, was obtained
for this measure.

Naming skills were assessed through the Rapid Nam-
ing Test (RAN; Breznitz, 2003) using letters and objects.
Five (nonfinal) Hebrew letters— —in the Letter-
Naming Test (RAN letters) and five objects—flower, cat,
book, watch, and flag—in the Object-Naming Test (RAN
object) were presented 10 times in random order. Partici-
pants were asked to read the 50 letters and name the
50 objects aloud as quickly and accurately as they could.
The accuracy rates and the time for naming the entire
list were measured.

Groups did not differ according to age or intelligence
according to t tests for independent samples. However,
compared with the group of healthy readers, the DD group
showed a clear profile of reading disability, conforming to
the symptomatology of DD. They differed significantly
from the control group on word reading and decoding skills.
Results are reported in Table 1.

Rate Normalization Task
Since rate normalization has never been investigated

in Hebrew, a first step was to examine whether and to
what extent the effect is observed in healthy Hebrew native
listeners (i.e., to norm our material) before comparing it
to people with DD. For this purpose, in this study, par-
ticipants performed a phonetic categorization task in which
they were asked to decide whether they hear the Hebrew
word tam (“naive”) or taam (“taste”; where the /a/ in taam
is relatively longer) preceded by 30 different sentences be-
tween five and 19 syllables in length at a slow or fast speak-
ing rate (approximately five vs. eight syllables per second
as implemented by linear compression of the original
speech signal). If rate context influences phoneme categori-
zation in Hebrew, we expect that participants’ perception
will shift toward more long-vowel (i.e., taam) responses if
the word is preceded by sentences spoken at a fast speak-
ing rate and toward more short-vowel (tam) responses if
the word is preceded by sentences at a slow speaking rate.

The Hebrew minimal word pair “tam”–“taam”

(English “naïve”–“taste,” respectively) was selected for
G
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target categorization since duration is the main acoustic
cue for distinguishing between these words. This was
confirmed by acoustic measures on 30 recordings of the
minimal word pair tam–taam and another minimal word
pair that differed in the same phoneme contrast (e.g.,
ram–raam, “tall” vs. “thunder,” respectively; note that
for the main experiment only tam–taam was used). Word
pairs were recorded by a male native speaker of Hebrew
at the end of the context sentences that were later used
for the speaking rate experiment. The vowel in taam
and raam was consistently produced as longer than in
tam and ram (mean duration of long vowels = 193 ms,
SD = 22; mean duration of short vowels = 115 ms,
SD = 14).

A pilot experiment demonstrated that Hebrew lis-
teners rely on duration to distinguish between these words
when categorizing a vowel duration continuum in the word
pair tam–taam. For this pilot, a 15-step duration contin-
uum was created from one recorded token of taam (i.e., the
word containing the long vowel). The consonants were set to
fixed durations of 41 ms for /t/ and 130 ms for /m/. These
durations were based on the average duration of these
sounds across all recordings of tam and taam and judged
as appropriate for both words so that the vowel informa-
tion was the only cue to differentiate between the words
(in natural recordings, the durations of the other sounds in
the words, specifically the /m/, may covary with vowel
duration). A native speaker of Hebrew confirmed through
informal listening that the chosen consonant durations
sounded natural for both tam and taam. The vowel dura-
tion continuum was created to range from 47 to 206 ms,
hence enhancing the natural durations on both sides of the
continuum.

Based on this pretest, for the main speaking rate ex-
periment, another vowel duration continuum was created.
It spanned a shorter range of durations from 145 to 206 ms.
These new end points were selected since the pretest showed
that any durations shorter than 145 ms were perceived as
short vowel (tam). A vowel duration of 206 ms consistently
led listeners to perceive the long vowel (taam). In this way,
the continuum used in the main experiment ranged from
a clearly short to a clearly long vowel, with the most ambig-
uous durations approximately centered on the continuum.
This perceptual scaling and centering is useful since context
effects can typically be expected to be largest in the ambigu-
ous region of the continuum. For the final version of the
experiment, five continuum steps were selected, with dura-
tions of 145, 167, 176, 185, and 207 ms. That is, we reduced
the number of continuum steps to shorten the whole experi-
ment, and we used a denser sampling of steps in the am-
biguous region, again, because ambiguous durations can
be expected to be most strongly influenced by the speaking
rate of a preceding context sentence.

Thirty semantically neutral Hebrew sentences were
created of the type “The third term in the dictionary is
called…” (i.e., the target could not be predicted from the
content of the sentences; see Appendix). The sentences
were based on a list of sentences that had previously been
abay et al.: Perceptual Normalization Processes in Dyslexia 2175
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Table 1. Performance of the developmental dyslexia (DD) and control groups on psychometric measures.

Measurement Controls DD t p

Age 26.87 30.2 −1.58 ns
Oral word letter decoding
Oral words recognition speed 111.06 67 5.99 < .001
Oral words recognition accuracy 102 63.86 3.73 < .001
Oral nonwords recognition speed 71.87 43.66 5.89 < .001
Oral nonwords recognition accuracy 66.18 25.46 11.3 < .001

Rapid naming measures
Naming letters 23 25.73 −1.45 ns
Naming objects 33.75 41.6 −3.56 < .01

Phonological processing
Phoneme deletion (accuracy) 21.5 18.4 1.78 .07

Short verbal working memory
Digit span 11.31 9.4 1.91 .06

Intellectual ability
Similarities (verbal intelligence) 10.8 12.4 −1.63 ns
Block design (nonverbal intelligence) 10.37 11.33 −1.48 ns

Note. ns indicates nonsignificant.
used for speaking rate experiments in Dutch (Bosker et al.,
2017) and German (Bosker & Reinisch, 2017). Multiple sen-
tences were preferred over single-context sentences (as
in Reinisch & Sjerps, 2013) to make the experiment more
engaging for participants and—importantly—to increase
ecological validity as any effects found for multiple items are
less likely to be item specific. The sentences recorded in-
cluded one of the target words, of which one was selected
to create the continuum as described above. To create the
rate-manipulated context sentences, the target words were
cut out of the recordings. All sentences were then normalized
and matched for root-mean-square amplitude to the se-
lected targets of the tam–taam continuum. The rate manipu-
lation was implemented using the pitch synchronous overlap
and add (PSOLA) method as implemented in the phonet-
ics software PRAAT (Boersma & Weenink, 2017). This
method divides the speech waveform into small overlap-
ping segments of which parts are duplicated if the speech
signal is to be made longer/slower and of which parts are
deleted if the speech signal is to be shortened/compressed/
made faster. The duration or speaking rate is hence changed
linearly, that is, the same manipulation is applied to all
segments equally. Since the recorded sentences were spo-
ken rather slowly (i.e., at a rate of, on average, five sylla-
bles per second), the slow version of the sentences to be
used in the experiment was a simple PSOLA resynthesis
with a manipulation of 1% of the original duration. Apply-
ing the manipulation even without substantial changes
was to control for the presence of any artifacts that could
be introduced due to the manipulation for the fast sen-
tences. Fast sentences were created by PSOLA resynthe-
sis by compressing them to 60% of their original duration
(i.e., a rate of approximately eight syllables per second).
The fast and slow versions of each of the 30 sentences were
then combined with all five selected steps of the tam–taam
continuum. A silent gap of 250 ms was inserted between
the sentences and the target to prevent masking effects
2176 Journal of Speech, Language, and Hearing Research • Vol. 62 •
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without introducing the perception of a break before the
target.

Procedure
The procedure followed previous experiments on

speaking rate normalization in other languages (Bosker &
Reinisch, 2017; Bosker et al., 2017; Reinisch, 2016a, 2016b).
Listeners were tested individually in a sound-attenuated booth.
On each trial, two response alternatives (“tam”–“taam”)
were presented orthographically on a screen throughout the
trial, with tam always presented on the left side of the screen
and corresponding with the left button. After 200 ms, lis-
teners were presented the carrier sentence followed by the
target word. Stimuli were presented over headphones at a
comfortable listening level. The listeners’ task was to indi-
cate, by pressing a button, which of the two words they
heard. Listeners were not informed that the critical issue
was the perception of vowel length. The next trial started
4,000 ms after the participants’ response. No feedback
was given. All combinations of fast and slow carrier sen-
tences with the five steps of the continuum were presented
twice for a total of 600 trials (i.e., 30 sentences × 2 rates ×
5 continuum steps of the target × 2 repetitions). Trials were
presented with a different randomization for each participant
and the restriction that all stimuli were presented once be-
fore they were repeated. Given the large number of differ-
ent stimuli resulting from all combinations of sentences,
rates, and continuum steps, a randomized design was con-
sidered preferable over blocked designs because (a) the
choice of which factors to block would not have been obvi-
ous (e.g., by sentence, by rate, by step), (b) counterbalan-
cing all possible orders of blocks over participants would
not have been possible, and (c) experiments on speaking
rate normalization are prone to effects of blocking (e.g.,
see Baese-Berk et al., 2014; Maslowski, Meyer, & Bosker,
2019). After every 65 trials, participants were allowed to
take a short break. The experiment was controlled by
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E-Prime software (Schneider, Eschman, & Zuccolotto, 2002),
which allowed for automatically randomized stimulus
presentation and recording of answers. It took approxi-
mately 40 min to complete.

Analyses
Statistical analyses were conducted using linear

mixed-effects models as implemented in the lme4 package
(Bates, Mächler, Bolker, & Walker, 2015) in R (Version
3.4.3, R Core Team; Pinheiro, Bates, DebRoy, & Sarkar,
2017). Mixed-effects models were deemed appropriate as
our design includes repeated measures over 31 partici-
pants and 30 items (i.e., sentences). Mixed models allow
the raw input to be analyzed without prior aggregation
over repeated measures. They further allow to simultaneously
specifying participants and items as random factors, which
would amount to an F1 versus F2 analysis using traditional
analyses of variance (ANOVAs; i.e., once analyzing effects
by averaging over items and once over participants). Impor-
tantly, by simultaneously taking into account variation by
participants and items, mixed models have been shown to
be preferable over traditional ANOVAs, as they are less
susceptible to Type I errors in such cases (Quené & Van den
Bergh, 2008). The specification of random factors allows us
to take into account that participants and items may differ
idiosyncratically, and by estimating participant and item
idiosyncrasies, they also allow an estimate of how likely it
is that the same result would be replicated with different
participants and items.

Importantly, in mixed-effects models, the random ef-
fects structure includes the specification of random inter-
cepts and slopes. Random intercepts estimate participant
or item variation around the average. Random slopes cap-
ture differences in the sensitivity to the fixed effects (for
more detailed discussions of mixed-effects models, see
Baayen, Davidson, & Bates, 2008; Barr, Levy, Scheepers,
& Tily, 2013; Field, Miles, & Field, 2012).

For the present analyses, we fitted a linear mixed-
effects model with a logistic linking function (Jaeger, 2008)
to account for the binomial nature of our dependent variable
(i.e., long-vowel response taam coded as 1, short-vowel
response tam coded as 0). The random effects structure in-
cluded random intercepts for participants and items (i.e.,
sentences), each with random slopes for continuum step
and rate. The interaction between these two factors was
not included in the random effects structure as model com-
parisons using log likelihood ratio tests showed that the
more complex models did not fit the data better. Random
slopes for participant group were not included since it is a
between-participants factor (Barr et al., 2013) and over
items again did not improve the model fit.

Fixed effects were continuum step (centered on zero,
ranging from −2 to 2; the lower the number, the shorter the
vowel), rate (fast coded as 0.5, slow coded as −0.5), listener
group (individuals with DD coded as 0.5, controls coded
as −0.5), and all interactions. Note that with this coding
the grand mean is mapped onto the intercept, and effects
can be interpreted as main effects comparable to ANOVA
G
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with the magnitude of the regression weight indicating
the effect size and the direction of the regression weights
(i.e., positive vs. negative) indicating the direction of the
effect.

Results
Figure 1 illustrates the proportion of long vowel

(i.e., taam) responses averaged over participants and sen-
tences for the five continuum steps. Results for the control
group are plotted in the left panel, whereas results for the
DD group are plotted in the right panel. Responses follow-
ing a fast sentence are presented in dashed lines, following
a slow sentence in solid lines. Error bars indicate 1 SE. It
can be observed that, for both groups, the higher the con-
tinuum step (i.e., the longer the vowel), the more long-
vowel responses were given. That is, listeners used the
duration cue in the vowel to base their decision on (i.e.,
concurrent speech perception). Moreover, the dashed lines
are above the solid lines, suggesting a rate effect such that
more long-vowel responses were given following a fast than
a slow context. Dashed and solid lines appear to differ for
both groups, indicating an effect on context on subsequent
speech perception. However, the difference between the
solid and dashed lines appears somewhat smaller for the
DD group than the control group, suggesting a diminished
effect of context for the DD group.

Results of the statistical model confirm these obser-
vations from Figure 1. They show a main effect of con-
tinuum step (b(Step) = 0.41, SE = 0.05, z = 7.91, p < .001;
b(Intercept) = −0.15, SE = 0.11, z = −1.39, p = .166) with
more long-vowel responses the longer the duration of the
vowel and a main effect of rate (b(Rate) = 0.79, SE = 0.06,
z = 10.49, p < .001) with more long-vowel responses fol-
lowing a fast than a slow rate. These are the two main ef-
fects that indicate that, overall, our manipulation worked.
Listeners used the duration cue in the vowel (effect of step)
and the rate context as the basis for their decisions. The
main effect of group was not significant (b(Group) = −0.23,
SE = 0.16, z = −1.41, p = .159), indicating that listeners in
the two groups did not differ in their overall amount of
long-vowel (i.e., taam) responses. Importantly, both signifi-
cant effects were modulated by two-way interactions with
listener group. The interaction between rate and listener
group (b(Rate:Group) = 0.392, SE = 0.14, z = 2.76, p = .006)
shows that individuals with DD had a smaller effect of
rate (smaller difference in the proportion of long-vowel
responses between fast and slow context sentences) than
listeners in the control group. This finding concerns the
first research question and implies that the ability to im-
plicitly extract temporal information in a context for subse-
quent speech perception is carried out less effectively in
those with DD. The marginally significant interaction be-
tween continuum step and listener group (b(Step:Group) =
0.185, SE = 0.10, z = 1.78, p = .07) suggests that individ-
uals with DD had somewhat shallower categorization
functions than the control group. That is, individuals
with DD were somewhat less decisive in categorizing the
abay et al.: Perceptual Normalization Processes in Dyslexia 2177
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Figure 1. Proportion of long-vowel (i.e., “taam”) responses ( y-axis) over continuum steps (x-axis) for the fast versus slow rate context for the
two listener groups. Dashed lines indicate the fast rate context; solid lines indicate the slow rate contexts. Results for the control group
are presented in the left panel, and results for the dyslexia group are presented in the right panel. Error bars indicate 1 SE and are corrected
for the manipulation of rate as a within-participant factor (see Morey, 2008).
middle (i.e., acoustically ambiguous) steps of the duration
continuum. This finding concerns the second research ques-
tion and suggests problems with using temporal information
in concurrent speech perception in DD. The third possible
two-way interaction between rate and continuum step
and the three-way interaction between all three factors
were not significant (b(Rate:Step) = −0.02, SE = 0.01, z = −1.51,
p = .132; b(Group:Rate:Step) = −0.035, SE = 0.03, z = −1.29,
p = .196).

To follow up on the interaction between group and
rate (i.e., pertaining to Research Question 1) and to specifi-
cally test whether individuals with DD would show an effect
of rate on their own despite it being smaller than for the con-
trol group, two additional mixed-effects models were run,
one for each participant group. Both models had random
intercepts for participants and items with random slopes
for rate and step over participants and a random slope for
rate over items. These were the best fitting models as again
established in model comparisons using log-likelihood ratio
tests. Fixed factors were continuum step, rate, and their
interaction, coded as described above.

Results for the group of individuals with DD showed
a main effect of continuum step (b(Step) = 0.31, SE = 0.05,
z = 5.95, p < .001; b(Intercept) = −0.03, SE = 0.09, z = −0.36,
p = .716) with more long-vowel responses the longer the
vowel and an effect of rate (b(Rate) = 0.31, SE = 0.05, z =
5.96, p < .001) with more long-vowel responses following
the fast than slow carrier sentences. The interaction was
not significant (b(Step:Rate) = −0.006, SE = 0.02, z = −0.31,
p = .754). Results for the control group showed a main
2178 Journal of Speech, Language, and Hearing Research • Vol. 62 •
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effect of continuum step (b(Step) = 0.51, SE = 0.09, z = 5.44,
p < .001; b(Intercept) = −0.27, SE = 0.16, z = −1.64, p = .102)
with more long-vowel responses the longer the vowel and an
effect of rate (b(Rate) = 0.98, SE = 0.11, z = 8.89, p < .001)
with more long-vowel responses following the fast than slow
carrier sentences. The interaction failed to reach signifi-
cance (b(Step:Rate) = −0.037, SE = 0.02, z = −1.83, p = .068)
but suggests that the effect of rate was smaller the longer
the vowel duration. Notably, the regression weights for rate
for the two groups indicate that the effect of rate was roughly
three times as large for the control group (b(Rate) = 0.98)
than the DD group (b(Rate) = 0.31). That is, regarding
Research Question 1, these results show that individuals
with DD are able to use speaking rate context for subse-
quent phoneme categorization but less effectively than
healthy readers.
Discussion
The purpose of this study was to examine whether

individuals with DD are capable of implicitly extracting
temporal information embedded in a context and use this
information in phonological categorization in a similar
fashion to healthy readers. The use of acoustic context in-
formation such as the speech rate of a sentence can help
listeners to overcome variability that is inherent in the
acoustic signal. Based on previous studies suggesting
temporal processing deficits in those with DD, we hypothe-
sized that the use of speaking rate context might be im-
paired in those with DD relative to healthy listeners and
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that categorization of speech sounds based on durational
cues will be different between the two groups.

Results of this study showed that the speaking rate
of context sentences influenced the phonological categori-
zation of a Hebrew vowel contrast in both groups of lis-
teners. In particular, participants’ perception was shifted
toward long-vowel (i.e., taam) responses when the context
was fast relative to context sentences at a slow speaking
rate—in line with the many previous studies observing rate
normalization effects in other languages (for recent studies in-
cluding summaries of past research, see Heffner et al., 2017;
Reinisch, 2016b; Reinisch et al., 2011; Reinisch & Sjerps,
2013; Toscano & McMurray, 2015). Importantly, the magni-
tude of this rate effect differed between listener groups such
that it was significantly smaller in those with DD compared
with the control group of healthy readers. At first glance,
the observation that individuals with DD rely on context in-
formation to a lesser extent than the controls appears to con-
trast with previous findings suggesting that other types of
normalization processes, such as talker normalization, do not
differ between DD and healthy readers (Blomert et al., 2004;
Gabay & Holt, 2018). However, previous studies focused
on the use of spectral context information rather than tem-
poral context, as was the case for this study on speaking rate
normalization. Speech categorization deficits in DD have
been attributed to an auditory processing deficit that is
specific to temporal acoustic information (Tallal, 1980;
Vandermosten et al., 2010, 2011). This can explain the dis-
crepancies across studies.

The present results are hence consistent with other
studies indicating impaired temporal processing in DD, in-
cluding temporal order judgment tasks (Farmer & Klein,
1995; Tallal, 1980, 1984), understanding time-compressed
speech (Freeman & Beasley, 1978; Gabay et al., 2018;
Watson, Stewart, Krause, & Rastatter, 1990), and time es-
timation (Gooch, Snowling, & Hulme, 2011; Khan et al.,
2014; Nicolson et al., 1995). The marginally significant
interaction between continuum step and listener group fur-
ther suggests that individuals with DD had shallower cate-
gorization functions than the control group; that is, they
were less certain how to categorize the acoustically ambig-
uous middle part of the sound duration continuum. This
finding is consistent with previous findings indicating shal-
lower categorization functions during concurrent speech
processing in people with DD for other types of acoustic
cues (Godfrey, Syrdal-Lasky, Millay, & Knox, 1981; Mody,
Studdert-Kennedy, & Brady, 1997; Reed, 1989; Serniclaes,
Van Heghe, Mousty, Carré, & Sprenger-Charolles, 2004;
Tallal, 1980). Notably, the finding of a reduced magnitude
of the effect of rate context in this study suggests that
temporal processing deficits in those with DD extend be-
yond concurrent speech perception and are also evident
when temporal processing needs to be implicitly extracted
from a sentence context.

Our finding of diminished rate normalization effects
in individuals with DD compared with healthy listeners is
further consistent with accounts suggesting impaired tem-
poral processing as the underlying cause of phonological
G
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impairment found in DD. While it could be assumed that,
due to its focus on rapid temporal information in the scope
of tens of milliseconds, the rapid temporal processing defi-
cit theory (Tallal, 1980) does not specifically predict im-
pairments in rate normalization, the temporal sampling
framework (Goswami, 2011) predicts our effects. The tem-
poral sampling framework aligns with accounts of neural
entrainment during speech perception in healthy listeners
(e.g., Giraud & Poeppel, 2012; Ghitza, 2011; Poeppel,
2003) but suggests that individuals with DD show poorer
alignment of entrained neural oscillations during speech
processing. This approach focuses on frequency bands per-
taining to syllable rate in speech (i.e., delta or theta), and
neural entrainment to these frequency bands has been sug-
gested as one explanation for the observed rate normaliza-
tion effects found in healthy listeners (Bosker, 2017; Bosker
& Ghitza, 2018). Based on this, the impairment of this en-
trainment in DD straightforwardly predicts the deficits
in rate normalization that we observed.

It should be noted that the present findings are also
consistent with other accounts of DD arguing for a selective
disruption in brain structures related to the procedural
learning system (such as the basal ganglia and the cerebel-
lum) as the underlying cause of DD (Gabay & Holt, 2015;
Krishnan, Watkins, & Bishop, 2016; Nicolson & Fawcett,
2007, 2011; Ullman, 2004). The basal ganglia and the
cerebellum play a significant role in timing (Nozaradan,
Schwartze, Obermeier, & Kotz, 2017) and, as such, could
potentially explain temporal processing deficits observed
in our sample of individuals with DD. Nevertheless, future
studies are needed to determine whether temporal process-
ing deficits in DD occur alongside other deficits predicted
by this account (skill acquisition deficiencies).

As mentioned in the introduction, rate normalization
is a perceptual process that listeners rely on to cope with
variability in the speech signal that allows them to take into
account the context in which a given sound is heard to
interpret this sound. The question that now arises is how
the observed impairment in this perceptual process is re-
lated to the set of reading impairments found in those with
DD more generally. What does it mean that the use of
(temporal) context information is impaired? The strongest
interpretation would be that a decreased ability to use this
perceptual process reduces the abilities of those with DD
to disambiguate speech sounds in real-world listening envi-
ronments where variability is ubiquitous and the use of
context information strongly supports speech processing.
A more specific consequence then would be that, due to
the reduced contextual support, the perception of speech
sounds is less categorical; that is, listeners are less sure
about the identity of any given sound, leading to phono-
logical impairments, which, in turn, cause reading difficul-
ties. One could argue, however, that poor rate normalization
is the consequence of poor phonological representations
(manifested in atypical categorical perception) that charac-
terize those with DD. Less categorical boundaries were
also observed in the present sample of participants as indi-
cated by the (marginally significant) interaction between
abay et al.: Perceptual Normalization Processes in Dyslexia 2179
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continuum step and listener group showing that the catego-
rization slopes of those with DD were shallower (i.e., less
categorical) than for healthy listeners. This is consistent
with previous findings reporting problems to use dura-
tional cues for vowel categorization in individuals with
DD (Groth et al., 2011; Steinbrink et al., 2014).

However, a recent observation makes the explanation
of poor rate normalization as a consequence of poor pho-
nological categorization less probable. In particular, a recent
study has shown that children who have less distinct pho-
nological categories than adults demonstrate relatively
sharper phonological categories when categories were pre-
sented in context compared to a situation in which they
were presented in isolation (Hufnagle, Holt, & Thiessen,
2013). This leads to the assumption that contextual infor-
mation supports categorization of less well-defined pho-
nological representations. In that sense, we could have
expected to find larger context effects in those with DD.
Yet, the opposite pattern was observed in this study.

Another important thing to note is that, while the
current study suggests a relation between a reduced rate
context effect and reading impairments, it does not deter-
mine a causal relationship between the two. For that, de-
velopmental and longitudinal studies are needed in order
to determine how poor rate normalization is related to the
ability to form phonological representations. Furthermore,
it may be important in the future to examine the influence
of rate information of a context on DD using speech versus
nonspeech stimuli. Such a comparison would help to deter-
mine whether poor use of speaking rate context arises
from a domain-specific or domain-general deficiency in
temporal processing. Lastly, as noted in the introduction,
it may be important to distinguish between effects of acous-
tic context pertaining to the spectral (Blomert et al., 2004;
Gabay & Holt, 2018) versus temporal domain.

To conclude, in this study, we examined whether peo-
ple with DD would use similar perceptual normalization
processes for speech sound categorization as healthy readers
to account for acoustic variation due to speakers, accents,
or—here—speaking rate. Consistent with previous obser-
vations indicating impaired temporal processing skills in
those with DD, we found diminished reliance on rate con-
text to disambiguate speech sounds in listeners with DD
compared with a control group of typically developed lis-
teners. The results are consistent with perceptual frameworks
suggesting temporal processing deficits in those with DD.
Atypical use of rate normalization processes may influence
the ability of individuals with DD to overcome speech
variability that may affect the formation of precise phono-
logical representations.
Acknowledgments
This study is part of the research conducted at the University

of Haifa, by Inaas-Jana Najjar, as partial fulfillment of her re-
quirements for a master’s degree under the supervision of Yafit
Gabay. This project was funded by a grant from the German
Research Foundation (Grant RE 3047/1-1) to the third author.
2180 Journal of Speech, Language, and Hearing Research • Vol. 62 •

Downloaded from: https://pubs.asha.org University Haifa on 05/09/2020,
We would like to thank Shai Gabay and Rosa Franzke for their
help with preparing the speech materials, Almog Shurkey for
testing participants, and Jessica Siddins for proofreading the
article.
References
American Psychiatric Association. (2013). Diagnostic and statistical

manual of mental disorders (DSM-5). Washington, DC: American
Psychiatric Publishing.

Baayen, R. H., Davidson, D. J., & Bates, D. M. (2008). Mixed-
effects modeling with crossed random effects for subjects and
items. Journal of Memory and Language, 59(4), 390–412.

Baese-Berk, M. M., Heffner, C. C., Dilley, L. C., Pitt, M. A.,
Morrill, T. H., & McAuley, J. D. (2014). Long-term temporal
tracking of speech rate affects spoken-word recognition. Psycho-
logical Science, 25(8), 1546–1553.

Barr, D. J., Levy, R., Scheepers, C., & Tily, H. J. (2013). Random
effects structure for confirmatory hypothesis testing: Keep it
maximal. Journal of Memory and Language, 68(3), 255–278.

Bates, D., Mächler, M., Bolker, B., & Walker, S. (2015). Fitting
linear mixed-effects models using lme4. Journal of Statistical
Software, 67. https://doi.org/10.18637/jss.v067.i01

Ben-Artzi, E., Fostick, L., & Babkoff, H. (2005). Deficits in
temporal-order judgments in dyslexia: Evidence from diotic
stimuli differing spectrally and from dichotic stimuli differing
only by perceived location. Neuropsychologia, 43(5), 714–723.

Blomert, L., Mitterer, H., & Paffen, C. (2004). In search of the
auditory, phonetic, and/or phonological problems in dyslexia:
Context effects in speech perception. Journal of Speech, Language,
and Hearing Research, 47(5), 1030–1047.

Boersma, P., & Weenink, D. (2017). Praat: Doing phonetics by
computer (Version 6.0.33) [Computer software]. Retrieved
from http://www.praat.org/

Boets, B., Vandermosten, M., Poelmans, H., Luts, H., Wouters, J.,
& Ghesquière, P. (2011). Preschool impairments in auditory
processing and speech perception uniquely predict future reading
problems. Research in Developmental Disabilities, 32(2),
560–570.

Bosker, H. R. (2017). Accounting for rate-dependent category
boundary shifts in speech perception. Attention, Perception, &
Psychophysics, 79(1), 333–343.

Bosker, H. R., & Ghitza, O. (2018). Entrained theta oscillations
guide perception of subsequent speech: Behavioural evidence
from rate normalisation. Language, Cognition and Neuroscience,
33, 955–967.

Bosker, H. R., & Reinisch, E. (2017). Foreign languages sound fast:
Evidence from implicit rate normalization. Frontiers in Psy-
chology, 8, 1063.

Bosker, H. R., Reinisch, E., & Sjerps, M. J. (2017). Cognitive
load makes speech sound fast, but does not modulate acous-
tic context effects. Journal of Memory and Language, 94,
166–176.

Breznitz, Z. (2003). Speed of phonological and orthographic pro-
cessing as factors in dyslexia: Electrophysiological evidence.
Genetic, Social, and General Psychology Monographs, 129(2),
183.

Breznitz, Z., & Misra, M. (2003). Speed of processing of the visual–
orthographic and auditory–phonological systems in adult dys-
lexics: The contribution of “asynchrony” to word recognition
deficits. Brain and Language, 85(3), 486–502.

Cohen-Mimran, R., & Sapir, S. (2007). Auditory temporal pro-
cessing deficits in children with reading disabilities. Dyslexia,
13(3), 175–192.
2171–2184 • July 2019

 Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 

https://doi.org/10.18637/jss.v067.i01
http://www.praat.org/


Corriveau, K. H., Goswami, U., & Thomson, J. M. (2010). Audi-
tory processing and early literacy skills in a preschool and kinder-
garten population. Journal of Learning Disabilities, 43(4), 369–382.

Démonet, J.-F., Taylor, M. J., & Chaix, Y. (2004). Developmental
dyslexia. The Lancet, 363(9419), 1451–1460.

Diehl, R. L., & Walsh, M. A. (1989). An auditory basis for the
stimulus-length effect in the perception of stops and glides. The
Journal of the Acoustical Society of America, 85(5), 2154–2164.

Farmer, M. E., & Klein, R. M. (1995). The evidence for a temporal
processing deficit linked to dyslexia: A review. Psychonomic
Bulletin & Review, 2(4), 460–493.

Field, A., Miles, J., & Field, Z. (2012). Discovering statistics using
R. London, England: Sage.

Francis, A. L., Ciocca, V., Wong, N. K. Y., Leung, W. H. Y., &
Chu, P. C. Y. (2006). Extrinsic context affects perceptual nor-
malization of lexical tone. The Journal of the Acoustical Society
of America, 119(3), 1712–1726.

Freeman, B. A., & Beasley, D. S. (1978). Discrimination of time-
altered sentential approximations and monosyllables by children
with reading problems. Journal of Speech and Hearing Research,
21(3), 497–506.

Gabay, Y., & Holt, L. L. (2015). Incidental learning of sound
categories is impaired in developmental dyslexia. Cortex, 73,
131–143.

Gabay, Y., & Holt, L. L. (2018). Short-term adaptation to sound
statistics is unimpaired in developmental dyslexia. PLOS ONE,
13(6), e0198146.

Gabay, Y., Karni, A., & Banai, K. (2018). Learning to decipher
time-compressed speech: Robust acquisition with a slight diffi-
culty in generalization among young adults with developmental
dyslexia. PLOS ONE, 13(10), e0205110.

Gabay, Y., Schiff, R., & Vakil, E. (2012). Dissociation between
the procedural learning of letter names and motor sequences in
developmental dyslexia. Neuropsychologia, 50(10), 2435–2441.

Gabay, Y., Thiessen, E. D., & Holt, L. L. (2015). Impaired statisti-
cal learning in developmental dyslexia. Journal of Speech, Lan-
guage, and Hearing Research, 58(3), 934–945.

Ghitza, O. (2011). Linking speech perception and neurophysiology:
Speech decoding guided by cascaded oscillators locked to the
input rhythm. Frontiers in Psychology, 2, 130.

Giraud, A.-L., & Poeppel, D. (2012). Cortical oscillations and speech
processing: Emerging computational principles and operations.
Nature Neuroscience, 15(4), 511.

Godfrey, J. J., Syrdal-Lasky, K., Millay, K. K., & Knox, C. M.
(1981). Performance of dyslexic children on speech perception
tests. Journal of Experimental Child Psychology, 32(3), 401–424.

Gooch, D., Snowling, M., & Hulme, C. (2011). Time perception,
phonological skills and executive function in children with dys-
lexia and/or ADHD symptoms. The Journal of Child Psychology
and Psychiatry, 52(2), 195–203.

Goswami, U. (2011). A temporal sampling framework for devel-
opmental dyslexia. Trends in Cognitive Sciences, 15(1), 3–10.

Goswami, U., Thomson, J., Richardson, U., Stainthorp, R., Hughes,
D., Rosen, S., & Scott, S. K. (2002). Amplitude envelope onsets
and developmental dyslexia: A new hypothesis. Proceedings
of the National Academy of Sciences, 99(16), 10911–10916.

Groth, K., Lachmann, T., Riecker, A., Muthmann, I., &
Steinbrink, C. (2011). Developmental dyslexics show deficits
in the processing of temporal auditory information in
German vowel length discrimination. Reading and Writing,
24(3), 285–303.

Halliday, L. F., Tuomainen, O., & Rosen, S. (2017). Auditory pro-
cessing deficits are sometimes necessary and sometimes
G

Downloaded from: https://pubs.asha.org University Haifa on 05/09/2020,
sufficient for language difficulties in children: Evidence from
mild to moderate sensorineural hearing loss. Cognition, 166,
139–151.

Heald, S., & Nusbaum, H. C. (2014). Speech perception as an
active cognitive process. Frontiers in Systems Neuroscience, 8, 35.

Heffner, C. C., Newman, R. S., & Idsardi, W. J. (2017). Support for
context effects on segmentation and segments depends on the
context. Attention, Perception, & Psychophysics, 79(3), 964–988.

Howard , J. H., Jr., Howard, D. V., Japikse, K. C., & Eden, G. F.
(2006). Dyslexics are impaired on implicit higher-order sequence
learning, but not on implicit spatial context learning. Neuropsy-
chologia, 44(7), 1131–1144.

Hufnagle, D. G., Holt, L. L., & Thiessen, E. D. (2013). Spectral
information in nonspeech contexts influences children’s catego-
rization of ambiguous speech sounds. Journal of Experimental
Child Psychology, 116(3), 728–737.

Jaeger, T. F. (2008). Categorical data analysis: Away from ANOVAs
(transformation or not) and towards logit mixed models. Journal
of Memory and Language, 59(4), 434–446.

Khan, A., Abdal-hay, A., Qazi, T., Calle, C. L., & Castillo, R. C.
(2014). Time estimation in developmental dyslexia: An experimen-
tal investigation. Open Journal of Medical Psychology, 3(5), 373.

Kösem, A., Bosker, H. R., Takashima, A., Meyer, A., Jensen, O.,
& Hagoort, P. (2018). Neural entrainment determines the words
we hear. Current Biology, 28, 2867–2875.e3.

Krishnan, S., Watkins, K. E., & Bishop, D. V. (2016). Neurobio-
logical basis of language learning difficulties. Trends in Cognitive
Sciences, 20(9), 701–714.

Ladefoged, P., & Broadbent, D. E. (1957). Information conveyed
by vowels. The Journal of the Acoustical Society of America, 29(1),
98–104.

Liberman, A. M., Cooper, F. S., Shankweiler, D. P., & Studdert-Kennedy,
M. (1967). Perception of the speech code. Psychological Review,
74(6), 431.

Lum, J. A., Ullman, M. T., & Conti-Ramsden, G. (2013). Procedural
learning is impaired in dyslexia: Evidence from a meta-analysis
of serial reaction time studies. Research in Developmental Dis-
abilities, 34(10), 3460–3476.

Maslowski, M., Meyer, A. S., & Bosker, H. R. (2019). How the
tracking of habitual rate influences speech perception. Journal
of Experimental Psychology: Learning, Memory, and Cognition,
45(1), 128–138.

Melby-Lervåg, M., Lyster, S.-A., & Hulme, C. (2012). Phonological
skills and their role in learning to read: A meta-analytic review.
Psychological Bulletin, 138(2), 322–352.

Mody, M., Studdert-Kennedy, M., & Brady, S. (1997). Speech per-
ception deficits in poor readers: Auditory processing or phono-
logical coding. Journal of Experimental Child Psychology, 64(2),
199–231.

Morey, R. D. (2008). Confidence intervals from normalized data:
A correction to Cousineau (2005). Reason, 4(2), 61–64.

Muneaux, M., Ziegler, J. C., Truc, C., Thomson, J., & Goswami, U.
(2004). Deficits in beat perception and dyslexia: Evidence from
French. NeuroReport, 15(8), 1255–1259.

Newman, R. S., & Sawusch, J. R. (2009). Perceptual normalization
for speaking rate III: Effects of the rate of one voice on per-
ception of another. Journal of Phonetics, 37(1), 46–65.

Nicolson, R. I., & Fawcett, A. J. (2007). Procedural learning diffi-
culties: Reuniting the developmental disorders. Trends in Neuro-
sciences, 30(4), 135–141.

Nicolson, R. I., & Fawcett, A. J. (2011). Dyslexia, dysgraphia,
procedural learning and the cerebellum. Cortex, 47(1),
117–127.
abay et al.: Perceptual Normalization Processes in Dyslexia 2181

 Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Nicolson, R. I., Fawcett, A. J., & Dean, P. (1995). Time estimation
deficits in developmental dyslexia: Evidence of cerebellar in-
volvement. Proceedings of the Royal Society of London. Series B,
259(1354), 43–47.

Nittrouer, S. (1999). Do temporal processing deficits cause phono-
logical processing problems. Journal of Speech, Language, and
Hearing Research, 42(4), 925–942.

Nozaradan, S., Schwartze, M., Obermeier, C., & Kotz, S. A.
(2017). Specific contributions of basal ganglia and cerebellum
to the neural tracking of rhythm. Cortex, 95, 156–168.

Perrachione, T. K., Del Tufo, S. N., Ghosh, S. S., Gabrieli, J.,
Lee, W., & Zee, E. (2011). Phonetic variability in speech per-
ception and the phonological deficit in dyslexia. Paper presented
at the Proceedings of the 17th International Congress of
Phonetic Sciences.

Peterson, R. L., & Pennington, B. F. (2015). Developmental dyslexia.
Annual Review of Clinical Psychology, 11, 283–307.

Pinheiro, J., Bates, D., DebRoy, S., & Sarkar, D. (2017). R Core
Team (2017) nlme: Linear and nonlinear mixed effects models.
R package version 3.1-131 [Computer software]. Retrieved
from https://CRAN.R-project.org/package=nlme

Poeppel, D. (2003). The analysis of speech in different temporal
integration windows: Cerebral lateralization as ‘asymmetric
sampling in time.’ Speech Communication, 41(1), 245–255.

Protopapas, A. (2014). From temporal processing to developmental
language disorders: Mind the gap. Philosophical Transactions of
the Royal Society B: Biological Sciences, 369(1634), 20130090.

Quené, H., & Van den Bergh, H. (2008). Examples of mixed-
effects modeling with crossed random effects and with binomial
data. Journal of Memory and Language, 59(4), 413–425.

Ramus, F., & Szenkovits, G. (2008). What phonological deficit.
Quarterly Journal of Experimental Psychology, 61(1), 129–141.

Reed, M. A. (1989). Speech perception and the discrimination of
brief auditory cues in reading disabled children. Journal of Exper-
imental Child Psychology, 48(2), 270–292.

Reinisch, E. (2016a). Natural fast speech is perceived as faster
than linearly time-compressed speech. Attention, Perception, &
Psychophysics, 78(4), 1203–1217.

Reinisch, E. (2016b). Speaker-specific processing and local context
information: The case of speaking rate. Applied Psycholinguistics,
37(6), 1397–1415.

Reinisch, E., Jesse, A., & McQueen, J. M. (2011). Speaking rate
affects the perception of duration as a suprasegmental lexical-
stress cue. Language and Speech, 54(2), 147–165.

Reinisch, E., & Sjerps, M. J. (2013). The uptake of spectral and
temporal cues in vowel perception is rapidly influenced by context.
Journal of Phonetics, 41(2), 101–116.

Rey, V., De Martino, S., Espesser, R., & Habib, M. (2002). Tem-
poral processing and phonological impairment in dyslexia: Effect
of phoneme lengthening on order judgment of two consonants.
Brain and Language, 80(3), 576–591.

Richardson, U., Thomson, J. M., Scott, S. K., & Goswami, U. (2004).
Auditory processing skills and phonological representation in
dyslexic children. Dyslexia, 10(3), 215–233.

Schneider, W., Eschman, A., & Zuccolotto, A. (2002). E-Prime:
User’s guide. Sharpsburg, PA: Psychology Software.

Serniclaes, W., Van Heghe, S., Mousty, P., Carré, R., & Sprenger-
Charolles, L. (2004). Allophonic mode of speech perception in
dyslexia. Journal of Experimental Child Psychology, 87(4), 336–361.

Shany, M., & Breznitz, Z. (2011). Rate- and accuracy-disabled
subtype profiles among adults with dyslexia in the Hebrew orthog-
raphy. Developmental Neuropsychology, 36(7), 889–913.
2182 Journal of Speech, Language, and Hearing Research • Vol. 62 •

Downloaded from: https://pubs.asha.org University Haifa on 05/09/2020,
Singh, S., Walk, A. M., & Conway, C. M. (2018). Atypical predic-
tive processing during visual statistical learning in children
with developmental dyslexia: An event-related potential study.
Annals of Dyslexia, 68, 165–179.

Sjerps, M. J., & Reinisch, E. (2015). Divide and conquer: How
perceptual contrast sensitivity and perceptual learning cooper-
ate in reducing input variation in speech perception. Journal of
Experimental Psychology: Human Perception and Performance,
41(3), 710–722.

Snowling, M. J. (2001). From language to reading and dyslexia.
Dyslexia, 7(1), 37–46.

Steinbrink, C., Klatte, M., & Lachmann, T. (2014). Phonological,
temporal and spectral processing in vowel length discrimination
is impaired in German primary school children with develop-
mental dyslexia. Research in Developmental Disabilities, 35(11),
3034–3045.

Summerfield, Q. (1981). Articulatory rate and perceptual constancy
in phonetic perception. Journal of Experimental Psychology:
Human Perception and Performance, 7(5), 1074–1095.

Tallal, P. (1980). Auditory temporal perception, phonics, and
reading disabilities in children. Brain and Language, 9(2),
182–198.

Tallal, P. (1984). Temporal or phonetic processing deficit in dyslexia?
That is the question. Applied Psycholinguistics, 5(2), 167–169.

Toscano, J. C., & McMurray, B. (2015). The time-course of speak-
ing rate compensation: Effects of sentential rate and vowel
length on voicing judgments. Language, Cognition and Neuro-
science, 30(5), 529–543.

Ullman, M. T. (2004). Contributions of memory circuits to language:
The declarative/procedural model. Cognition, 92(1–2), 231–270.

Van Ingelghem, M., Van Wieringen, A., Wouters, J., Vandenbussche,
E., Onghena, P., & Ghesquière, P. (2001). Psychophysical evi-
dence for a general temporal processing deficit in children with
dyslexia. NeuroReport, 12(16), 3603–3607.

Vandermosten, M., Boets, B., Luts, H., Poelmans, H., Golestani, N.,
Wouters, J., & Ghesquière, P. (2010). Adults with dyslexia are
impaired in categorizing speech and nonspeech sounds on the
basis of temporal cues. Proceedings of the National Academy of
Sciences, 107(23), 10389–10394.

Vandermosten, M., Boets, B., Luts, H., Poelmans, H., Wouters, J.,
& Ghesquiere, P. (2011). Impairments in speech and nonspeech
sound categorization in children with dyslexia are driven by
temporal processing difficulties. Research in Developmental
Disabilities, 32(2), 593–603.

Wade, T., & Holt, L. L. (2005). Perceptual effects of preceding
nonspeech rate on temporal properties of speech categories.
Perception & Psychophysics, 67(6), 939–950.

Watson, M., Stewart, M., Krause, K., & Rastatter, M. (1990).
Identification of time-compressed sentential stimuli by good vs
poor readers. Perceptual and Motor Skills, 71(1), 107–114.

Wechsler, D.(1997). Wechsler Adult Intelligence Scale–Third Edi-
tion (WAIS–III). San Antonio, TX: Pearson.

Weiss, Y., Katzir, T., & Bitan, T. (2016). When transparency is
opaque: Effects of diacritic marks and vowel letters on dyslexic
Hebrew readers. Cortex, 83, 145–159.

World Health Organization. (2001). The World Health Report
2001: Mental health: New understanding, new hope. Geneva,
Switzerland: Author.

Yael, W., Tami, K., & Tali, B. (2015). The effects of orthographic
transparency and familiarity on reading Hebrew words in
adults with and without dyslexia. Annals of Dyslexia, 65(2),
84–102.
2171–2184 • July 2019

 Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 

https://CRAN. R-project. org/package= nlme


Appendix (p. 1 of 2)

List of Sentences That Has Been Used in the Current Study (in Hebrew/Latin/Translation), Including
Number of Syllables for Each Sentence

Sentence (Hebrew, Latin transliteration, translation) Number of syllables (in Hebrew)

hem histamshu bamila
They used the word

7

besipuro dani hishtamesh bamunach
In his story Dani used the term

12

bamilon mugderet mashmauto shel munach beshem
In the dictionary, it is defined the meaning of term named

15

hem mechanim zot
They call these things

5

yafit tamid bahara bamunach
Yafit always chose the term

10

sham haya katuv perush le
There was written the translation for

8

hayeladim tahu legabey perushu shel
The children argued about the meaning of the word

12

basefer yesh gibor seshmo hu
In the book there is a hero whose name is

9

hachaver shelahem nikra
Their friend is called

7

hi lo katva munach beshem
She did not write the term named

8

zachiti bepislon ksheiyateti
I won the sculpture when spelling

11

munach mispar shalosh bamilon mechune
The third term in the dictionary is called

12

ledani yesh koshi bebituy
Danny has difficulties with expressing

9

hamalca matchila et sipura veomeret
The queen begins her story and is saying

14

yeshnan lefachot od sthey milim tovot yoter leteaur
There is at least another two better words for

16

im hu holech kra bekol
If he leaves you call

8

hu kara lahem bashem
He called them with the name

7

hi patra tasbetz em mila doma le
She solved the puzzle using a similar word to

11

hi hipsa sipur shecotarto
She looked for a story with the title

9

shirav hatovim beyoter mistaymim bamila
His best songs end in the word

14

(table continues)
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Sentence (Hebrew, Latin transliteration, translation) Number of syllables (in Hebrew)

hu siyem bamila
He ended (his speech) with the word

6

gilinu parshanut hadash lamila
We found new translations for the word

12

hu hipes kelev shshmo hu
He looked for a dog named

8

yeshnam kama milim nirdafot lamila
There are several synonyms for

12

lamegamgem haya koshi bebituy
The stutterer had trouble saying

11

he shyma zot ke
She named it as

5

hatasbetz kalal mila beshem
The puzzle contained the word

9

hipasti bamilon et perushi shel
I looked/search in the dictionary the meaning of

11

mahar hakomikai mezig mofa beshem
Tomorrow the comedian presenting a show named

13

shemo shel hatul ze hu
The name of this cat is

7
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List of Sentences That Has Been Used in the Current Study (in Hebrew/Latin/Translation), Including
Number of Syllables for Each Sentence
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