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Natural sound environments are dynamic, with overlapping acoustic input originating from simultaneously
active sources. A key function of the auditory system is to integrate sensory inputs that belong together and
segregate those that come from different sources. We hypothesized that this skill is impaired in individuals
with phonological processing difficulties. There is considerable disagreement about whether phonological
impairments observed in children with developmental language disorders can be attributed to specific linguistic
deficits or to more general acoustic processing deficits. However, most tests of general auditory abilities have
been conducted with a single set of sounds. We assessed the ability of school-aged children (7–15 years) to
parse complex auditory non-speech input, and determined whether the presence of phonological processing
impairmentswas associatedwith stream perception performance. A key findingwas that childrenwith language
impairments did not show the same developmental trajectory for stream perception as typically developing
children. In addition, childrenwith language impairments required larger frequency separations between sounds
to hear distinct streams compared to age-matched peers. Furthermore, phonological processing ability was a
significant predictor of stream perception measures, but only in the older age groups. No such association was
found in the youngest children. These results indicate that children with language impairments have difficulty
parsing speech streams, or identifying individual sound events when there are competing sound sources. We
conclude that language group differencesmay in part reflect fundamental maturational disparities in the analysis
of complex auditory scenes.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

There is considerable controversy over the relationship between
general auditory processing skills and language ability (Ramus et al.,
2013). Developmental language disorders (DLDs), which include
specific language impairment (SLI) and developmental dyslexia (DD),
are defined by the absence of a clearly defined pathology (e.g., hearing
loss or neurological disorders) in the face of an inability to use language
with the same facility as age-matched peers. Many children with DLDs
have persistent deficits in phonological processing (Briscoe et al.,
2001). They have impaired ability to discriminate between speech
sounds (Reed, 1989;Werker and Tees, 1987) and require larger spectral
differences to differentiate phonemes than children with typical
language development (TLD) (Elliot et al., 1989; Elliott and Hammer,
1988). Although ongoing research has failed to identify the etiologies
of DLDs, it has spawned diverse hypotheses regarding the underlying
nce, Albert Einstein College of
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causal factors. On one side of the continuing debate, DLDs are
hypothesized to be due to a specific linguistic deficit of phonological
processing, not generalizable to the acoustic elements of the speech
sounds themselves (Bishop et al., 1999; Gatherole and Baddeley,
1993; Helzer et al., 1996; Mody et al., 1997; Nittrouer, 1999; Nittrouer
et al., 2011; Ramus et al., 2003; Remez et al., 1994; Rosen, 2003;
Rosen and Manganari, 2001; Schulte-Korne et al., 1999; Sharma et al.,
2009; Snowling, 1998; Studdert-Kennedy, 2002).

On the other side, phonological processing deficits have been
hypothesized to originate from a more general difficulty in perceiving
acoustic information (Ahissar et al., 2000; Beattie and Manis, 2013;
Benasich and Tallal, 2002; Benasich et al., 2002; Choudhury et al.,
2007; Efron, 1963; Farmer and Klein, 1995; Hari and Renvall, 2001;
Lubert, 1981; McAnally and Stein, 1996; McAnally and Stein, 1996;
Nagarajan et al., 1999; Reed, 1989; Richardson et al., 2004; Tallal and
Piercy, 1973a, 1973b; Tallal, 1980; Tallal et al., 1980, 1993, 1998;
Wright et al., 2000; Wright et al., 1997). For example, it has been
suggested that an inability to distinguish rapidly changing acoustic
features at a normal rate impairs the ability to accurately represent
the phonemic elements of the language, which in children with DLDs,
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may impede the normal development of spoken language (Stein and
McAnally, 1995; Tallal and Piercy, 1973b). Further, individualswith lan-
guage impairments often have 1) impaired ability to discriminate sound
frequencies (Baldeweg et al., 1999; Hill et al., 2005;Mengler et al., 2005;
McAnally and Stein, 1996; Nickisch and Massinger, 2009); 2) different
auditory masking thresholds than controls (Montgomery et al., 2005;
Hill et al., 2005); 3) poorer discrimination of sounds presented in
rapid succession or briefly presented information (Ahissar et al., 2000;
Benasich et al., 2002; Fazio, 1999; Tallal, 1976; Tallal and Piercy,
1973a; Tallal and Stark, 1981; Tallal et al., 1985, 1993; Wright et al.,
1997); 4) difficulty with rise-time perception (Goswami et al., 2011);
5) difficulty with rhythm perception (Huss et al., 2011); 6) impaired
ability to discriminate sequential sounds (Tallal and Piercy, 1973a);
and, 7) poorer ability at reporting the order of sequential sounds
(Tallal and Piercy, 1973b).

There has been considerable debate about this latter etiological hy-
pothesis because general auditory processing deficits are not always
found in children diagnosed with DLDs (Bishop et al., 1999; Helzer
et al., 1996; Nittrouer et al., 2011). However, research continues to high-
light difficulties of auditory perception in both SLI and DD (Catts, 1993;
Catts et al., 2005; Stackhouse and Wells, 1997; Tallal, 2004; Bishop,
2007; Bishop and Snowling, 2004; Corriveau et al., 2007; Goulandris
et al., 2000). The inability to empirically resolve the issue has hampered
progress in understanding the role of auditory processing in observed
phonological processing deficits of children with DLDs (Bailey and
Snowling, 2002).

The current study approached the issue from a different perspective
by exploring the relationship between phonological processing ability
and auditory scene analysis in 7–15-year-old childrenwith andwithout
DLDs. Auditory scene analysis is a fundamental skill of the auditory sys-
tem that facilitates the ability to perceive and identify sound events in
the environment. It is the skill that allows us to select a voice in a
crowded room or to listen to the melody of the flute in the orchestra.
Auditory scene analysis is remarkable in that sound enters the ears as
amixture of all the sounds in the environment, fromwhichmechanisms
of the brain disentangle themixture to integrate and segregate the input
and provide neural representations that maintain the integrity of the
distinct sources. If we were at a garden party, for example, we may
hear the wind blowing, music playing, glasses clinking, and people
who are talking. The different sources can be distinguished by multiple
acoustic cues, such as the spatial location, the pitch, and the timbre (e.g.,
male vs. female voices). Themultiple cues in the signal contribute to the
identification of the individual streams (e.g., wind blowing), and
strengthen the perception of stream segregation within the whole
scene. What's interesting about understanding this skill in relationship
to language impairments is the aspect of perceptual organization of
sounds, when there are competing sound sources, which is common
in everyday environments. The notion is that the ability to identify the
order of within-stream events in complex environments is predicated
on the sounds first being segregated (Sussman, 2005).

Additionally, there is evidence that speech perception requires fun-
damental sound processing mechanisms intrinsic to auditory scene
analysis. Darwin (1981, 1984) demonstrated that only after partitioning
sounds to streams were phonetic patterns heard. This indicates that
phonological perception is dependent on the even more basic process
of discriminating and segregating the acoustic signal into its constituent
sound sources (Darwin, 2008). Thus, the ability to process the correct
order of phonemes, a skill necessary to understand the speech stream,
Table 1
Participant information.

Typical language development

Age group 7–9 years 10–12 years 13–15 ye
n = 78 9 16 14
M/F 2/7 5/11 6/8
may be impaired by an inability to accurately segregate the acoustic sig-
nal into its constituent parts. Sussman (2005) found that auditory
stream segregation processes precede within-stream event formation,
which link or segregate successive within-stream elements together.
This basic auditory processing mechanism is likely related to speech
processing, providing additional support to this schema. Moreover,
multiple reports have documented difficulties with stream segregation
in adults with language impairments (Helenius et al., 1999; Petkov
et al., 2005; Sutter et al., 2000). Although, there is no clear evidence
that nonlinguistic auditory processing deficits cause language impair-
ments, the presence of low level processing deficits in those with lan-
guage impairments lends credibility to the hypothesis that accurate
nonlinguistic auditory processing abilities are vital to typical speech
development.

To assess auditory scene processing abilities, the frequency distance
between two sets of sounds was used to either promote segregation
(when the sounds were far apart in frequency) or promote integration
(when near in frequency). Music provides an ‘everyday’ example in
which frequency separation of tones serves as a cue for segregation.
Composers have long known about this remarkable ability of the audi-
tory system. The alternation of tones along the frequency dimension
canpromote theperception of one ormore distinct streams ormelodies,
such that fromone sound source, one timbre (e.g. a guitar), notes played
sequentially across a range of frequencies result in the experience of
multiple sound streams occurring simultaneously, and converging
harmonically (e.g., listen to Francisco Tárrege's guitar piece Recuerdos
de la Alhambra).

There were two main goals of the study. The first goal was to assess
the ability of children to parse auditory input and perceive sound
streams. This involved reporting how a mixture of sounds were per-
ceived as one integrated or two segregated streams in one experiment,
and selectively attending to one of the frequency streams to perform a
simple sound discrimination task in the other experiment. Thus, Exper-
iment 1 examined the global perception of the sounds, where Experi-
ment 2 assessed the ability to detect a tone feature change occurring
within a single stream. Here we aimed to gain a better understanding
of whether the acuity for processing complex scenes in typical language
development would be similar in children who have been identified
with DLDs. We hypothesized that children with phonological process-
ing deficits would require larger frequency separations to hear two
streams or to detect deviant stimuli compared to children with TLD.
The second goal was to determine whether the presence of phonologi-
cal processing impairments would be predictive of stream segregation
performance. Here, we evaluated the relationship of this fundamental
but complex auditory scene processing skill to phonological processing
ability, asmeasured on standardized tests of phonological (e.g., CTOPP).
We hypothesized that phonological processing ability would predict
stream segregation performance.

2. Methods

2.1. Participants

Seventy-eight children (39 females) ranging in age from 7 to
15 years (M = 11/SD = 2) were paid for their participation in the
study. Participants were recruited by flyers posted in the immediate
medical/research community and in local area schools. Children gave
written assent and their accompanying parent gave written consent
Developmental language disorder

ars 7–9 years 10–12 years 13–15 years
9 15 15
4/5 12/3 10/5
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after the protocol was explained to them. The protocol was approved by
the Internal Review Board at the Albert Einstein College of Medicine
where the study was conducted. All procedures were carried out ac-
cording to the Declaration of Helsinki. Table 1 denotes subject charac-
teristics divided by group distribution for children with language
impairments and for age-matched non-affected control participants
with typical language development (TLD). All participants passed a
hearing screen (at 20 dB HL for 500, 1000, 2000, and 4000 Hz).

An initial telephone screen was used to ascertain TLD or DLD status,
and to assess preliminary inclusion criteria (no history of audiologic,
neurologic, or significant emotional or behavioral disorders). TLD par-
ticipants had no history of language or reading diagnoses, ADHD, treat-
ment or placement in special educational programs, no grade retention
and no Individualized Education Plan. DLDparticipants had a prior diag-
nosis of a Mixed Receptive–Expressive Language Disorder and/or Read-
ing Disorder based on professional evaluations. Recruits who met the
pre-screen criteria underwent a two-hour psychometric testing session
with a licensed psychologist (K.L.) to meet criteria for the study.
Screening measures were conducted on all potential participants,
which included 1) four subtests of the Wechsler Abbreviated Scale of
Intelligence (WASI); 2) the core subtests of the Comprehensive Test of
Phonological Processing (CTOPP); 3) WJ-III Tests of Achievement for
reading; and 4) Vanderbilt DSM-IV-based checklist for attention deficit
hyperactivity disorder (ADHD) symptoms. For the TLD group, recruits
were eligible to participate in the study if they scored in at least the
average range in all areas: standard scores no more than one standard
deviation below themean, had no prior diagnosis of ADHD and parental
endorsement of b6 of the 9 symptoms of inattention and of hyper-
activity on a DSM-IV based checklist for the diagnosis of ADHD. For
theDLD group, recruitswere eligible if, in addition to previous diagnosis
of reading or language impairment, they scored 1 SD or more below the
mean on at least one subtest of the CTOPP, and a nonverbal IQ score on
the WASI at or above 1 SD below the mean (Table 2). All participants
included in this report met the criteria for the study (summarized in
Table 1).

2.2. Stimuli and procedures

Complex tones (50 ms in duration with 5 ms rise/fall times) were
created using Adobe Audition 3.0 software and Neuroscan STIM hard-
ware (Compumedics Corp.), presented binaurally via insert earphones
(E-A-RTONES® 3A). The harmonic tone complexes (herein called
“tones”) were composed of the first five harmonics with equal ampli-
tudes. All tones were calibrated using a sound-level meter with an
artificial ear (Brüel & Kjær 2209). The tones are labeled by their funda-
mental frequencies (ƒ0). In all conditions, one tonewas presented every
300 ms with a fixed ƒ0 of 493.88 Hz (H2: 987.76 Hz; H3: 1481.64 Hz;
H4: 1975.52 Hz; and H5: 2469.4 Hz). In the ‘oddball’ condition, this
tonewaspresented alone (Fig. 1A). In the ‘semitone’ conditions, another
tone, which varied in its spectral distance from the fixed tone, was
presented between the fixed tones to create different conditions of
frequency separation (Fig. 1B). When these higher-frequency tones
intervened between the fixed frequency tones, the stimulus presenta-
tion rate was one tone every 100 ms (onset-to-onset pace).

In the Oddball condition (Fig. 1A), the 493.88 Hz tone was presented
with 87% probability at 51.5 dB(A) and with 13% probability at
66.5 dB(A), randomly dispersed. The louder 66.5 dB(A) tone was the
“oddball” or deviant tone. In each of the five ST conditions, the frequen-
cy distance was chosen according to the logarithmic scale, in musical
semitone (ST) steps. The ST conditions, denoting the Δƒ and the ƒ0
values of the second tone (in parentheses) were 3 ST (587.33 Hz); 7
ST (739.99 Hz); 11 ST (932.33 Hz); 23 ST (1864.7 Hz); and 31 ST
(2960.0Hz). These intervening tones randomly had any of four different
intensity values (46.5, 55.5, 61.5, 71.5 dB(A)), distributed equi-
probably. The intensity values spanned above and below the intensity
values of the standard (51.5 dB(A)) and deviant (66.5 dB(A)) intensity
values, such that standard and deviant tones of the oddball stream
(493.88 Hz) tones had neither the highest nor the lowest intensity
value of the six different intensity values presented (Fig. 1). This was
done to minimize the possibility that participants could anchor their
responses to the loudest or softest tones in the overall sequence.

The two experiments used the same basic design but with different
task goals (Fig. 2). Experiments were conducted in a sound-treated
booth (IAC, Bronx, NY). In Experiment 1 (Fig. 2, left), participants were
randomly presented with short sequences of each of the ST conditions
(3, 7, 11, 23, and 31 ST). Each condition presented five stimulus blocks;
each block contained 201 stimuli (20 s duration). The25 stimulus blocks
were randomized, and presented in different orders to each participant
(tominimize any potential order effects). Practicewas given prior to the
main test, using tone sequence samples with ‘extremes’: 1 ST for ‘one
stream’ and 35 ST for ‘two streams’ to ‘illustrate’ the difference. Once
the instructions were understood, participants reported after each trial
whether the tone sequences sounded more like one stream or more
like two streams by raising one hand for reporting ‘one stream’ and
two hands for reporting ‘two streams’. Thus, there was no ‘correct’ re-
sponse for how participants perceived the tone sequences. The experi-
menter recorded participants' response in writing after each trial, and
then presented the next stimulus block.

In Experiment 2 (Fig. 2, right), the experiment started with a practice
for the loudness detection task using theOddball condition (500 stimuli,
65 probe tones, presented in two blocks of 250 stimuli, 300msonset-to-
onset pace). The subjects were instructed to press the response key
every time they heard the louder intensity tone that occurred randomly
in the sequence (‘probe tone’, Fig. 2, right). The ST conditions were pre-
sented in a randomized order across participants. 1500 stimuli present-
ed in two stimulus blocks (each containing 750 stimuli, 100 ms onset-
to-onset pace) were presented for each ST condition (13% were probe
tones: 65 probe tones in each condition). Each stimulus block was
1.25 min in duration. The logic for Experiment 2 was that the louder in-
tensity toneswithin the oddball streamcould be detectedwith accuracy
only when they segregate from the intervening tones — forming their
own stream. Perceiving the details within a stream first necessitated
that the streams be segregated. When the louder intensity tones could
not be detected in the oddball sequence, it indicated that the interven-
ing tones were integrated into the same sound stream obscuring any
intensity regularity (i.e., repeating 51.5 dB(A) tone) that existed in the
oddball stream.

Two experiments (Experiment 1— one vs. two streams; and Exper-
iment 2 — loudness detection task) were used with the same ST condi-
tions but with different instructions in order to assess convergent
evidence on the same process. If the stream segregation process were
being adequately assessed, then the twomeasures should be consistent
with each other (Sussman and Steinschneider, 2009). When a partici-
pant says they hear two streams (in Experiment 1), it should be indica-
tive of their ability to detect louder sounds in Experiment 2.

The Oddball condition provided a measure of comparison for the
loudness detection task. Thus, five ST conditions were presented in
Experiment 1 (one vs. two streams). Six conditions were presented in
Experiment 2 (loudness detection task). The total session time, includ-
ing practice, breaks, hearing screen, and reading/signing consent
forms took approximately 80 min.

2.3. Data analysis

For Experiment 1, there were no ‘correct’ answers. Thus, the propor-
tion of trials that two streamswere perceivedwas calculated, separately
for each ST condition in each group. For Experiment 2, the dependent
variables were hit rate (HR), false alarm rate (FAR), d′, and reaction
time (RT), calculated for the detection of the within-stream intensity
deviants (‘probe tones’). Button presses were only required on a small
percentage of the overall sequence of tones (4% of the total number of
stimuli in the Semitone conditions). A response was considered correct



Table 2
Psychometric test results.

Age group Wechsler Abbreviated
Scale of Intelligence (WASI)

Comprehensive Test of
Phonological Processing (CTOPP)

Woodcock Johnson III
Tests of Achievement

DSM-IV checklist

Performance IQ Phonological Awareness Phonological Memory Rapid Naming Word Attack Inattention Hyperactivity

Typical language development
7–9 years 114 (16) 110 (16) 108 (14) 104 (14) 119 (10) 0 (0) 0 (0)
10–12 years 108 (12) 105 (14) 101 (12) 111 (12) 109 (10) 1 (3) 1 (1)
13–15 years 107 (11) 105 (13) 101 (12) 114 (11) 106 (10) 0 (0) 0 (0)

Developmental language disorders
7–9 years 93 (9) 86 (8) 88 (12) 99 (7) 85 (8) 2 (2) 2 (2)
10–12 years 97 (8) 83 (11) 87 (9) 89 (8) 84 (11) 3 (3) 1 (2)
13–15 years 94 (7) 80 (9) 84 (10) 87 (13) 84 (8) 4 (4) 2 (3)

Standard deviation is in parentheses.
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when it was recorded 100–900ms from stimulus onset. ‘Hits’were cor-
rect button presses to the infrequent louder intensity probe tones; ‘mis-
ses’ were the absence of a button press to the probe tones. “Correct
rejections” were correct “no-go” responses to any of the other tones.
“False alarms”were button presses to any tone other than the louder in-
tensity probe tones. However, due the rapid pace of the stimuli, calculat-
ing FAR based on the total number of non-target stimuli possibly yields
an underestimate of the FAR because there can be no expectation that a
response can occur to every tone (Bendixen and Andersen, 2013). To
provide a more conservative estimate of the FAR, it was calculated ac-
cording to Bendixen and Andersen (2013), using the number of possible
response windows as the base estimate to calculate FAR rather than the
number of total non-target stimuli as the denominator. This number
will be referred to as the ‘adjusted false alarm rate’. The adjusted FAR
was used to calculate d′, also under the assumption that it provides a
more conservative estimate of the sensitivity to the target. HR, adjusted
FAR, d′, and RT were calculated for each individual, separately in each
condition.

For the loudness detection task (Experiment 2), separate two-way
mixed model analysis of variance (ANOVA), with factors of age group
(between) and experimental condition (within), was used to assess
within-group maturation effects (Fig. 4). These results were not used
to draw comparative conclusions between groups. For group compari-
son, to test the hypothesis that children with DLDs require larger fre-
quency separations to detect two sound streams than children with
TLD, a mixed model ANOVA was calculated on HR, using factors of
group status (TLD/DLD), age group (7–9, 10–12, and 13–15 years),
and experimental condition (3, 7, 11, 23, 31 ST, and Oddball) in both ex-
periments. Therewas no difference in the ANOVA resultswhether using
d′ (with the adjusted FAR) or HR. HR was chosen for display so that
comparison units across conditions would be compatible, and reflect
the statistical analyses used. Mixedmodel ANOVAswere also calculated
separately for RT and for adjusted FAR with factors of group (between
subjects), age group (between subjects), and condition (within sub-
jects). Post hoc analysis (Tukey's HSD) was performed when the
ANOVA showed any significant main effects or interactions (p b 0.05)
and corrections were applied for violations of sphericity (Greenhouse–
Geisser). Post hoc analyses were considered significant at p b 0.05
(experimentwise). The within-subject (repeated measures) factors
were Δƒ (ST conditions).

Multiple regression analysis was used to determine if performance
on Experiment 1 (report of one or two streams) predicted performance
on Experiment 2 (loudness detection task) in each group. To test the
hypothesis that phonological processing ability predicts stream
segregation performance, a stepwise multiple regression analysis
was performed with the average of the results from Experiments 1
and 2 (combined score) as the dependent (criterion) variable and
phonological processing ability (scores on three subtests of the CTOPP:
phonemic awareness, phonemic memory, and rapid naming) and
non-verbal IQ (PIQ) as predictor variables. Pearson's r was used to
assess correlations.

3. Results

3.1. Results and discussion for Experiment 1: one vs. two streams

Table 3 summarizes the results showing the proportion of trials that
participants reported hearing “two streams” in each ST condition. Fig. 3
displays the results and illustrates the comparison between TLD chil-
dren and those diagnosed with a DLD. Overall, the proportion of times
“two-streams” was reported increased with larger frequency separa-
tions (3-to-31 ST) in both groups. Consistent with other previous stud-
ies (Bregman, 1990; Carlyon et al., 2001; Micheyl et al., 2007; Sussman
and Steinschneider, 2009; Sussman et al., 2007), there are three pat-
terns of sound organization: integrated, ambiguous, and segregated. In
children, the 3 ST Δƒ is associated with an integrated perception in
which ‘two streams’ is rarely reported. The 31 ST Δƒ is associated with
a segregated perception inwhich ‘two streams’ is almost always report-
ed. The 7 ST Δƒ is associated with an ambiguous region in which ‘two
streams’ is reported roughly half of the time.

Therewas amain effect ofΔƒ (F4, 288= 132.79, p b 0.0001). Post hoc
calculations showed a significant overall increase in the proportion of
time that ‘two streams’ was reported from 3 to 31 ST (3ST = 0.21 b 7
ST = 0.52 b 11 ST = 0.64 b 23 ST = 0.84 b 31 ST = 0.93) There was
no main effect of age (F2, 72 = 1.18, p = 0.31), suggesting that these
perceptswere consistent across all age groups. Therewas nomain effect
of group (F1, 72 = 2.42, p = 0.12) but group status interacted with ST
condition (F4, 288 = 4.45, p = 0.0017). This interaction showed that,
overall, DLD reported hearing ‘two streams’ less often than TLD at 23
and 31 ST conditions in all ages. A post hoc analysis conducted within
each age group separately showed that the TLD group reported a signif-
icantly higher proportion of hearing ‘two streams’ than theDLDgroup at
the 31 ST condition in the youngest group (7–9 years), at 23 ST and 31
ST in the middle group (10–12 years), and at 11 ST, 23 ST, and 31 ST in
the oldest group (13–15 years). There were no interaction of group
with age (F8, 288 = 1.69, p = 0.11) and no three-way interaction of
group × age × condition (F b 1, p = 0.44).

Overall, the children with DLDs never reached same level as the TLD
children, even at 31 ST, in reporting ‘two streams’ in any of the condi-
tions. Distinctions of note are: 1) in the 13–15-year-olds, the DLD chil-
dren were still in the ambiguous range at 11 ST (Fig. 3, right panel)
where the TLD group reported hearing ‘two streams’ (segregation)
most of the time; 2) in the 10–12-year-olds, the ambiguous range was
at 7 and 11 ST conditions for both groups, at 23 ST the TLD switched per-
cept to segregation, whereas the DLD group reported significantly more
often hearing two streams from 23 to 31 ST but significantly less often
than the TLD group; and 3) in the 7–9-year-olds, significant group dif-
ferences in reporting one or two streams occurred only at the extremes



Fig. 1. Stimulus paradigm. Rectangles represent tones. The abscissa shows the passage of time and the ordinate indicates frequency scale. The shading of the rectangles represents the
intensity value of the tones. A. Oddball sequence. Tones are presented at the pace they occur in the semitone (ST) conditions without the intervening tones. The louder intensity (deviant)
probe tone is indicatedwith an arrow. B. Semitone conditions. Tones are presented between the ‘oddball’ tones to create the semitone conditions. These tones occur at 3, 7, 11, 23, and 31 ST
distance from the oddball tones in separate conditions. The STD oddball tone intensity was 51.5 dB(A) and the louder probe tone was 66.5 dB(A). Only when the tones are segregated by
frequency separation can the louder probe tones be distinguished from the intensity of the other oddball tones (see Methods for details).
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(3 and 31 ST conditions). This seems to suggest that in the youngest
group of DLD children, there was not as much distinction across the ST
conditions. They reported hearing ‘two streams’ significantly more
often than the TLD groupwhen the sounds were integrated (3ST condi-
tion) and significantly less often when the sounds were segregated (31
ST condition). Thus, it is not clear from the results of Experiment 1 alone
what this reflects regarding sound organization in the youngest group
of DLD children; what other factors are influencing the report of global
perception of the sounds. In the older two age groups, in contrast, the
condition where there was a significant group difference distinguished
the Δƒ at which the sound sequence was perceived as having two
streams.
3.2. Results and discussion for Experiment 2: loudness detection task

Table 4 summarizes the mean RT, HR, FAR, and d′ for groups and
conditions. Fig. 4 illustrates the age group differences within and across
the groups. First, there are notable maturational changes in auditory
stream segregation ability in the typically developing children. This is
observed by a main effect of age (F2, 36 = 13.61, p b .0001). Overall,
the 13–15-year-olds had a significantly higher HR (0.81) than the 10–
12-year-olds (0.74) and these were both significantly higher than the
7–9-year-olds (0.66). Thus, deviance detection as measured by HR im-
proved with age. Because deviance detection is predicated on segregat-
ing the sounds and then perceiving the within-stream loudness
distinction, we conclude that stream segregation ability improves with
age. This is substantiated by the post hoc calculations showing that
there was no significant difference in the ability to detect the louder
sound as a function of age in the Oddball condition when there were
no intervening tones (Fig. 4, left panel, Oddball condition).

In all of the TLD age groups, the ability to detect the louder sound
(the probe tone) increased with increasingΔƒ (main effect of condition,
F5, 180 = 107.32, ε = 0.48, p b 0.0001). Post hoc calculations showed
that HR in the 3ST condition was lowest (0.39), and less than the 7 ST
condition (0.68), the 11 ST condition (0.76), and the 23 ST condition
(0.82). There was no significant difference between the 23 and 31 ST
conditions (0.82), but the 31 ST condition was significantly lower than
the HR in the Oddball condition (0.94). The interaction between age
and condition did not reach significance after correction (F10, 180 =
1.82, p = 0.12).

Assessing maturation effects in the DLD group, overall, as Δƒ in-
creased so did HR (main effect of condition, F5, 180 = 76.83, ε = 0.61,
p b 0.0001). Post-hoc calculations revealed that there was a significant
increase in HR with an increase in Δƒ (3 ST condition (0.43) b 7 ST
(0.62) b 11 ST (0.69) b 23 ST (0.78)). Therewas no significant difference
between the 23 and 31 ST (0.79) conditions. HR in the 31 ST was signif-
icantly lower than the Oddball (0.87) condition. A main effect of age
groupwas observed (F2, 36=4.18, p b 0.023), with post hoc calculations
showing that the 7–9-year-old group had a lower HR (0.61) than the
10–12-year-old group. In contrast, no significant difference between
the 10–12 and 13–15 year-olds occurred in the group with DLD (0.74
vs. 0.75, respectively). That is, there was no significant improvement
with age from 10–12 years to 13–15 years in the DLD group. There
was no interaction between condition and age (F10, 180 = 1.72, p =
0.12).

Assessing effects of group status (TLD vs. DLD), on loudness detec-
tion performance, ANOVA revealed a significant age by condition



Fig. 2. Behavioral tasks. Experiment 1 (left panel) assessed global perception of the sounds with participant's report of whether they heard the tones more as integrated into ‘one stream’

(top) or segregated into ‘two streams’ (bottom). Experiment 2 (right panel) assessed the ability to detect the probe tones among the 493.88 Hz tones. This task was predicated on the
ability to segregate the tones, which varied as a function of the frequency distance of the intervening tones, to make the comparison of the frequent intensity value (51.5 dB) from the
infrequent probe (66.5 dB) in that frequency stream.
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interaction (F10, 360 = 2.57, p = 0.024) showing that overall, the 7–9-
year-old group had a lower HR in the Oddball (0.84), 31 ST (0.71), 23
ST (0.72), 11 ST (0.61), and 7 ST (0.52) conditions than both middle
and older groups. The middle group was significantly lower than the
older group only in the 7 ST (0.66 vs. 0.76, respectively) and 11 ST
(0.75 vs. 0.82, respectively) conditions. This was not dependent upon
language status and suggests that the ambiguous range occurs at larger
Δƒ in younger children. HR did not differ for the 3 ST conditions across
age groups (young: 0.39; middle: 0.42; and older: 0.43), indicating the
integrated percept for all at this Δƒ. There was no main effect of group
status (TLD vs. DLD) (F1, 72 = 2.74, p = .10) on loudness detection per-
formance, and no interactions of group status and age (F b 1, p =0.53),
or group status, age, and condition (F b 1, p = .45). The interaction be-
tween group status and condition was not significant (F5, 360 = 2.13,
p = 0.06) but the trend was toward DLD having lower HR than TLD in
Table 3
Experiment 1: one vs. two streams.

7–9 years 10–12 years

Semitone conditions

3 7 11 23 31 3 7

TLD .09 .36 .69 .80 .98 .18 .55
(.11) (.22) (.25) (.26) (.07) (.30) (.38)

DLD .33 .53 .67 .71 .87 .24 .45
(.26) (.24) (.28) (.25) (.14) (.24) (.19)

Proportion of reported hearing two streams (standard deviation in parentheses). TLD = typica
the 11, 23, and 31 ST conditions. (This interaction was statistically sig-
nificant when comparing performance across experiments (F4, 288 =
5.41, p = .0003), showing larger frequency separations needed to re-
port two streams or detect louder sounds in DLD than TLD at 11, 23,
and 31 ST conditions.) There was a significant main effect of age group
(F2, 72 = 12.34, p b 0.0001). Post hoc analysis revealed that HR in the
younger children (7–9-year-olds) was lower (0.63) than HR in themid-
dle (0.74) and older (0.78) aged children, with no significant difference
between themiddle and older groups. Therewas also a significantmain
effect of condition (F5, 360 = 181.66, p b 0.0001). Post hoc analysis re-
vealed that only 23 and 31 ST conditions did not differ significantly
from each other. Otherwise, there was a significant increase in loudness
detection performancewith increase inΔƒ (3 ST: 0.41; 7 ST: 0.65; 11 ST:
0.73; 23 ST: 0.80; 31 ST: 0.80), and HR was significantly lower in all ST
conditions compared to the Oddball (0.90) condition. These age and
13–15 years

11 23 31 3 7 11 23 31

.59 1.00 1.00 .24 .61 .80 .97 1.00
(.29) (.00) (.00) (.34) (.35) (.26) (.07) (.00)
.52 .72 .88 .17 .59 .60 .84 .84
(.35) (.26) (.22) (.21) (.32) (.35) (.22) (.19)

l language development; DLD = developmental language disorder.



Fig. 3. Experiment 1. Global perception of the sequences is displayed by comparing between children with typical language development (TLD, blue, solid line) and children with
developmental language disorders (DLD, black, dashed line) for 7–9-year-olds (left panel), 10–12-year-olds (middle panel) and 13–15-year-olds (right panel). Proportion of times
participants reported hearing ‘two streams’ is indicated on the y-axis. Semitone conditions are displayed along the x-axis.
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condition effects on loudness detection performance did not depend on
language ability.

False alarm rate (FAR) did not significantly differ as a function
of group status (DLD vs. TLD) (F1, 72 = 3.89, p = 0.052): The trend
was toward the DLD group having an overall higher FAR. There was
a significant main effect of age group (F1, 72 = 5.94, p b 0.004). Post
hoc calculations showed that the 7–9-year-old age group had
significantly higher false alarms (0.17) than either of the other
two groups (0.09 and 0.08), which did not differ from each other.
There was also a significant main effect of condition (F5, 360 =
36.23, p b 0.001). Post hoc calculations showed that FAR was highest
for the 3ST condition (0.37), consistent with an inability to segregate
out the oddball tones. FAR was also higher in the 7 ST condition
(0.13) than the Oddball (0.04) or 31 ST (0.04) conditions, but did
not differ from the 23 (0.05) or 11 ST (0.07) conditions. There were
no interactions of condition with group (F5, 360 b 1, p = 0.43), or
with age group (F10, 360 b 1, p = 0.52), and no interaction among
all factors (F10, 360 b 1, p = 0.76).

Reaction time to the louder sounds did not significantly differ as a
function of group status (DLD vs. TLD) (F1, 72 b 1, p = 0.97). There
was a significant age effect (F2, 72 = 19.35, p b 0.0001), with post
hoc calculations showing that the youngest age group (7–9 years)
had significantly slower RT (421 ms) than both older groups (353
and 358 ms, respectively). The difference in RT between the two
older age groups was not significant. There was also a main effect
of condition on RT (F5, 360 = 89.96, ε = .56, p b 0.0001). Reaction
time was shortest in the Oddball condition (305 ms). Mean RT
increased with decreasing Δƒ (Oddball: 305 ms b 31 ST: 353 ms =
23 ST: 348 ms b 11 ST: 380 ms b 7 ST: 394 ms b 3 ST: 427 ms),
with no difference between 31 and 23 ST conditions. A condition
by age group interaction (F10, 360 = 4.66, p b 0.0001) occurred
because RT was significantly longer in the youngest group than the
two older age groups in all conditions except for the 3ST condition,
where there was no difference among the groups. This was likely
due to the difficulty or inability in the 3 ST condition to detect the
louder sound when the sequence of tones was perceived as an
integrated stream.

3.3. Comparison between Experiments 1 and 2

The purpose for conducting two experiments was to assess stream
segregation using different performance tasks. Experiment 1 relied on
report about whether the set of sounds was perceived as “one” (inte-
grated) or “two” (segregated) streams. In Experiment 2, the ability to
perform the loudness detection task was predicated on the ability to
first segregate out one set of tones from the other. Thus, it would be ex-
pected that the results of both experiments would be consistent with
each other. That is, when a participant says they hear two streams, per-
formance on the loudness detection task should be similarly strong,
consistent with previous studies in TLD children (Sussman, Wong,
et al., 2007; Sussman and Steinschneider, 2009). Fig. 5 shows a compar-
ison of the two groups, illustrating in the TLD group the consistency of
the increase in performancewith the increase in age across experiments
(Fig. 5, left). This pattern is not seen in the DLD group. In the TLD group,
the results of the regression indicated that reporting ‘two streams’
significantly predicted loudness detection performance (β = .40, p =
.01), and report of hearing ‘two streams’ also explained a significant
proportion of variance in loudness detection (R2 = .16, F1, 37 =
7.07, p b .01). That is, in the TLD group (Fig. 5, left), when a child said
he/she heard two streams (Exp 1), performance on the loudness detec-
tion task (Exp 2) was consistent with the amount of perceived segrega-
tion. In contrast, in the DLD group, the amount of perceived segregation
did not predict loudness detection performance (β = − .20, p = .21).
When a child said he/she heard two streams, it did not correspond with
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their ability to detect the louder sound (Fig. 5, right). This inconsistency
between performance in the DLD group could be due to the demand of
language use and conceptualization of what ‘two streams’ means in
Experiment 1,whichmaynot be related to stream segregation perception
per se. However, other factors, such as attentional abilities, may have
distinguished performance between the two experiments. Nonetheless,
task performance of reporting whether one or two streams were heard
may not be fully reflective of auditory stream segregation ability in chil-
dren with language impairments.

3.4. Relationship between phonological processing and auditory scene
analysis

The relationship between phonological processing (phonemic
awareness, phonemic memory, and rapid naming subtests of the
CTOPP) and stream segregation performance was assessed with a
stepwise multiple regression analysis in each age group separately
using the ST condition where there was a significant difference in
performance between the TLD and DLD groups (Fig. 6, labeled in
red). The overall phonological processing skill level significantly pre-
dicted stream perception in the 10–12- and 13–15-year-olds (R2 =
.19, F1, 30 = 6.74, p = 0.012; R2 = .21, F1, 28 = 7.35, p = .012, re-
spectively). Phonemic awareness uniquely and significantly ex-
plained 19% and 21% (respectively) of the variance in the stream
perception measures. However, the strength of the relationship
between phonemic awareness and stream perception was low
(unstandardized coefficient (B) = .003 and .005, respectively), sug-
gesting that the relationship is not linear (an increase in onemeasure
does not predict a linear increase on the other measure). In contrast,
phonological processing skills did not predict segregation perfor-
mance in the youngest group (F4, 17 b 1, p = 0.66), and phonological
processing scores explained none of the variance in stream percep-
tion in the 7–9-year-olds (B = 0).

There were also significant correlations of stream segregation
performancemeasures with scores onWord attack (r= .53), Phono-
logical Awareness (r = .46), and Rapid Naming (r = .42) but
not with Phonemic memory skills in the 13–15-year-olds (11 ST
condition); andwithWord attack (r= .46), Phonological Awareness
(r = .43), Rapid Naming (r= .40), and Phonemic memory (r = .36)
in the 10–12-year-olds (23 ST condition). No significant correlations
were found between phonological processing and word attack mea-
sures with stream segregation performance in the 7–9-year-old
group.

4. General discussion

These data demonstrate notable maturational effects on stream seg-
regation ability in children with typical language development through
adolescence (from7 to 15 years of age). Older children reportedhearing
two streams (Experiment 1) and detected within-stream louder tones
(Experiment 2) at smaller frequency separations than younger children.
That is, acuity for stream perception improves with age. Moreover, the
results of both experiments were consistent with each other in the TLD
group. Ability to perform the loudness detection task (Experiment 2)
was congruent with reporting hearing ‘two streams’ (Experiment 1).

There was a maturation effect on reaction time and on false alarm
rate in the loudness detection task (Experiment 2), in which RT was
slower and FAR higher in the youngest group compared to the two
older age groups overall. These effects were not altered by language
group status. Faster responses to loudness deviants were reflective of
maturational characteristics not associated with language ability. Thus,
this finding is incompatible with previous studies supporting a ‘general
slowing hypothesis’ in children with DLDs (e.g., Miller et al., 2006). Fi-
nally, there was an inverse relationship of RT and FARwith ST condition
in that RTwas longer and FAR higher with decreasingΔƒ. This would be



Fig. 4. Experiment 2. Hit rate on the loudness detection task is displayed (y-axis), comparing ages 7–9 (pink, solid line), 10–12 (black, dashed line), and 13–15 (green, dotted line) years
within language status groups to illustrate maturation effects in children with typical language development (left panel) compared to children with developmental language disorders
(right panel). Semitone and Oddball conditions are displayed along the x-axis.
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expected as the difficulty of the loudness detection taskwould be great-
er with smaller Δƒ.

Perception of stream segregation in both language groups
showed that 31 ST was segregated, 3 ST was integrated, and 7–11
ST was ambiguous, depending on the age of the child. This result,
the three regions of segregated, integrated, and ambiguous percepts,
Fig. 5. Comparison between results of Experiment 1 (black, solid line) and Experiment 2 (green
with developmental languagedisorders (DLD), illustrating consistency in performancemeasure
with DLD (right panel). Age group is presented along the x-axis, thus showing the overall mat
is consistent with our previous studies and with reports in
adults (Sussman and Steinschneider, 2009; Sussman et al., 2007;
Bregman, 1990; Carlyon et al., 2001). We have found these three
perceptual organizations to be consistent across ages, and the
current data now suggest that this complex organizational factor is
not dependent upon basic language ability, or due to differences in
, dashed line) is displayed for childrenwith typical language development (TLD) and those
s of streamperception in the TLD children (left panel) thatwasnot observed in the children
uration effect in the TLD group.



Fig. 6. Relationship between stream segregation perception and phonological processing ability. Multiple regression results are displayed using the first ST condition where significant
differences between groups were found: at 31 ST in the 7–9-year-olds, at 23 ST in the 10–12-year-olds, and at 11 ST in the 13–15-year-olds as the criterion variable and subtest scores
of the CTOPP (phonological awareness, phonemic memory, and rapid naming) and non-verbal IQ (PIQ) as predictor variables (see Results for detailed description). There was no
relationship between language ability and stream perception in the 7–9-year-old group.
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attention capacities of older children when compared to their
younger counterparts.

Group status (TLD vs. DLD) did not distinguish the ability to detect
loudness deviants across ages. The condition main effect showed that
HR was significantly higher in the Oddball condition, when there were
no competing sounds, than all of the ST conditions in children between
7 and 15 years (regardless of group status). This result indicates that
loudness detection performance was altered by selectively attending
(or ignoring) one set of sounds, or by the presence of competing irrele-
vant sounds. There was also a significant increase in HRwith increasing
Δƒ, suggesting an overall influence of segregation on the ability to per-
form the loudness detection task.

In contrast, group status did distinguish how children reported hear-
ing the sounds as one or two streams. Thiswas demonstrated by the sig-
nificant difference in stream segregation performance between the two
experiments in the DLD group, but consistency of the results across age
groups in the TLD group. Thus, another major finding of the current
studywas that the perception of two streams (Experiment 1) paralleled
the ability to detect loudness changes (Experiment 2) in the TLD group
but not in the DLD group. When TLD children reported hearing two
streams, they performed well on the loudness detection task (i.e., they
could segregate the sound streams to perform the task). However, for
the DLD children, the report of hearing two streams was not an indica-
tion of how well they did on the loudness detection task. Stream
segregation performance in Experiment 1 predicted performance in Ex-
periment 2 only in the TLD group. This discordance between the two
tasks may be due to language use and conceptualization of what ‘two
streams’ are despite receiving the same instructions and practice (im-
plying an understanding of the tasks). That is, task performance of
reporting whether one or two streams were heard may not be fully
reflective of stream segregation ability in children with language im-
pairments. On the other hand, the group differences may better reflect
a fundamental maturational difficulty in the analysis of complex
auditory scenes.

Alternatively, the group difference between experimentsmay be ex-
plained by attentional factors. The role of attention and other higher-
level factorsmay needbetter specification for explaining such group dif-
ferences (Petkov et al., 2005; Johnson, 2012; Nittrouer, 2012; Nittrouer
et al., 2011). Recent hypotheses have indicated dysfunctional attention-
al mechanisms as causal for deficits in phonological processing (Banai
and Ahissar, 2006; Facoetti et al., 2003; Hari and Renvall, 2001; Petkov
et al., 2005; Shafer et al., 2007; Stevens et al., 2006). Hari and Renvall
(2001) proposed that an inability to process rapidly changing acoustic
information may be the result of weak automatic attentional mecha-
nisms. Hartley and Moore (2002) suggested that deficits in attention,
cognition, and motivational factors can better account for the range of
experimental evidence in DLD than temporal processing deficit theory.
Facoetti et al. (2003) suggested that deficits in directing attention
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impact on the lower level visual and auditory processes used in phono-
logical processing, whereas Petkov et al. (2005) suggested that deficits
were due to attentional processes rather than either low-level acoustic
or language-related mechanisms. At the least, these studies emphasize
that attention mechanisms may be an integral factor in language
processing.

Overall, phonological processing predicted stream segregation per-
formance, and was correlated with stream perception in the two older
groups, but phonological skills were neither associated with nor pre-
dicted stream segregation performance in the youngest age group.
One possible explanation is that the association between the two is
reflective of a finer acuity in stream segregation skills that occurs with
experience. In the youngest group, performance may be confounded
by immaturities in other systems or processes that mediate perfor-
mance, and therefore measures may not be strictly reflective of stream
segregation ability. This is consistent with previous studies that found
musical processing ability to be predictive of linguistic processing
(Goswami et al., 2013; Huss et al., 2011).

In conclusion, children with language impairments performed sig-
nificantly lower in both experiments. They needed larger frequency
separations to hear two streams (Experiment 1), thoughwhen analyzed
separately, group status did not indicate poorer perform on the loud-
ness detection task (Experiment 2). Overall, the results suggest that
children with language impairments have difficulty parsing speech
streams, or identifying individual sound events, when there are multi-
ple competing sound sources. However, poorer performance in DLD
children may not be solely attributed to stream segregation abilities,
as simple sound frequency discrimination has been shown to be im-
paired in dyslexic individuals (Baldeweg et al., 1999; McAnally and
Stein, 1996). Further, the current results suggest that the level of lan-
guage involvement or cognitive ability for understanding the task
scheme may influence performance ability that is not strictly reflective
of an auditory skill.
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