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Multitalker situations confront listeners with a plethora of competing auditory inputs, and hence require
selective attention to relevant information, especially when the perceptual saliency of distracting inputs is high.
This study augmented the classical forced-attention dichotic listening paradigm by adding an interaural
intensity manipulation to investigate developmental differences in the interplay between perceptual saliency
and attentional control during auditory processing between early and middle childhood. We found that older
children were able to flexibly focus on instructed auditory inputs from either the right or the left ear,
overcoming the effects of perceptual saliency. In contrast, younger children implemented their attentional
focus less efficiently. Direct comparisons of the present data with data from a recently published study of
younger and older adults from our group suggest that younger children and older adults show similar levels
of performance. Critically, follow-up comparisons revealed that younger children’s performance restrictions
reflect difficulties in attentional control only, whereas older adults’ performance deficits also reflect an
exaggerated reliance on perceptual saliency. We conclude that auditory attentional control improves consid-
erably from middle to late childhood and that auditory attention deficits in healthy aging cannot be reduced

to a simple reversal of child developmental improvements.
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In everyday life, children, just like other listeners, are often
confronted with situations in which they need to focus on the
speech stream of one particular individual (e.g., teacher, parent, or

classmate), whereas others are talking at the same time in the
background. In such situations, a plethora of different sound
sources competes for the brain’s limited processing resources, and
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children have to selectively attend, for instance, to the teacher’s
voice (relevant information) and inhibit other voices (irrelevant
information). According to the biased competition model of atten-
tion, the demand for attentional control dynamically varies with
the perceptual saliency of relevant information (Desimone & Dun-
can, 1995; Miller & Cohen, 2001). For instance, the demand to
selectively focus on the teacher would be low when the auditory
inputs received from the teacher are perceptually more salient than
other competing auditory inputs coming from the classroom envi-
ronment, and vice versa. How perceptual saliency may interact
with attentional control during auditory perception and how this
interaction may differ between middle and late childhood has yet
not been investigated and was, thus, the main aim of the present
study. Moreover, no study has directly contrasted this interaction
during child development with that during aging. Therefore, a
second aim of the study was to extend the adult development
literature by directly comparing and contrasting the current child
developmental data with results from an earlier study on healthy
aging (Passow et al., 2012) to gain a more comprehensive under-
standing of attentional control of auditory perception across the
life span.

Development of Auditory Perception and Attentional
Control During Childhood

Relative to higher order cognitive mechanisms, the human au-
ditory system matures rapidly. Basic aspects of auditory process-
ing, such as frequency, intensity, and duration discrimination al-
ready function well 6 months after birth (e.g., Trehub, Bull, &
Thorpe, 1984; Trehub, Thorpe, & Morrongiello, 1987) and reach
adultlike levels in early childhood (e.g., Stalinski, Schellenberg, &
Trehub, 2008; Werner, 1996). Hearing sensitivity continuously
improves from infancy to early childhood and reaches adultlike
levels at school age (Trehub, Schneider, Morrongiello, & Thorpe,
1988). The precision of segregating different sound patterns, how-
ever, is still greater in adults than in children, reflecting that the
maturation of complex auditory pattern analysis takes longer com-
pared with the maturation of simpler discrimination processes
(Sussman, Wong, Horvath, Winkler, & Wang, 2007).

Although basic auditory discrimination matures in early child-
hood, children have to learn to selectively attend to relevant
information and inhibit distracting irrelevant information in situ-
ations in which multiple sensory inputs compete for further pro-
cessing. Younger children in the range of 5-12 years are more
susceptible to distractions from irrelevant information across a
broad range of auditory and visual tasks than adolescents and
young adults (e.g., Gomes, Molholm, Christodoulou, Ritter, &
Cowan, 2000; Ridderinkhof, van der Molen, Band, & Bashore,
1997; Rueda et al., 2004; Waszak, Li, & Hommel, 2010). For
instance, in the visual domain, the Flanker task (Eriksen & Erik-
sen, 1974) is commonly used to investigate developmental changes
in attentional control. Flankers (distractors) that are incongruent
with the target elicit greater interference effects and demand for
more attentional control than congruent flankers. From early to late
childhood (e.g., from 5 to 11 years as reported in Ridderinkhof et
al., 1997), these effects of interfering flankers decrease (Li, Him-
merer, Miiller, Hommel, & Lindenberger, 2009; Rueda et al.,
2004; Waszak et al., 2010).

In the auditory domain, younger children have more difficulties
in selectively attending to specific auditory information and in
ignoring irrelevant information than older children (see Gomes et
al., 2000, for a review). Dichotic listening tasks are often used to
investigate developmental differences in auditory attentional con-
trol. In this task, two different auditory inputs are simultaneously
presented to the right and left ear, and the participants are asked to
either attend to both ears (neutral-focus condition) and report the
syllable they heard most clearly or they are instructed to focus their
attention on one ear and report only the stimuli presented to this
ear (i.e., the focused-right or focused-left condition). Dichotic
listening performance is typically expressed in laterality indices,
reflecting the percentage of right-ear reports in relation to left-ear
reports. The laterality index ranges from —100 to +100% (Mar-
shall, Caplan, & Holmes, 1975). A positive laterality index indi-
cates a right-ear advantage (REA), that is, more correct reports of
right-ear syllables, whereas a negative laterality index indicates a
left-ear advantage (LEA) with more correct reports from the left
ear. In the neutral-focus condition, if verbal auditory inputs (e.g.,
consonant—-vowel [CV] syllables) are used, adult participants typ-
ically show a REA reflecting the left-hemispheric lateralization for
speech processing (for a review, see Hugdahl, 2003; Kimura,
1967). Relative to the neutral-focus condition, the REA is typically
enhanced when attention is focused on the right ear and decreased
or even reversed to an LEA when attention is focused on the left
ear. The relative shifts in the extent of the REA as a function of
attentional focus are thought to reflect the flexibility of attentional
control (see Hugdahl, 2003, for a review). In the neutral-focus
condition, a reliable REA (i.e., a left-hemispheric superiority for
speech processing) can already be observed in children aged 5
years (e.g., Berlin, Lowe-Bell, Hughes, & Berlin, 1973; Harper &
Kraft, 1994; Westerhausen, Helland, Ofte, & Hugdahl, 2010). In
the focused-attention conditions in contrast to older children (e.g.,
aged 10-11 years), younger children are not able to flexibly exert
their attentional control, and the REA is, thus, much less modu-
lated as a function of attentional focus (e.g., Hugdahl, Carlsson, &
Eichele, 2001; Takio et al., 2009).

Extending the classical dichotic listening task, recent studies
showed that an intensity-modulated dichotic listening task com-
bined with attentional manipulation is particularly amenable for
investigating the interactions between perceptual saliency and at-
tentional control during auditory processing (Passow et al., 2012;
Tallus, Hugdahl, Alho, Medvedev, & Hamalainen, 2007; Wester-
hausen et al., 2009). In this variant of the dichotic listening
paradigm, the relative perceptual saliency of the two dichotically
presented syllables and the attentional focus are manipulated si-
multaneously. The perceptual saliency is varied by gradually
changing the degree of intensity differences between the ears,
favoring either the right or left ear (see the top portion of Figure
1A for a schematic illustration). As in the classical dichotic lis-
tening task, attentional focus is varied by instructing the partici-
pants to attend to both ears or to focus on either the right or the left
ear (see the bottom portion of Figure 1A for a schematic illustra-
tion). The laterality indices change as a function of the interaction
between perceptual saliency and attentional focus. Relative to the
neutral-focus conditions, participants with intact attentional con-
trol typically report more syllables from the right ear in focused-
right conditions and more syllables from the left ear in focused-left
conditions. This is reflected in increased laterality indices in
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Figure 1.
expected modulation of the laterality index.

focused-right and decreased laterality indices in focused-left con-
ditions (see Figure 1B for a schematic illustration).

Previous studies showed that younger adults are able to use
attentional control to manipulate the laterality indices throughout
all levels of perceptual saliency. Specifically, the laterality index in
the neutral-focus conditions was, overall, lower compared with the
laterality index in the focused-right conditions, but higher com-
pared with the laterality index in the focused-left conditions (Pas-
sow et al., 2012; Tallus et al., 2007; Westerhausen et al., 2009).
Furthermore, the magnitude of the differences between neutral-
focus and the focused-attention conditions was larger when atten-
tional focus and perceptual saliency favor different ears compared
with when attentional focus and perceptual saliency favor the same
ear. In comparison to younger adults, older adults were not able to
direct their attentional focus flexibly, and their performance was
dominated by perceptual saliency (Passow et al., 2012).

Right ear louder

Schematic illustrations of (A) the perceptual saliency and attentional focus manipulation and (B) the

To the best of our knowledge, no other study as yet has inves-
tigated the development of the interaction between perceptual
saliency and attentional focus from middle to late childhood. In life
span samples covering the age range from early childhood to
old age, various cognitive functions such as conflict resolution
(Waszak et al., 2010), inhibitory mechanisms (Dempster, 1992),
episodic memory (Shing & Lindenberger, 2011), or perceptual
speed in the visual domain (Kail & Salthouse, 1994) follow an
inverted U-shaped function of rise and fall, reflecting that both
children and older adults perform below the level of younger
adults. However, direct comparisons revealed that this apparent
behavioral symmetry does not necessarily point to an identity of
the mechanisms that are operating in the course of child develop-
ment and healthy aging (e.g., Baltes, Lindenberger, & Staudinger,
2006; Craik & Bialystok, 2006; Himmerer, Li, Miiller, & Linden-
berger, 2011; Li et al., 2004, 2009; Shing & Lindenberger, 2011;
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Waszak, Schneider, Li, & Hommel, 2009). Thus far, little is
known about differences or similarities in the underlying mecha-
nisms of attentional control of auditory perception between child
development and healthy aging. Older adults’ deficits in auditory
processing relative to younger adults likely reflect effects of com-
promised sensory functions that are further augmented by aging-
related attentional deficits (e.g., Helfer & Freyman, 2008; Passow
et al., 2012; Tun, O’Kane, & Wingfield, 2002). In contrast, age-
related improvements in dichotic listening performance from mid-
dle to late childhood are likely to primarily or exclusively reflect
age-graded changes in attentional control (Hugdahl et al., 2001;
Ridderinkhof et al., 1997; Rueda et al., 2004; Takio et al., 2009;
Waszak et al., 2010), given that basic auditory mechanisms reach
adultlike levels in early childhood (e.g., Stalinski et al., 2008;
Trehub et al., 1988; Werner, 1996).

Study Aims and Hypotheses

In this study, we focused on the development of the interaction
between perceptual saliency and attentional control during audi-
tory processing from middle to late childhood. To this end, we
compared a group of children aged 7-8 years with a group of
children aged 11-12 years using an intensity-modulated dichotic
listening task that included an attentional manipulation. On the
basis of studies reporting an increase in attentional control during
childhood (e.g., Takio et al., 2009; Waszak et al., 2010), we
expected that older relative to younger children would modulate
their attentional control more flexibly to overcome irrelevant in-
puts from the nonattended ear. Hence, we hypothesized that at-
tending to the right ear would increase the laterality index across
all perceptual saliency conditions relative to the neutral-focus
condition, whereas attending to the left ear would reduce the
laterality index. In line with previous studies in adult samples
(Passow et al., 2012; Tallus et al., 2007; Westerhausen et al.,
2009), we expected that the differences between the laterality
indices in the neutral-focus and focused-attention conditions in
older children would be magnified when perceptual saliency and
attentional focus favor different ears as opposed to conditions
favoring the same ear. In contrast, we expected that the laterality
indices in younger children would be less affected by the atten-
tional manipulation because their relatively less mature attentional
system would not be strong enough to counteract salient but
attention-incongruent auditory input. Accordingly, we predicted
that younger children would show smaller differences between the
laterality indices in neutral-focus and focused-attention conditions
than older children. To explore differences between maturational
and senescent influences on the interaction between perceptual
saliency and attentional control during auditory processing, we
also conducted secondary analyses in which we compared selected
results of the present study with corresponding data from a previ-
ously published study with younger and older adults (Passow et al.,
2012).

Method

Participants

The child development sample consisted of 24 younger children
aged 7-8 years (mean age 7.58 * 0.50 years; 14 girls) and 24
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older children aged 11-12 years (mean age 11.50 = 0.51 years; 14
girls). Handedness was assessed with the Edinburgh Handedness
Inventory (Oldfield, 1971). All participants were screened for
pure-tone hearing thresholds (= 35 dB HL; see Table 1) and
interaural threshold differences (= 10 dB) for the frequencies of
250, 500, 1000, 2000, and 3000 Hz, using a pure-tone audiometer
(MAICO Diagnostics MA 51, Berlin, Germany). None of the
participants had to be excluded on the basis of hearing thresholds.
Prior to the dichotic listening experiment, cognitive covariates
including a marker of auditory working memory (auditory verbal
N-back task; adapted from Lovdén, Schifer, Pohlmeyer, & Lin-
denberger, 2008) and a marker of perceptual speed (Digit Symbol
Substitution test; Wechsler, 1981) were assessed. In line with
previous developmental studies (e.g., Himmerer, Li, Miiller, &
Lindenberger, 2010; Vuontela et al., 2003), our results showed
significant age-related improvements in auditory working memory
performance, younger children, 11.9 = .9, older children: 13.4 *
.6, 1(46) = 6.73, p < .05, d = 1.94; and perceptual speed, younger
children, 26.9 = 5.6, older children, 47.1 = 10.8, #(46) = 6.73, p <
.05, d = 2.34, confirming the age typicality of our samples.

The adult development sample of the previously published study
consisted of 24 right-handed younger adults aged 23-35 years
(25.96 = 2.7 years; 12 women) and 25 right-handed older adults
aged 65-76 years (mean age 70.68 = 3.5 years; 11 women). All
participants had pure-tone hearing thresholds =35 dB HL (see
Table 1) and interaural threshold differences =10 dB for the
frequencies of 250, 500, 1000, 2000, and 3000 Hz. More details
about the adult development sample can be found in Passow et al.
(2012).

The participants of the two studies were all native German
speakers and were paid for participation. Before testing, informed
consent was obtained from each participant and the parents of the
participants, respectively. The Ethics Committee of the Max
Planck Institute for Human Development, Berlin, Germany, ap-
proved both studies.

Stimuli and Procedure

The stimuli were paired presentations of CV syllables, which
were formed combining the six stop-consonants /b, d, g, p, t, k/
with the vowel /a/. The syllables were either voiced (/ba/, /da/,
/gal) or unvoiced (/pa/, /ta/, /ka/). All syllables were spoken by a
young adult male speaker and with a mean duration of 400 ms and
presented at individually adjusted intensities. Individual adjust-
ment of intensities was done by adding a constant of 65 dB to each

Table 1
Pure-Tone Hearing Thresholds (db HL) for Younger Children,
Older Children, Younger Adults, and Older Adults

Younger Older Younger
children children adults Older adults
Frequency
in Hz M SD M SD M SD M SD
250 479 531 521 494 625 4.10 1070 6.48

500 6.04 454 427 414 573 386 9.80 535

1000 5.10 420 260 503 385 390 1270 6.65
2000 5.83 440 3.65 500 573 544 2030 821
3000 396 494 188 517 4.06 447 2220 879
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participant’s personal hearing threshold at 500 Hz (mean of
0-1000 Hz), because the highest amplitude in all of the six CV
syllables was present in the frequency range below 1000 Hz. Prior
to the experiment, a syllable discrimination task was conducted to
ensure that the children in both age groups were able to discrim-
inate between the six different syllables. The syllables were pre-
sented diotically, and the participants had to choose one out of six
corresponding buttons (chance level 16.7%). All children per-
formed well above chance, and mean accuracy across both groups
was 94.9 * 6.3%.

Perceptual saliency of the syllables was manipulated by decreas-
ing the intensity of either the right or the left ear in 5 dB steps until
a maximum difference of 20 dB between ears was reached. Over-
all, there were nine different interaural intensity conditions: four
conditions favoring the left ear, L > R (1 = [-20dB], 2 = [—15
dB], 3 = [—10 dB], 4 = [—5 dB]), four conditions favoring the
rightear, R > L (6 = [5dB], 7 = [10dB], 8 = [15dB], 9 = [20
dB]), and one condition was neutral (same input intensity to both
ears, L = R (5 = [0 dB]). The neutral condition served as baseline
intensity and was adapted to each participant’s individual hearing
threshold at 500 Hz (see above). Each of the 12 dichotic syllable
pairs was presented twice for each of the nine perceptual saliency
conditions, resulting in a total of 216 intensity-stimulus pairs for
each attentional condition, which were then split into four testing
blocks of 54 trials.

Attentional focus was manipulated by instructing the partici-
pants to attend to both ears (neutral-focus; NF) or to focus either
on the right (focused-right; FR) or the left ear (focused-left; FL).
In the NF condition, participants were asked to report the syllables
they heard most clearly, whereas in the focused-attention condi-
tions, they were asked to only report the syllable presented to the
requested ear. The attentional instructions were varied across
blocks. The NF condition was always completed first to avoid
carryover effects from the FR or FL condition to the NF condition
(Hiscock & Stewart, 1984). FR and FL blocks were intermixed and
individually counterbalanced in two presentation orders (i.e.,
ABBABAAB or BAABABBA). All testing was performed in a
sound-attenuated booth. Presentation of the stimuli and response
collection were controlled via E-prime v1.2 software (Psychology
Software Tools) run on a PC. All stimuli were presented using
insert earphones (ER 3A Insert Earphone, Etymotic Research, Inc.,
Elk Grove Village, IL).

Statistical Analysis

Extending previous studies focusing on the development of
attentional control of dichotic listening (Hugdahl et al., 2001;
Takio et al., 2009), we examined how the development of atten-
tional control may interact with perceptual saliency to affect the
laterality indices in an intensity- and attention-modulated dichotic
listening task. In addition, we conducted secondary analyses com-
paring variables of interest of the present study with corresponding
data from an analog study testing an adult development sample
(Passow et al., 2012) to investigate potential similarities and dif-
ferences between child development and aging.

Child developmental effects in the interaction between percep-
tual saliency and attentional focus were analyzed with respect to
the auditory laterality index, a summary measure of ear advantage.
The laterality index represents the number of correct right-ear (RE)
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reports in relation to the correct left-ear (LE) reports (i.e., (RE —
LE)/(RE + LE) X 100). The laterality indices for younger and
older children were analyzed in a repeated measures analysis of
variance (ANOVA), with attentional focus (NF, FR, FL) and
perceptual saliency (nine interaural intensity difference conditions)
as within-subject factors and age group and sex as between-subject
factors.

For the secondary data analyses of life span comparisons, first
the presence of a reliable REA in younger and older children of the
present study and younger and older adults from an earlier study
(Passow et al., 2012) was analyzed with respect to the percentage
of reported RE and LE syllables in the neutral-focus condition
when inputs to both ears were of the same intensity. Correct
reports were analyzed in a repeated measures ANOVA, with ear
(RE, LE) as the within-subject factor and age group and sex as
between-subject factors. Second, to explore child development and
aging-related influences on the interaction between perceptual
saliency and attentional control during auditory processing, we
computed a Selective Attention Index (ATTIndex) and a Percep-
tual Dependency Index (PERIndex) for each participant of the four
age groups. The ATTIndex reflects the extent to which participants
were able to deploy their attention flexibly to focus either on the
RE or LE inputs. The ATTIndex was based on the increase of RE
reports in the FR condition and the increase in LE reports in the FL
condition relative to the NF condition. For each of the nine levels
of perceptual saliency, the ATTIndex was computed by first cal-
culating the differences between (a) the laterality indices in FR and
NF conditions (for an illustration, see differences between the
dotted and solid lines in Figure 1B) and (b) the laterality indices in
NF and FL conditions (for an illustration, see differences between
the solid and dashed lines in Figure 1B). The resulting differences
were then summed across the nine levels of perceptual saliency for
the FR and FL conditions. In order to get an overall index of
attentional flexibility, the mean of the summed differences for FR
and FL was taken as the ATTIndex (for equation, see the Appen-
dix). High values of the ATTIndex reflect great increases in
reporting stimuli from the attended ear in the FR and FL relative
to the NF condition and, thus, high attentional flexibility. The
PERIndex reflects the extent to which the performance was driven
by perceptual saliency of the syllables. At the first step, a PERIndex
was computed separately for each of the three attention conditions
(FR, FL, and NF). This was done by calculating the mean of the
absolute differences between the neutral condition (the condition
with 0 dB difference in Figure 1B; i.e., when both ears get the
same input intensity), and each of the four perceptual saliency
conditions favoring either the right or the left ear. At the second
step, an overall perceptual dependency index was defined as the
mean of the three perceptual dependency indices (for equations,
see the Appendix). High values of the PERIndex indicate increased
reports of the louder relative to the softer syllable and, thus, high
dependency on bottom-up stimulus salience.

Life span age differences in both indices were analyzed in two
separate univariate ANOV As, with age group and sex as between-
subject factors. Given the improvements in auditory attentional
control during child development and the decline in auditory
attentional control during aging (Hugdahl et al., 2001; Takio et al.,
2009), significant main effects of age group in the ATTIndex were
followed up by a planned contrast testing for a curvilinear pattern.
In contrast, as auditory perceptual processing progressively declines
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throughout the life span (see Gordon-Salant, Frisina, Popper, & Fay,
2010, for a review), significant main effects in PERIndex were fol-
lowed up by planned contrasts testing for a linear pattern. Games-
Howell pairwise comparisons, which correct for Type I error
accumulation and are suitable for samples with unequal variances,
were calculated to further characterize the age group differences in
both indices. Furthermore, Pearson product-moment correlations
were used to analyze whether the magnitude of the REA, ex-
pressed in the laterality index, is associated with the ATTIndex or
PERIndex.

Given that sex as a between-subject factor did not reveal any
significant main or interaction effects, this factor was collapsed in
all subsequent ANOVAs. When the sphericity assumption was
violated (p < .05), the Greenhouse—Geisser correction was ap-
plied. Adjusted degrees of freedom and p values of the analyses are
reported. Effect sizes of main or interaction effects are given as n?,
representing the proportion of variance of the dependent factor
explained by the independent variable. Effect sizes of follow-up
planned contrasts were given as Cohen’s d. The alpha level was set
to p = .05.

Results

Child Developmental Differences in the Interplay
Between Perceptual Saliency and Attentional Focus

The results of the three-way repeated measures ANOVA ana-
lyzing the laterality indices revealed significant main two- and
three-way interaction effects (see Table 2). Most importantly, the
three-way interaction of attentional focus, perceptual saliency, and
age group reached significance, F(8.13, 373.98) = 3.44, p < .05,
m? = 0.01, indicating age differences in the interaction between
perceptual saliency and attentional focus during auditory process-
ing (see Figure 2). Results of the post hoc attentional Focus X
Perceptual Saliency ANOVAs conducted separately for each age
group demonstrated a significant main effect of perceptual saliency in
both age groups, younger children, F(1.76, 40.56) = 73.95, p < .05,
T]2 = 0.86, and older children, F(1.82, 41.90) = 82.75, p < .05, 7]2 =
0.68. In contrast, the main effect of attentional focus was observed in
older children, F(1.12, 25.65) = 14.49, p < .05, n*> = 0.23, but not
in younger children (p > .05). In older children, the laterality index in
the FR condition was significantly larger than the laterality index in
the NF condition when perceptual saliency favored the left ear (i.e., 20
dB, 10 dB, and 5 dB in favor of the left ear) and in one condition in
which perceptual saliency and attentional focus favored the same ear
(i.e., 5 dB in favor of the right ear). In younger children, none of the

Table 2
Three-Way Repeated Measures ANOVA for Laterality Indices
Effect F df effect  df error "’

ATT 15.29 1.24 57.22 0.08
ATT X Age Group 9.82 1.24 57.22 0.05
PER 155.33 1.88 86.86 0.73
ATT X PER X Age Group 3.44 8.13 373.98 0.01
Note. Attentional focus (ATT) and perceptual saliency (PER) are within-

subject factors, and age group is a between-subject factor. ANOVA =
analysis of variance. All effects were statistically significant at p < .05.

1987

comparisons reached significance. Regarding FL conditions, older
children showed a significantly lower laterality index relative to the
NF condition in three conditions in which perceptual saliency and
attentional focus were in opposition (i.e., 20 dB, 15 dB, and 5 dB in
favor of the right ear) and in one condition when both favored the
same ear (i.e., 15 dB in favor of the left ear). Again, no such
differences were observed in the younger children.

These results indicate that the behavior of both younger and
older children was influenced by the difference in perceptual
saliency between left and right auditory inputs. However, older
children’s behavior was also significantly influenced by attentional
control, whereas younger children’s behavior was not. In older
children, the effect of attentional focus on the REA increased when
perceptual saliency and attentional focus favored opposing ears
relative to conditions in which both favored the same ear.

Life Span Differences in Attentional Control and
Dependency on Perceptual Saliency

The results of the two-way repeated measures ANOVA analyz-
ing the percentages of correct RE and LE reports in the NF
condition when both ears get the same input intensity revealed a
main effect of ear, F(1, 89) = 30.83, p < .05, n? = 0.65, and age
group, F(1, 89) = 8.62, p < .05, n* = 0.05. The interaction
between ear and age group did not reach significance (p > .05).
Follow-up paired samples ¢ tests within each age group revealed a
pronounced REA in younger, #23) = 3.93, p < .05, d = .74, and
older children, #23) = 3.34, p < .05, d = 1.14, as well as in
younger adults, #(23) = 4.67, p < .05, d = 1.34. In contrast, older
adults did not report more syllables from the right compared with
the left ear (p > .05). Across all four age groups, the strength of
the REA was associated neither with the ability to exert attention
flexibly (i.e., the ATTIndex, r = —.002, p > .05) nor with the
dependency on stimulus saliency (i.e., the PERIndex, r = —.118,
p > .05), and also not when controlled for age (ATTIndex: r =
.001, p > .05; PERIndex: r = —.112, p > .05).

The life span comparison of the ATTIndex and the PERIndex
revealed a significant main effect of age group in both indices,
ATTIndex, F(3, 93) = 7.99, p < .05, n? = 0.20; PERIndex, F(3,
93) = 8.62, p < .05, m* = 0.22 (see Figure 3B). Regarding the
ATTIndex, planned contrasts confirmed a curvilinear pattern
across age groups, with younger children and older adults having
the lowest ATTIndex, #56.47) = —4.75, p < .05, d = 1.26.
Games-Howel pairwise comparisons revealed that younger chil-
dren showed a significantly lower ATTIndex than older children
(mean difference: —17.45%, p < .05, d = 0.96) and younger
adults (mean difference: —22.44%, p < .05, d = 1.17). Older
children and younger adults did not differ with respect to their
ATTIndex (all ps > .05). In contrast, the ATTIndex of older adults
was significantly lower than that of older children (mean differ-
ence: —14.23%, p < .05, d = 0.76) and younger adults (mean
difference: —19.22%, p < .05, d = 0.98), but did not differ from
that of younger children.

With respect to the dependency on perceptual saliency of the
syllables captured by the PERIndex, the planned contrasts con-
firmed a linear pattern, with older adults showing the highest
value, #(93) = 4.69, p < .05, d = 0.97. Pairwise comparisons
showed that younger children did not significantly differ from
older children and younger adults (all ps > .05). In contrast, the
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Figure 2. Mean laterality indices across all interaural intensity difference conditions and for each attentional
focus condition for (A) younger children and (B) older children. Error bars indicate one standard error of the

mean.

PERIndex of older adults was significantly higher than the
PERIndex of younger children (mean difference: 10.44%, p < .05,
d = 1.04), older children (mean difference: 11.35%, p < .05, d =
1.29), and younger adults (mean difference: 6.68%, p < .05, d =
0.75). In sum, younger children’s performance disadvantage rela-
tive to older children and younger adults was primarily attributable
to immature attentional control, whereas older adults’ performance
in dichotic listening was, in addition, strongly driven by the
perceptual saliency of the syllables.

Discussion

The age group differences observed in the present study are
consistent with the hypothesis that the interaction between percep-
tual saliency and attentional control during auditory processing
changes from middle to late childhood. Extending the existing
dichotic listening literature on child development of auditory at-
tentional control, the present study showed that older children aged
11-12 years were able to focus their attention flexibly on either
ear, even when they were confronted with perceptually more
salient irrelevant information from the nonattended ear. In con-
trast, younger children aged 7-8 years were unable to do so.
Moreover, we also compared the childhood findings with data
from a sample of healthy younger and older adults (Passow et al.,
2012) on indices of selective attention and perceptual dependency
and found that the interaction between perceptual saliency and
attentional control differed across the life span. In the following,
we further discuss the similarities and differences between child
development and healthy aging.

Attentional Control of Auditory Processing Increased
From Middle to Late Childhood

On the basis of the present findings, it appears that perceptual
saliency and attentional focus interact in both younger and older

children. However, the pattern of this interaction evolves with age.
Whereas older children were able to focus their attention flexibly
on the right or left ear even when they were confronted with
perceptually more salient stimuli from the nonattended ear,
younger children apparently had difficulties in doing so. Specifi-
cally, across all perceptual saliency conditions, in older children
the laterality indices were increased relative to the NF condition
when attending to the right ear; conversely, attending to the left ear
reduced the laterality indices. Furthermore, these effects were
enhanced in conditions in which attentional focus and perceptual
saliency favored opposing ears, documenting the influence of
top-down control on auditory perception. In contrast, the laterality
indices in younger children differ much less between the three
attentional focus conditions. Taken together, these results indicate
that, compared with younger children, older children deployed
attentional control more effectively and more flexibly in modulat-
ing the laterality indices.

In light of the three-network view of attention (Posner & Boies,
1971) that differentiates between an alerting, orienting, and exec-
utive attention network, our results are in line with the develop-
ment of the executive attention network. This network is com-
monly regarded as a supervisory system that resolves conflicts
among different competing stimuli and is involved in planning and
decision-making processes (e.g., Fan, McCandliss, Sommer, Raz,
& Posner, 2002; Posner & Petersen, 1990; Raz & Buhle, 2006). In
the present intensity- and attention-modulated dichotic listening
paradigm, executive attention is needed to resolve conflicts be-
tween exogenous (bottom-up) orienting when attention is captured
automatically by the perceptually more salient stimuli and endog-
enous (top-down) orienting when attention is focused voluntarily
on either ear. Developmental studies have shown a lack of exec-
utive attention in early childhood and progressive improvements
during child development in visual (e.g., Ridderinkhof et al., 1997;
Rueda et al., 2004; Waszak et al., 2010) and auditory attention
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tasks (e.g., Gomes et al., 2000; Hugdahl et al., 2001; Takio et al.,
2009). For instance, interference effects in the Eriksen Flanker
task, as reflected in decrements in response speed and accuracy
when incongruent response options have to be suppressed, de-
crease with increasing age in childhood (Li et al., 2009; Ridderink-
hof et al., 1997; Rueda et al., 2004). Furthermore, our results
confirm previous findings obtained with forced-attention dichotic
listening paradigms showing that the ability to focus attention on
either ear and suppress the input of the nonattended ear improves
during child development (Hugdahl et al., 2001; Takio et al.,
2009).

Previous functional magnetic resonance imaging (Falkenberg,
Specht, & Westerhausen, 2011; Westerhausen et al., 2010) and
electroencephalography (Passow et al., 2012) studies suggest that
a network of frontal and parietal regions is involved in the
intensity- and attention-modulated dichotic listening task. The
maturation-driven synaptogenesis of parietal structures is likely to
asymptote at about 10 years of age (Casey, Tottenham, Liston, &
Durston, 2005), whereas synaptogenesis and other maturational
changes in the prefrontal cortex continue into and beyond adoles-
cence (Sowell et al., 2003). Relating these findings with our data,
one viable interpretation is that immature parietal and prefrontal
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networks in younger children may contribute to their difficulties in
efficiently and flexibly exerting attention in the context of the
present task.

According to Posner and Rothbart (1998), the development of
executive attention is closely intertwined with the development
from rudimentary, rigid to conscious, intentional controls of ones’
own thoughts, emotions, and actions (i.e., self-regulation). For
instance, measures of conflict resolution significantly correlate
with children’s self-regulation in daily life measured by parental
reports (Gonzdlez, Fuentes, Carranza, & Estévez, 2001; Posner &
Rothbart, 2009). Thus, the observed performance increase in at-
tentional control of auditory perception between younger and
older children may also be seen in light of the development
from reactive to more self-regulative behavior. Furthermore,
individual differences in the ability to focus on relevant infor-
mation and to suppress irrelevant, perceptually more salient
information may be closely related to individual differences in
learning at schools. Thus, future studies should investigate
whether students with attentional deficits can be trained on their
performance in the intensity- and attention-modulated dichotic
listening paradigm and whether the training effect would influ-
ence their school achievements.

Similarities and Differences Between Middle
Childhood and Old Age

In line with the literature, a reliable RE advantage could be
observed in younger and older children (Berlin et al., 1973; Harper
& Kraft, 1994; Westerhausen et al., 2010), as well as in younger
adults (for a review, see Hugdahl, 2003; Kimura, 1967). The
absence of an RE advantage in older adults can be seen in light of
a more bilateralized functional language network (Tyler et al.,
2010) and might reflect age-related differences in distinctiveness
of brain activations (Li & Sikstom, 2002). The strength of the RE
advantage was not associated with attentional flexibility or depen-
dency on stimulus saliency. This indicates that attentional flexi-
bility and perceptual dependency observed in this study are not
specifically linked to mechanisms that underlie the REA.

Comparing indices of selective attention and perceptual depen-
dency obtained from the current child development sample with
data from a previously published adult sample revealed informa-
tive similarities and differences between age-graded changes in
childhood and adulthood. At first glance, age differences in the
effects of attentional focus on laterality appear in children and
adults (i.e., comparing the younger vs. older children data in
Figure 2 and the older vs. younger adult data in Figure 3A). Both,
in younger children and older adults, the laterality indices were not
modulated by attentional focus across all levels of perceptual
saliency. In contrast, older children’s and younger adults’ laterality
indices in the FR or FL conditions differed substantially from
those in the NF conditions, reflecting the flexible and efficient
deployment of attentional control. The same pattern of findings
holds for the selective attention indices, which are reliably lower in
younger children and older adults than in older children and
younger adults, respectively (see Figure 3B). On the basis of these
findings, we conclude that auditory attentional control follows an
inverted U-shaped function, in line with earlier evidence on the life
span development of visual attention (Hommel, Li, & Li, 2004;
Waszak et al., 2010), inhibition (Dempster, 1992), working mem-

ory (Sander, Werkle-Bergner, & Lindenberger, 2011), and epi-
sodic memory (Shing & Lindenberger, 2011).

At the same time, we observed important differences in percep-
tual dependency between children and older adults. Among the
four age groups, the group of older adults showed the highest
perceptual dependency, whereas among younger adults, older and
younger children did not differ significantly from each other (see
Figure 3B). Available evidence points toward a stability in hearing
sensitivity from childhood to young adulthood and a progressive
decline thereafter (e.g., Cruickshanks et al., 1998; Trehub et al.,
1988). As hearing sensitivity and attentional control both decline
during aging, the processing of competing simultaneous auditory
inputs may increasingly depend on the relative saliency of auditory
inputs. On top of their attentional deficit, older adults’ dichotic
listening performance was more dependent on perceptual saliency
than the listening performance in younger adults and children.

Conclusion

The present study provides novel evidence for child develop-
mental differences in the interaction between perceptual saliency
and attentional control during auditory processing. Our results
showed that younger and older children’s behavior reflects, to
some extent, perceptual saliency differences of the auditory inputs
between the ears. Older children are able to flexibly exert their
attention to overcome irrelevant auditory information of different
perceptual saliency, whereas younger children are not yet able to
do so in the context of the present paradigm. Critically, direct
comparisons of these results with previous findings obtained from
an adult development sample (Passow et al., 2012) revealed a clear
life span dissociation: Younger children’s performance restrictions
reflect difficulties in attentional control only, whereas older adults’
performance deficits reflect both difficulties in attentional control
and an exaggerated reliance on perceptual saliency. In line with
previous studies (e.g., Himmerer et al., 2011; Li et al., 2009;
Sander et al., 2011; Shing & Lindenberger, 2011; Waszak et al.,
2009), our results further reveal that child development and aging
are not simple mirror reflections of each other and underscore the
importance of life span comparisons. The generality of our find-
ings, however, needs to be verified in future studies with larger
samples as well as in studies using longitudinal designs.
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Appendix

Equations of Selective Attention Index and Perceptual Dependency Index

Selective Attention Index (ATTIndex) was defined as:

IAI=9 IAI=9
> (LI FR — LIy NF) + M;] (LIyNF — LI FL)

IAI=1

9
ATTIndex =
2
Perceptual Dependency Index (PERIndex) was defined as:
IAI=4 IAI=9
>, ABS(ABS(LIysNF) — ABS(LIyNF)) >, ABS(ABS(LIjsNF) — ABS(LIyNF))
PERIndexNF = A= 4 IA=6
4 4
TAI=4 AI=9
>, ABS(ABS(LIjy;sFR) — ABS(LIy FR)) >, ABS(ABS(LI};;sFR) — ABS(LIj\FR))
PERIndexFR = =1 | AI=6
4 4
IAI=4 JAI=9
>, ABS(ABS(LIysFL) = ABS(LInFL) >, ABS(ABS(LIjysFL) — ABS(LIFL))
PERIndexFL = "A=! 7 | lA=6 ;

PERIndexNF + PERIndexFR + PERIndexFL
3

PERIndex =

1993

(€))

M

(@)

3)

“

Received December 8, 2011
Revision received August 28, 2012
Accepted October 16, 2012 =



	Development of Attentional Control of Verbal Auditory Perception From Middle to Late Childhood:  ...
	Development of Auditory Perception and Attentional Control During Childhood
	Study Aims and Hypotheses
	Method
	Participants
	Stimuli and Procedure
	Statistical Analysis

	Results
	Child Developmental Differences in the Interplay Between Perceptual Saliency and Attentional Focus
	Life Span Differences in Attentional Control and Dependency on Perceptual Saliency

	Discussion
	Attentional Control of Auditory Processing Increased From Middle to Late Childhood
	Similarities and Differences Between Middle Childhood and Old Age

	Conclusion
	References


