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ABSTRACT

Several studies analyzing the ontogenetic origin of cerebral lateralization provide evidences for a genetic
foundation of handedness in humans that is modulated by environmental influences. Since other forms of
behavioral lateralization are less investigated, it is unclear as to how far different functions display sim-
ilar heritability. But deeper knowledge is necessary to understand if and how developmental coupling of
different functions is based on a shared genetic background or on the impact of environmental influences.
Here, we investigated the heritability of language lateralization assessed with the dichotic listening task,
as well as the heritability of cognitive control processes modulating performance in this task. Overall, 103
families consisting of both parents and offspring were tested with the non-forced, as well as the forced-
right and forced-left condition of the forced attention dichotic listening task, implemented in the
iDichotic smartphone app, developed at the University of Bergen, Norway. The results indicate that the
typical right ear advantage in the dichotic listening task shows weak and non-significant heritability
(h?=0.003; p=0.98). In contrast, cognitive factors, like attention focus (forced right condition:
h?=0.36; p<0.01; forced left condition: h?=0.28; p <0.05) and cognitive control (Gain forced right:
h?=0.39; p<0.01; Gain forced left: h?=0.49; p<0.01) showed stronger and significant heritability.
These findings indicate a variable dependence of different aspects of a cognitive function on heritability
and implicate a major contribution of non-genetic influences to individual language lateralization.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

than a hand-preference index and direction of handedness. This
suggests that different functional neuronal systems are involved

One of the most controversial topics in laterality research is the
question, to what extent functional hemispheric asymmetries are
heritable (Collins, 1975; Francks et al., 2007; McManus, Davison,
& Armour, 2013; Ocklenburg, Beste, Arning, Peterburs, &
Gintiirkiin, 2014; Ocklenburg, Beste, & Giintiirkiin, 2013;
Renteria, 2012). For handedness, evidence from adoption (Carter-
Saltzman, 1980) and twin studies (Ooki, 2014) convincingly
suggests that it is at least partly controlled by genetic factors.
Interestingly, different aspects of handedness seem to have
differential heritability, since Lien, Chen, Hsiao, and Tsuang
(2015) found that degree of handedness showed higher heritability
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in determining these aspects, all of them having their own gene-
dependent pattern. To this respect, it would be useful to compare
heritability of handedness with other lateralized functions to
understand which aspects are most likely under genetic control
and which are influenced by environmental factors. A shared
genetic background may cause developmental coupling of different
lateralized functions. Unfortunately, for all other forms of laterality
(such as lateralization of language, emotion or spatial abilities),
experimental evidence supporting or disproving a relation of
children’s and parent’s left-right preferences is extremely scarce.
As a rare exception, Bryden (1975) published a study in which
he used the dichotic listening task to investigate how language lat-
eralization runs in families. Familial correlations in 49 families
revealed somewhat puzzling results. While there was a significant
positive correlation between the dichotic listening lateralization
quotient (LQ) of mothers and offspring, no such relation was found
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between the LQs of fathers and offspring. Moreover, there was a
stronger LQ correlation between the mother and father than
between any parent and child, which is somewhat inexplicable.
Also, there was a significant negative correlation between siblings,
which would argue against genetic control of the trait. Bryden
(1975) concluded that his dataset was too small to allow for defini-
tive conclusions about the heritability of the trait and that further
research on the topic was warranted. Unfortunately, in the decades
after the publication of this paper no one followed up on this sug-
gestion, with the exception of Somers et al. (2015) who recently
performed a genetic linkage study in 355 subjects from 37 families.
The estimated heritability of language lateralization measured
with functional transcranial Doppler sonography during speech
production was 31%, indicating moderate heritability of the trait.
One factor that could explain the somewhat stronger heritability
in the Somers et al. (2015) study compared to Bryden’s (1975)
work is the fact that Somers et al. (2015) investigated speech
production, while the dichotic listening task used by Bryden
(1975) targets speech perception. Moreover, performance in the
dichotic listening task is not a 100% ‘pure’ measure of language
lateralization. For example, Westerhausen, Passow, and Kompus
(2013) showed that speech-related cognitive processes impact
non-forced dichotic listening. One way of experimentally assessing
the role of cognitive processes in the dichotic listening task is the
forced-attention version (Hugdahl & Andersson, 1986; Hugdahl
et al., 2009; Kompus et al., 2012). This version of the paradigm also
includes two so called forced-attention conditions, one in which
the subject is instructed to only attend to input from the left ear
(‘forced-left’, FL) and one in which the subject is instructed to only
attend to input from the right ear (‘forced-right’, FR), in addition to
the classic, so called non-forced, NF condition with no instruction
about attention focus. As suggested by Hugdahl et al. (2009), the
FR condition taps the ability to shift attention when the bottom-
up, non-instructed, and top-down, instructed processing strategies
work synergistically, while the FL condition taps the ability for
cognitive control, since the bottom-up and the top-down process-
ing strategies are antagonistic, and induce a cognitive conflict
situation. The forced-attention version of the task has recently
been implemented in a smartphone app named ‘iDichotic’ (Bless
et al., 2013, 2015), allowing for easier access to large samples of
participants outside of traditional laboratory setting. Bless et al.
(2013) recently evaluated the retest reliability and concurrent
validity of this app under controlled laboratory settings, finding
both reliability (intraclass correlation coefficient ricc: 0.78) and
validity (ricc: 0.76-0.82) to be high. Moreover, these authors
explored the ecological validity of the iDichotic app by releasing
the app to the iTunes App Store and collecting data from the gen-
eral public. Comparable to the laboratory version of the Dichotic
listening paradigm, they found a significant right ear advantage.
Based on these findings, Bless et al. (2013) concluded that the
iDichotic app presents a valid and reliable method for administer-
ing the dichotic listening paradigm.

In the present study, this app was used to test families (parents
and offspring) in their homes in order to disentangle heritability
and cognitive factors from performance on the dichotic listening
task.

2. Materials and methods
2.1. Participants

Overall, we tested 103 families consisting of one offspring, one
mother and one father. All parents were biological, not adoptive
parents, as evidenced by self-report. Offspring were mostly univer-
sity students. All participants were fluent German speakers and
indicated that they were neurologically and psychiatrically healthy

adults. Mean age of the offspring group was 25.97 years (SD: 8.10),
mean age of the mothers was 53.86 years (SD: 7.52) and mean age
of fathers was 56.59 years (SD: 7.30). Within the offspring group,
60 participants were female (58%) and 43 participants were male
(42%). As a pretest, all prospective participants were instructed to
take a simple hearing test administered within the iDichotic app
(Bless et al., 2013, 2015). In this pretest, participants listen to a
continuous pure tone of 1000 Hz and are asked to reduce the sound
level by sliding a bar on the iPhone display to the left until they are
unable to hear the sound. The sound level when the participants
cannot longer hear the tone is stored. Only participants with nor-
mal hearing capabilities and no more than 20% hearing difference
between the ears were included in the sample. All participants
gave written informed consent prior to testing, and they were
treated in accordance with the declaration of Helsinki. The study
was approved by the local Ethics Committee of the Faculty of
Psychology at Ruhr-University Bochum, Germany.

2.2. Behavioral testing

Participants were tested in the comfort of their own home. After
the experimenter had explained the aim of the study and
participants had signed the informed consent form, handedness
was assessed using the Edinburgh Handedness Inventory (EHI)
(Oldfield, 1971). This ten-items questionnaire yields a laterality
quotient, indicating the individual strength and direction of hand-
edness from consistent left-handedness (—100) to consistent right-
handedness (+100). Afterwards, dichotic listening performance
was assessed using the iDichotic app for iOS (available free of
charge on Apple’s App Store). Participants were tested with an iPod
touch (Apple Inc., Cupertino, CA) and over-the-ear headphones
outfitted with disposable hygienic sleeves. The stimuli used within
the app were based on the standard Bergen dichotic listening
paradigm (Hugdahl, 2003) and consisted of six consonant-vowel
syllables (/ba/, /da/, [ga/, [ta, [ka/, [pa/). The stimuli were
presented simultaneously in pairs, resulting in 30 dichotic and 6
homonym stimulus pairs, yielding a total of 36 pairs. As testing
took place in Germany, the German language stimulus set within
the app was used. Stimuli were spoken by a male speaker with
constant intonation and intensity. The stimulus duration was
between 400 and 500 ms and the inter-stimulus interval was
4000 ms. Onsets of the initial stop-consonants were temporally
aligned to each other syllables within each pair.

All three family members were tested individually one after the
other in a room without background noise. The total stimulus set
was presented three times, each time with a different instruction.
The non-forced condition (NF), implemented as “Listen” in the
application, was always presented first, and included the
instruction to report the syllable they heard best after each trial.
In the forced-left condition (FL), implemented as “Concentrate
Left” in the app application, participants were instructed to only
concentrate on the left ear and report the syllable they heard on
that ear. In the forced-right condition (FR), implemented as
“Concentrate Right” in the app application, participants were
instructed to only concentrate on the right ear and report the syl-
lable they heard on that ear. Participants reported which stimulus
they heard best by touching one out of six syllables on the
touchscreen of the mobile device. The order in which the syllables
appeared on the screen was randomized between the three
instruction conditions.

2.3. Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 20.

For the handedness data, an lateralization quotient (LQ) was
calculated based on the formula LQ = [(R — L)/(R +L)] * 100, with



36 S. Ocklenburg et al./Brain and Cognition 109 (2016) 34-39

R indicating the number of preferred right-handed activities and L
indicating the number of preferred left-handed activities in the
EHI. For the dichotic listening data, percentage of correctly
reported syllables for each ear and condition was used as depen-
dent variables. The dichotic listening data were analyzed using
3 x 2 repeated-measures ANOVAs with the within-subjects factors
Condition (NF, FR, FL) and Ear (left, right).

To relate parent and offspring data, parent-offspring regressions
were calculated. To this end, dichotic listening LQs comparable to
the EHI data were calculated for the three attention instruction
conditions. In addition to the LQs, we also calculated three ‘gain’
variables that reflected the extent to which cognitive processes
modulated the performance in the FL and FR condition (Reinvang,
Bakke, Hugdahl, Karlsen, & Sundet, 1994; Westerhausen, Bless,
Passow, Kompus, & Hugdahl, 2015). These variables were:

e Gain FR: LQ FR - LQ NF
e Gain FL: LQ FL - LQ NF
e Gain FRFL: LQ FR - LQ FL

In order to be able to estimate heritability, data from parents
was averaged to have a single mid-parent value for parental influ-
ences. Heritability (h?) in this model is equivalent to the regression
coefficient b of the offspring-midparent regression (Visscher, Hill,
& Wray, 2008).

3. Results
3.1. Handedness

The mothers had a mean LQ of 81.03 (SD: 45.14), with 8 partic-
ipants (7.8%) being left-handed and 95 participants (92.2%) being
right-handed. The fathers had a mean LQ of 82.51 (SD: 39.11), with
6 participants (5.8%) being left-handed and the remaining 97
participants (94.2%) being right-handed. Participants in the
offspring-group had a mean EHI LQ of 75.66 (SD: 50.67), with 10
participants (9.7%) being left-handed (EHI LQ lower than 0) and
93 participants (90.3%) being right-handed. Thus, participants in
both the parent- and offspring-groups roughly showed the
90/10% distribution of right-handedness and left-handedness
typically observed in the general population, with slightly lower
percentage of left-handedness in the parent-group. There was no
significant difference in EHI LQ between male and female offspring
(t]()] =1.47; p= 014)

3.2. Dichotic listening performance

For the offspring group, both main-factors (Condition:
F(2204)=5.98; p<0.01; partial nz =0.06; Ear: F102)=46.66;
p <0.001; partial m?>=0.31) and the interaction Condition x Ear
(F2,204)=25.83; p<0.001; partial Nn?=0.20) reached statistical
significance. To further analyze the significant interaction,
Bonferroni-corrected post-hoc-tests were calculated. This analysis
revealed an expected significant right-ear advantage (REA) in the
NF condition (right ear: 42.71%; SE: 1.06; left ear 31.88%; SE:
0.87; p<0.001), as well as in the FR condition (right ear 49.00%;
SE: 1.28; left ear: 28.87%; SE: 1.17; p < 0.001). In contrast, no REA
was observed in the FL condition (right ear: 38.93%; SE: 1.43; left
ear: 37.59%; SE: 1.30; n.s.), also as expected.

For the mothers, both main-factors (Condition: F;204)=25.94;
p <0.001; partial n?=0.20; Ear: F(;.102)=27.19; p < 0.001; partial
n2 =0.21) and the interaction Condition x Ear (F(2204)=14.35;
p<0.001; partial m?=0.12) reached statistical significance.
Bonferroni-corrected post-hoc-tests revealed a significant REA in
the NF condition (right ear: 37.06%; SE: 1.26; left ear 29.04%; SE:

1.10; p<0.001), and in the FR condition (right ear 45.42%; SE:
1.47; left ear: 29.34%; SE: 1.28; p < 0.001) but not in the FL condi-
tion (right ear: 37.73%; SE: 1.47; left ear: 34.71%; SE: 1.32; n.s.).

For the fathers, both main-factors (Condition: F304)=7.39;
p<0.01; partial n?=0.70; Ear: Fy102)=46.89; p<0.001; partial
n?=0.32) and the interaction Condition x Ear (F2,204)= 3.57;
p<0.05; partial m?=0.03) reached statistical significance.
Bonferroni-corrected post-hoc-tests again showed a significant
REA in the NF condition (right ear: 39.50%; SE: 1.32; left ear
27.05%; SE: 1.17; p<0.001). The REA was further increased in
the FR condition (right ear 44.33%; SE: 1.63; left ear: 27.42%; SE:
1.42; p<0.001). In contrast to the offspring and mothers groups,
a significant REA was also observed in the FL condition, although
the absolute difference was smaller than in the two other condi-
tions (right ear: 40.36%; SE: 1.36; left ear: 29.69%; SE: 1.31;
p <0.001). This REA was not significantly smaller than in the NF
condition (p=0.50), but significantly smaller than in the FR
condition (p < 0.05).

When the performance of the mothers and fathers was com-
pared against each other, a significant difference was only
observed for the left ear in the FL condition (t(1q2)=3.13;
p <0.01). All other comparisons failed to reach significance (all
p’s > 0.13). To test for sex-differences in the offspring group, we
compared male and female offsprings with t-tests for the involved
variables. There were no significant sex-differences in the offspring
group for any variable (all p’s > 0.36). Also, to test for potential age
effects, we correlated all dependent variables with age. For
offspring and mothers, all correlation coefficients failed to reach
significance, indicating no age-effects. For fathers, two correlations
reached significance (LQ FL: r = 0.26, LQ FR: r =0.20, p < 0.05).

3.3. Parent-offspring regressions

Dichotic listening LQs for the three attention instruction condi-
tions are shown in Fig. 1. The distribution of parent-offspring
scores, split for dichotic listening instruction conditions and
Gain-scores, are shown in Fig. 2 as scatter-plots. The results of
the parent-offspring regressions are summarized in Table 1.
Parent-offspring regressions did not reach significance for EHI LQ
(h?=0.06; p=0.71) and LQ NF (h?=0.003; p = 0.98). Heritability
was low for these two variables. In contrast, significant positive
relationships with moderate heritability was observed for LQ FR
(h?=0.36; p<0.01) and LQ FL (h? = 0.28; p < 0.05). In general, the
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Fig. 1. Dichotic Listening LQs for parents (average of father and mother) and
offspring for the different conditions of the iDichotic app.
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Fig. 2. Scatterplots showing the relation of parent and offspring data for the different parent-offspring regression analysis (A: EHI LQ; B: Listen LQ; C: FL LQ; D: FR LQ; E: Gain
FR; F: Gain FL; G: Gain Forced Right-Left). R? indicates the coefficient of determination for the different regression models and asterisks indicate their significance (x: p < 0.05;
#x: p<0.01; #xx: p<0.001).

Table 1

Parent-offspring regression analyses for lateralization quotients (LQ) for the Edinburgh Handedness Inventory (EHI) and the three dichotic listening conditions Listen, Forced
Right (FR) and Forced Left (FL), as well as for the three Gain variables. R? indicates the coefficient of determination and F the F-value with degrees of freedom and p-value for the
model. h?/b indicates the heritability coefficient and T its T-value.

Variable R? F h2/b T

EHI LQ 0.001 Fa1, 102)=0.14; p=0.71 0.06 T=038; p=0.71
LQ Listen 0.00001 Fa1. 1029 = 0.001; p = 0.98 0.003 T=0032; p=098
LQ FR 0.11 F1, 102)=11.96; p < 0.01 0.36 T=3.46; p<0.01
LQFL 0.05 Fa1, 102)=4.87; p<0.05 0.28 T=221; p<0.05
Gain FR 0.10 F1, 102)=10.77; p < 0.01 0.39 T=3.28; p<0.01
Gain FL 0.10 F1, 102)=11.59; p < 0.01 0.49 T=3.41; p<0.01
Gain FRFL 0.22 F1, 102)=27.62; p <0.001 0.74 T=15.26; p<0.001

‘Gain‘ variables showed higher absolute values for heritability than
the LQs. Here, Gain FR (h?=0.39; p <0.01) and Gain FL (h? = 0.49;
p<0.01) showed moderate heritability, while Gain FRFL
(h? = 0.74; p < 0.001) showed high heritability, see Fig. 2 for further
details.

4. Discussion

In the present study we used the iDichotic smartphone app
(Bless et al., 2013, 2015) to test heritability of laterality and cogni-
tive factors for dichotic speech sound perception. In line with the
results by Bless et al. (2013) and Bless et al. (2015), the successful
collection of data from 103 families with the help of an iPod Touch
app shows that mobile-based data collection is an effective method
to test large samples that might be difficult to access in traditional
laboratory settings. As a first summary of the main findings, we
could not identify any evidence for a shared genetic background
of handedness and language lateralization, which is in line with
previous studies considering both functions as relatively indepen-
dent instances of hemispheric specialization (e.g. Bryden, 1975;
Somers et al., 2015). A quote from Bryden’s (1975) paper may be
relevant in this context:

“In summary, the present study has failed to find any particularly
compelling evidence for a genetic basis for speech lateralization.
While the problems associated with the use of an indirect measure
of only moderate reliability may have doomed this study from
the start, it does suggest that one should at least consider seriously

the hypothesis that speech lateralization is primarily determined by
environmental factors.”
[Bryden, 1975, page 209]

The findings for the NF condition (which closely resembles the
free-report paradigm used by Bryden, 1975) are very much in line
with this conclusion. The variable LQ NF showed a non-significant
h? of 0.003, indicating heritability of less than 1%. While this result
is in accordance with Bryden’s (1975) finding, it is somewhat in
contrast to the study by Somers et al. (2015) who estimated
heritability of language lateralization measured with functional
transcranial Doppler sonography during speech production to be
31%. This difference provides some hints for differential genetic
influences onto speech production and perception (as indicated
by dichotic listening), but it may as well reflect differences in the
methods used in the studies. Doppler measures blood flow in the
targeted brain region, while dichotic listening reflects perfor-
mance, and there is no simple 1:1 relation between changes in
blood flow and performance. These findings indicate that there
seems to be a considerable phenotype-dependent variability
regarding the heritability of language lateralization. The same also
might be true for handedness. We found EHI LQ to show low and
non-significant heritability (h?=0.06; p=0.71), which is some-
what in contrast with two recent twin studies indicating that
additive genetic effects account for about 25% of the variance in
handedness data (Medland, Duffy, Wright, Geffen, & Martin,
2006; Medland et al., 2009). However, these authors used handed-
ness direction, i.e. left- or right-handers and not an interval-scaled
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variable like LQ as dependent variable. Thus, our findings indicate
that LQ as a combined measure of handedness strength and
direction might have a lower heritability than handedness direc-
tion alone.

While independent replication in larger samples and with dif-
ferent phenotypes is needed before any final conclusions can be
drawn, our data tentatively suggest that non-genetic factors might
play a considerable role for the ontogenesis of language lateraliza-
tion. This idea is in line with the conclusion of a review article by
Schaafsma, Riedstra, Pfannkuche, Bouma, and Groothuis (2009)
who concluded that the explanatory power of the predominant
models for human handedness and language lateralization is not
sufficient to account for all empirical data, and that functional
hemispheric asymmetries are likely to be modulated by non-
genetic factors. They suggested that perinatal asymmetrical
perception and social modulation might be potential influence
factors as also indicated by animal models (e.g. Manns, 2005;
Manns & Giintiirkiin, 2009; Manns & Strockens, 2014). While the
identification of such factors goes beyond the scope of the present
study, our data suggest that further exploring these factors in rela-
tion to dichotic listening performance might be an interesting
endeavor for future studies.

In contrast to the results of the NF condition, the results of the
two forced conditions (which were not included in Bryden’s (1975)
original study) as well as the analysis of the three ‘Gain’ variables
revealed that other aspects of dichotic listening performance might
be more heritable. The LQs in both the FR and the FL condition as
well as the ‘Gain’ variables showed significant positive parent-
offspring regression and correlations, with moderate heritability.
This shows that parents that were quite able to concentrate on
the syllable coming from one ear also had offspring who were quite
able to do so, even though the ability to utilize cognitive control
processes, as seen in the FL condition, changes during life span
development (Passow et al., 2013; Westerhausen et al., 2015).
The range of the ‘Gain’ in the ‘Concentrate’ condition indicates to
what extent top-down processes are able to modulate stimulus-
driven bottom-up processing. The effects measured in the
‘Concentrate’ conditions are relatively late-developing cognitive
processes, elicited by the instructions to focus attention towards
one ear (Passow et al., 2014). Thus, our data suggest that the extent
of cognitive modulation a participant can exhibit over their perfor-
mance in the dichotic listening task is partly heritable. This finding
is in line with a recent study assessing cognitive control processes
in a large-scale web-based family study. Sabb et al. (2013) reported
that both working memory and response inhibition had significant
heritability, with several variables in their experiments reaching
heritability values over 0.60. Interestingly, Gain FL (h? = 0.49) had
a higher heritability than Gain FR (h? = 0.39). This is in line with
the interpretation suggested by Hugdahl et al. (2009) that paying
attention to and reporting the left ear stimulus requires stronger
cognitive control processes than paying attention to the right ear
stimulus, as it lacks the perceptual salience of the right ear stimu-
lus during dichotic listening. This idea was supported by the fMRI
activations observed by Kompus et al. (2012), who showed that the
right inferior frontal gyrus and caudate were activated in both
conditions, but only in the FL condition there were additional
significant activations in the left inferior prefrontal gyrus and
caudate nucleus, brain areas which considered to be involved in
cognitive control (e.g. Roberts & Hall, 2008).

The present study has a few methodological limitations that
future studies should address. First, despite testing more than
100 families, our sample size could be considered as small for a
study investigating heritability. This is particularly the case as
the distribution of the trait of interest is skewed, with much less
participants showing a left ear advantage than a right ear advan-
tage. Related to this problem is the fact that we only included a

small number of left-handers. As handedness has been shown to
correlate with language lateralization, future replication studies
in larger cohorts should ensure a sufficient number of left-
handed participants. A third problem that might occur when using
a smartphone app instead of testing under controlled laboratory
conditions is an elevated level of noise in the data. While Bless
et al. (2013) could show that the iDichotic app yields comparable
results to a laboratory version of the dichotic listening paradigm,
this potential issue should be closely monitored in subsequent
experiments. Moreover, future studies could reduce the potential
impact of individual hearing differences on dichotic listening per-
formance by integrating the results from the hearing test included
in the iDichotic app as a covariate into their analyses. The present
findings also have interesting theoretical implications for future
studies. First, the higher heritability in the Doppler sonography
study by Somers et al. (2015) compared to Bryden’s (1975) and
our work highlight the importance of the method used to assess
the phenotype for the outcome of studies on the ontogenesis of
language lateralization, especially whether it assesses language
production or perception (Ocklenburg, Hugdahl, & Westerhausen,
2013). It would be interesting if future studies could compare
different behavioral (e.g. dichotic listening and divided visual field
paradigms) and neurophysiological measures (e.g. Doppler
sonography, fMRI and EEG) of language lateralization to unravel
developmental patterns of different aspects of a cognitive function.
Furthermore, as patients with schizophrenia and especially
those experiencing auditory hallucinations frequently show a
reduced REA in the dichotic listening task (e.g. Green, Hugdahl,
& Mitchell, 1994; Lgberg, Hugdahl, & Green, 1999; Ocklenburg,
Glintiirkiin, Hugdahl, & Hirnstein, 2015; Ocklenburg, Westerhausen,
Hirnstein, & Hugdahl, 2013; Sommer, Ramsey, Kahn, Aleman, &
Bouma, 2001), using the iDichotic app in these patients and their
parents could yield interesting insights into the ontogenetic over-
lap between lateralization and psychiatric disorders. Moreover,
as our findings implicate a substantial influence of non-genetic fac-
tors on the ontogenesis of language lateralization, it would be of
central importance to identify such factors and the molecular
mechanisms by which they alter brain structure. Animal models
provide important insight into the mechanisms mediating the
impact of lateralized sensory experience by activity-dependent
processes (Manns & Giintiirkiin, 2009; Rogers, 2014). These studies
indicate a differential role of ascending (bottom-up) (Manns &
Guntiirkiin, 2009; Rogers, 2014), descending (top-down) (Manns
& Strockens, 2014) and commissural (interhemispheric) (Manns
& Romling, 2012) systems for the generation of lateralized
functions. Moreover, recent research demonstrates that conserved
epigenetic mechanisms promote the generation of neuronal asym-
metries (Nakano, Stillman, & Horvitz, 2011). As several authors
found evidence for lateralization of conspecific vocalization in
different animal species (reviewed in Ocklenburg, Strockens, &
Guntiirkiin, 2013), comparative approaches might be particularly
helpful to approach this question.

5. Conclusion

This study reveals that the REA in the standard dichotic listen-
ing task shows weak and non-significant heritability, implicating a
major contribution of non-genetic factors on this phenotype. In
contrast, cognitive factors that modulate the REA showed signifi-
cant heritability, both for non-executive attention and cognitive
control, as was seen in the FR and FL instruction conditions.

Acknowledgements

The authors would like to thank all students that contributed to
data collection.



S. Ocklenburg et al./Brain and Cognition 109 (2016) 34-39 39

References

Bless, J. J., Westerhausen, R., Arciuli, J., Kompus, K., Gudmundsen, M., & Hugdahl, K.
(2013). “Right on all Occasions?” - On the feasibility of laterality research using
a smartphone dichotic listening application. Frontiers in Psychology, 4, 42.

Bless, J. J., Westerhausen, R., Torkildsen, J., Gudmundsen, M., Kompus, K., & Hugdahl,
K. (2015). Laterality across languages: Results from a global dichotic listening
study using a smartphone application. Laterality, 20, 434-452.

Bryden, M. P. (1975). Speech lateralization in families: A preliminary study using
dichotic listening. Brain and Language, 2, 201-211.

Carter-Saltzman, L. (1980). Biological and sociocultural effects on handedness:
Comparison between biological and adoptive families. Science, 209, 1263-1265.

Collins, R. L. (1975). When left-handed mice live in right-handed worlds. Science,
187, 181-184.

Francks, C., Maegawa, S., Laurén, J., Abrahams, B. S., Velayos-Baeza, A., Medland, S.
E., ... Monaco, A. P. (2007). LRRTM1 on chromosome 2p12 is a maternally
suppressed gene that is associated paternally with handedness and
schizophrenia. Molecular Psychiatry, 12, 1129-1139.

Green, M. F., Hugdahl, K., & Mitchell, S. (1994). Dichotic listening during auditory
hallucinations in schizophrenia. American Journal of Psychiatry, 151, 357-362.

Hugdahl, K., & Andersson, L. (1986). The “forced-attention paradigm” in dichotic
listening to CV-syllables: A comparison between adults and children. Cortex, 22,
417-432.

Hugdahl, K. (2003). Dichotic listening in the study of auditory laterality. In R. J.
Davidson & K. Hugdahl (Eds.), The asymmetrical brain (pp. 441-476).
Cambridge: MIT Press.

Hugdahl, K., Westerhausen, R., Alho, K., Medvedev, S., Laine, M., & Hamadldinen, H.
(2009). Attention and cognitive control: Unfolding the dichotic listening story.
Scandinavian Journal of Psychology, 50, 11-22.

Kompus, K., Specht, K., Ersland, L., Juvodden, H. T., van Wageningen, H., Hugdahl, K.,
& Westerhausen, R. (2012). A forced-attention dichotic listening fMRI study on
113 subjects. Brain and Language, 121, 240-247.

Lien, Y. J., Chen, W. ., Hsiao, P. C., & Tsuang, H. C. (2015). Estimation of heritability
for varied indexes of handedness. Laterality, 20, 469-482.

Loberg, E. M., Hugdahl, K., & Green, M. F. (1999). Hemispheric asymmetry in
schizophrenia: A “dual deficits” model. Biological Psychiatry, 45, 76-81.

Manns, M. (2005). The riddle of nature and nurture - Lateralization has an
epigenetic trait, commentary on Vallortigara, G. and Rogers, L. ]., Survival with
an asymmetrical brain: Advantages and disadvantages of cerebral
lateralization. Journal of Behavioral and Brain Science, 28, 602-603.

Manns, M., & Giintiirkiin, O. (2009). Dual coding of visual asymmetries in the pigeon
brain: The interaction of bottom-up and top-down systems. Experimental Brain
Research, 199, 323-332.

Manns, M., & Romling, J. (2012). The impact of asymmetrical light input on cerebral
hemispheric specialization and interhemispheric cooperation. Nature
Communications, 3, 696.

Manns, M., & Strockens, F. (2014). Functional and structural comparison of visual
lateralization in birds - Similar but still different. Frontiers in Psychology, 5, 206.

McManus, I. C., Davison, A., & Armour, ]. A. (2013). Multilocus genetic models of
handedness closely resemble single-locus models in explaining family data and
are compatible with genome-wide association studies. Annals of the New York
Academy of Sciences, 1288, 48-58.

Medland, S. E., Duffy, D. L., Wright, M. ]J., Geffen, G. M., Hay, D. A, Levy, F,, ...
Boomsma, D. I. (2009). Genetic influences on handedness: Data from 25,732
Australian and Dutch twin families. Neuropsychologia, 47, 330-337.

Medland, S. E., Duffy, D. L., Wright, M. ]., Geffen, G. M., & Martin, N. G. (2006).
Handedness in twins: Joint analysis of data from 35 samples. Twin Research and
Human Genetics, 9, 46-53.

Nakano, S., Stillman, B., & Horvitz, H. R. (2011). Replication-coupled chromatin
assembly generates a neuronal bilateral asymmetry in C. elegans. Cell, 147,
1525-1536.

Ocklenburg, S., Beste, C., Arning, L., Peterburs, J., & Glintiirkiin, O. (2014). The
ontogenesis of language lateralization and its relation to handedness.
Neuroscience and Biobehavioral Reviews, 43, 191-198.

Ocklenburg, S., Beste, C., & Giintiirkiin, O. (2013). Handedness: A neurogenetic shift
of perspective. Neuroscience and Biobehavioral Reviews, 37, 2788-2793.

Ocklenburg, S., Glintiirkiin, O., Hugdahl, K., & Hirnstein, M. (2015). Laterality and
mental disorders in the postgenomic age - A closer look at schizophrenia and
language lateralization. Neuroscience and Biobehavioral Reviews, 59, 100-110.

Ocklenburg, S., Hugdahl, K., & Westerhausen, R. (2013). Structural white matter
asymmetries in relation to functional asymmetries during speech perception
and production. Neuroimage, 83, 1088-1097.

Ocklenburg, S., Strockens, F., & Giintiirkiin, O. (2013). Lateralisation of conspecific
vocalisation in non-human vertebrates. Laterality, 18, 1-31.

Ocklenburg, S., Westerhausen, R., Hirnstein, M., & Hugdahl, K. (2013). Auditory
hallucinations and reduced language lateralization in schizophrenia: A meta-
analysis of dichotic listening studies. Journal of the International
Neuropsychological Society, 19, 410-418.

Oldfield, R. C. (1971). The assessment and analysis of handedness: The Edinburgh
inventory. Neuropsychologia, 9, 97-113.

Ooki, S. (2014). An overview of human handedness in twins. Frontiers in Psychology,
5,10.

Passow, S., Miiller, M., Westerhausen, R., Hugdahl, K., Wartenburger, 1., Heekeren, H.
R, & Li, S. C. (2013). Development of attentional control of verbal auditory
perception from middle to late childhood: Comparisons to healthy aging.
Developmental Psychology, 49, 1982-1993.

Passow, S., Westerhausen, R., Hugdahl, K., Wartenburger, I., Heekeren, H. R,
Lindenberger, U., & Li, S. C. (2014). Electrophysiological correlates of adult age
differences in attentional control of auditory processing. Cerebral Cortex, 24,
249-260.

Reinvang, 1., Bakke, S. J., Hugdahl, K., Karlsen, N. R., & Sundet, K. (1994). Dichotic
listening performance in relation to callosal area on the MRI scan.
Neuropsychology, 8, 445-450.

Renteria, M. E. (2012). Cerebral asymmetry: A quantitative, multifactorial, and
plastic brain phenotype. Twin Research and Human Genetics, 15, 401-413.

Roberts, K. L., & Hall, D. A. (2008). Examining a supramodal network for conflict
processing: A systematic review and novel functional magnetic resonance
imaging data for related visual and auditory stroop tasks. Journal of Cognitive
Neuroscience, 20, 1063-1078.

Rogers, L. J. (2014). Asymmetry of brain and behavior in animals: Its development,
function, and human relevance. Genesis, 52, 555-571.

Sabb, F. W., Hellemann, G., Lau, D., Vanderlan, J. R.,, Cohen, H. ]., Bilder, R. M., &
McCracken, J. T. (2013). High-throughput cognitive assessment using BrainTest.
org: Examining cognitive control in a family cohort. Brain and Behavior, 3, 552-561.

Schaafsma, S. M., Riedstra, B. J., Pfannkuche, K. A., Bouma, A., & Groothuis, T. G.
(2009). Epigenesis of behavioural lateralization in humans and other animals.
Philosophical Transactions of the Royal Society B: Biological Sciences, 364,915-927.

Somers, M., Ophoff, R. A., Aukes, M. F., Cantor, R. M., Boks, M. P., Dauwan, M, ...
Sommer, I. E. (2015). Linkage analysis in a Dutch population isolate shows no
major gene for left-handedness or atypical language lateralization. Journal of
Neuroscience, 35, 8730-8736.

Sommer, [, Ramsey, N., Kahn, R, Aleman, A., & Bouma, A. (2001). Handedness,
language lateralisation and anatomical asymmetry in schizophrenia: Meta-
analysis. British Journal of Psychiatry, 178, 344-351.

Visscher, P. M., Hill, W. G., & Wray, N. R. (2008). Heritability in the genomics era-
concepts and misconceptions. Nature Reviews Genetics, 9, 255-266.

Westerhausen, R., Bless, J. ]., Passow, S., Kompus, K., & Hugdahl, K. (2015). Cognitive
control of speech perception across the lifespan: A large-scale cross-sectional
dichotic listening study. Developmental Psychology, 51, 806-815.

Westerhausen, R., Passow, S., & Kompus, K. (2013). Reactive cognitive-control
processes in free-report consonant-vowel dichotic listening. Brain and
Cognition, 83, 288-296.


http://refhub.elsevier.com/S0278-2626(16)30235-4/h0005
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0005
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0005
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0005
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0010
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0010
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0010
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0015
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0015
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0020
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0020
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0025
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0025
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0030
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0030
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0030
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0030
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0035
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0035
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0040
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0040
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0040
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0040
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0045
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0045
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0045
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0050
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0050
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0050
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0055
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0055
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0055
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0060
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0060
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0065
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0065
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0065
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0065
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0070
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0070
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0070
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0070
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0075
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0075
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0075
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0080
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0080
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0080
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0085
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0085
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0090
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0090
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0090
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0090
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0095
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0095
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0095
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0100
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0100
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0100
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0105
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0105
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0105
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0110
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0110
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0110
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0115
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0115
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0120
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0120
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0120
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0125
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0125
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0125
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0130
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0130
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0135
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0135
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0135
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0135
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0140
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0140
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0145
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0145
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0150
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0150
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0150
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0150
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0155
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0155
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0155
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0155
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0160
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0160
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0160
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0165
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0165
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0170
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0170
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0170
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0170
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0175
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0175
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0180
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0180
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0180
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0185
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0185
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0185
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0190
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0190
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0190
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0190
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0195
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0195
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0195
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0200
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0200
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0205
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0205
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0205
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0210
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0210
http://refhub.elsevier.com/S0278-2626(16)30235-4/h0210

	Investigating heritability of laterality and cognitive control in speech perception
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Behavioral testing
	2.3 Statistical analysis

	3 Results
	3.1 Handedness
	3.2 Dichotic listening performance
	3.3 Parent-offspring regressions

	4 Discussion
	5 Conclusion
	Acknowledgements
	References


