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INTRODUCTION

Most psychological experimentation takes place in laboratories aiming to maximize exper-
imental control; however, this creates artificial environments that are not representative
of real-life situations. Since cognitive processes usually take place in noisy environments,
they should also be tested in these contexts. The recent advent of smartphone technology
provides an ideal medium for such testing. In order to examine the feasibility of mobile
devices (MD) in psychological research in general, and laterality research in particular, we
developed a MD version of the widely used speech laterality test, the consonant-vowel
dichotic listening (DL) paradigm, for use with iPhones/iPods. First, we evaluated the retest
reliability and concurrent validity of the DL paradigm in its MD version in two samples
tested in controlled, laboratory settings (Experiment 1). Second, we explored its ecological
validity by collecting data from the general population by means of a free release of the
MD version (iDichotic) to the iTunes App Store (Experiment 2). The results of Experiment
1 indicated high reliability (r;cc =0.78) and validity (rjcc =0.76-0.82) of the MD version,
which consistently showed the expected right ear advantage (REA). When tested in real-life
settings (Experiment 2), participants (N = 167) also showed a significant REA. Importantly,
the size of the REA was not dependent on whether the participants chose to listen to the
syllables in their native language or not. Together, these results establish the current MD
version as a valid and reliable method for administering the DL paradigm both in exper
imentally controlled as well as uncontrolled settings. Furthermore, the present findings
support the feasibility of using smartphones in conducting large-scale field experiments.

Keywords: laterality, dichotic listening, language lateralization, smartphone, mobile device, software application

internet-based psychological testing has grown rapidly over the

Traditionally, the laboratory functions as center stage for psycho-
logical experiments in general, and laterality research in particular.
Although this has obvious advantages, it is often too resource
demanding to reach a larger audience and obtain a broad sample.
In experimental psychological research the control of confound-
ing variables is weighed against the degree of ecological validity;
usually aiming to maximize control at the expense of ecologi-
cal validity (Brunswik, 1947). However, the advent of handheld
mobile devices (MDs; e.g., smartphones) with processing power
comparable to stationary systems has opened the door to trans-
ferring experiments from the laboratory to real-life settings while
maintaining control over stimulus presentation. In real-life, cog-
nitive processes are executed in noisy environments. Thus, the
natural environment is the authentic arena where psychological
theories can be proven to transcend laboratory walls and stand the
test of real-life situations. This approach is not entirely new; how-
ever, until recently, it has been promoted mainly within a clinical
context where it is referred to as ambulatory assessment involv-
ing the acquisition of psychophysiological data and self-reports in
natural settings (e.g., Fahrenberg, 1996). While the popularity of

last decade (see, Barak and Buchanan, 2004), the use of MDs for
data collection is still in its infancy. One clear advantage of using
MDs over internet-based testing that relies mostly on stationary
computers is the possibility to access participants over the whole
day, anywhere that they happen to be at that particular time, allow-
ing for unique opportunities for experimental intervention. Some
recent studies have harnessed this advantage by acquiring par-
ticipants’ self-reports on their current mood (Courvoisier et al.,
2010) as well as their cognitive performance at controlled time
points during the day (Tiplady et al., 2009; Kennedy et al., 2011).
While these studies include a fixed sample with a mainly clinical
focus, there are also those that use open “recruitment” of par-
ticipants through a software application that can be downloaded
and consequently reach a larger audience (crowd sourcing) than
what is normally achieved with common sampling methods (e.g.,
Killingsworth and Gilbert, 2010; Dufau et al., 2011). A review
of various types of behavioral data collection using smartphone
technology and their limitations is presented by Miller (2012).
The objective of the present experiments was to examine the
feasibility of paradigms implemented via MDs for the purposes of
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laterality research. For this purpose, we chose a classical speech lat-
erality test, namely, dichotic listening (DL; Bryden, 1988; Hugdahl,
2003, 2011); a test which has been used in laboratories around
the world for decades (see, Hugdahl, 2011). The history of the
DL paradigm in laterality research goes back half a century to
research conducted by Kimura (1961, 2011), who found that when
simultaneously presented with two verbal stimuli, one to the left
ear (LE) and the other to the right ear (RE), participants exhibit
the tendency to report the RE stimulus more often than the LE
stimulus (the so-called RE advantage, REA). This finding is com-
monly interpreted as an indicator of left hemisphere processing of
language (e.g., Kimura, 1967; Pollmann, 2010). Support for this
interpretation of the REA comes from studies using functional
magnetic resonance imaging (e.g., Jancke et al., 2002; van den
Noort et al., 2008), positron emission tomography (e.g., O’Leary
et al., 1996; Hugdahl et al., 1999), electroencephalography (e.g.,
Brancucci et al., 2004), magnetoencephalography (e.g., Alho et al.,
2012), Wada-test (e.g., Hugdahl et al., 1997), as well as from stud-
ies on split brain patients and patients with callosal lesion (e.g.,
Milner et al., 1968; Springer and Gazzaniga, 1975; for a review see
Westerhausen and Hugdahl, 2008). There are a number of variants
of the DL test mainly differing in the stimulus material used. In
the present study, we used the consonant-vowel (CV) paradigm
(Shankweiler and Studdert-Kennedy, 1967; Hugdahl and Ander-
sson, 1986), which according to a meta-analysis by Voyer (1998)
produces the most reliable laterality effects, with reliability rang-
ing from 0.61 (Bryden, 1975; split-half reliability, Spearman r) to
0.91 (Wexler et al., 1981; test-retest, Pearson r).

For the present project, we developed a MD version of the DL
test (iDichotic) for the iPhone/iPod touch and tested it in two
steps. First, we used it in a controlled laboratory setting where we
evaluated the validity and reliability of the DL paradigm in its MD
version (Experiment 1). Second, we investigated whether the MD
version produces robust results when applied to the general popu-
lation as part of a “crowd sourcing” field experiment (Experiment
2), by making the paradigm publicly available on Apple’s digital
application distribution platform (App Store).

EXPERIMENT 1

In the first experiment, reliability of the MD version of the DL par-
adigm was assessed in a Norwegian sample as well as an Australian
sample, to test the intercultural transfer of results. For this purpose,
we adopted a test-retest design according to Cohen et al. (1996),
in which participants were tested twice with the same version of
the paradigm and performing the same task, and then calculated
the correlation of laterality indices from each time point. In addi-
tion, concurrent validity of the MD version was tested by using
the results of the standard personal computer (PC) version as
“criterion.” The results of the PC version were used as criterion
since it represents the current standard procedure for measuring
speech laterality as conducted in our laboratories and most others
(Hugdahl, 2003).

MATERIALS AND METHODS

Participants

The Norwegian sample included 33 healthy, subjects with a mean
age of 31.7years (SD=9.8) including 22 female and 11 male

participants. The Australian sample included 43 healthy, female
subjects with a mean age of 21.6 years (SD =2.7). The exclusion
criteria were as follows: left-handedness (self-report), more than
three homonym errors (see below), less than six overall correct
reports, and more than 20% hearing asymmetry at either time
point (inferred from hearing test results administered as part of
the application). Participants gave written informed consent.

Material and procedure

The stimulus material was based on the standard Bergen DL par-
adigm (Hugdahl, 2003), using the six CV syllables/ba/, /da/, /ga/,
/tal, [ka/, and /pa/ as stimulus material. The stimuli were pairwise,
dichotically presented CV syllables via headphones/earphones,
and in all possible pairwise combinations yielding a total of 36
pairs, also including six homonym pairs with the same syllable
presented to the LE and RE. The syllables used for the Norwegian
sample were spoken by a native, male Norwegian speaker with con-
stant intonation and intensity, and had a mean duration between
400-500 ms. Likewise, the Australian sample was correspondingly
tested with syllables spoken by a native, male English speaker, and
had a mean duration between 480-550 ms. The syllables in each
pair were temporally aligned to each other for simultaneous onset
of their initial stop-consonants. The MD version included a hear-
ing test to control for hearing asymmetries, which can bias the
results toward the right or LE. In this test the loudness of a 1000 Hz
tone had to be regulated using a horizontal volume scroll bar to
indicate when tone is just inaudible (separate for LE and RE).

In the Norwegian sample each participant completed the test
four times, twice as the standard PC version, and twice using the
MD version (see below). The order of the four test runs was inter-
individually balanced using an ABBA design. Participants in the
Australian sample undertook two consecutively presented test runs
only using the MD version of the paradigm.

For both samples, a test run consisted of the presentation of
a full set of 36 stimulus pairs, which were pseudo-randomly pre-
sented with a 4000 ms inter-stimulus interval. Within the interval
between stimulus presentations participants were asked to respond
manually, either by key press for the PC implementation or by
using the touch screen of the MD. There were six labeled buttons
on the keyboard and six buttons on the touch screen, respec-
tively, one for each syllable used in the test. Regardless of mode
of implementation only one answer was possible per trial. The
instructions followed free-report instruction (non-forced condi-
tion, cf. Hugdahl, 2003); that is, participants were instructed to
listen to the syllables and report after each trial which syllable they
heard best. An answer was considered to be “correct” when the
response matched either right or the LE stimulus in that partic-
ular trial; it was counted as “error” when the chosen syllable had
not been presented or when no response was given. The subjects
did not get feedback about their performance until the end of the
experiment.

Stimulus administration was delivered via Sennheiser head-
phones for the PC version and via the standard Apple earphones
for the MD version. In view of the potential for differences in the
quality of the output, especially with regard to the possibility of
asymmetric presentation of the stimuli, we recorded a white noise
spectrogram from the two types of headphones. The right-left
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mean differences within the frequencies relevant for speech
(250 Hz-2 kHz) were —0.12dB for the Sennheiser headphones
and 0.32 dB for the Apple earphones. In light of previous research,
showing that only inter-aural differences above 6 dB affect the
magnitude of the ear advantage (Hugdahl et al., 2008), we consid-
ered the present differences of well below 1 dB to be negligible.

For each test run, the number of correct responses of LE
and RE stimuli was recorded and used to determine a later-
ality index (LI) calculated according to the following formula:
LI=[(RE—LE)/(RE+LE)] x 100. Thus, the LI expresses the
percentage difference between the correct LE and RE reports
with positive values indicating a right, and negative values a LE
advantage.

Instruments

The PC version of the CV-DL paradigm was programmed
and run in E-prime (Version 2; Psychology Software Tools,
http://www.pstnet.com/). The MD version was developed in
Xcode 3.2.5 using the i0S software development kit (Apple Inc.,
Cupertino, CA) and administered on iPhone or iPod touch units
running as a prototype version of the final iDichotic application
(see Experiment 2).

Statistical analysis
Intraclass correlation analyses [ICC(3,1), see Shrout and Fleiss,
1979] were conducted to determine reliability and validity of the
MD version. For data from both samples, reliability was deter-
mined as retest reliability and obtained by correlating the LI of
the two test runs using the MD version. Additionally, for the Nor-
wegian sample, reliability was calculated for the results of the PC
version. Validity of the MD version was assessed within the Norwe-
gian sample data by calculating the intraclass correlation between
the results of the two test runs with the MD version and the results
of the standard PC version. Here, the mean LI of the two test runs
via the PC version was used as criterion.

Additional analyses were conducted in order to test for mean
differences between the two DL versions and the effect of test

repetition on the LI (dependent variable). In the Norwegian sam-
ple, a 3-way analysis of variance (ANOVA) with within-subject
factors Version and Timepoint, as well as between-subject factor
Sex. Comparably, for the Australian sample, a t-test was calcu-
lated to compare the mean LI across the two test runs. The above
analyses were supplemented with one-sample ¢-tests against zero
to test for significant LI, i.e., REA, and an independent-samples
t-test comparing the total mean LI of the Norwegian sample with
the total mean LI of the Australian sample. In order to further
investigate the differences between the samples, we conducted two
post hoc analyses. First, to examine possible sex effects, only the
females of both groups were compared. Second, to address pos-
sible effects of the presentation device, only the results collected
with the MD version were compared.

For all analyses, level of significance was set to a =0.05 and
effect sizes were provided as measures of explained variance (n?),
or as standardized mean difference (Cohen’s d). Statistical analyses
were performed in PASW 18.0 (IBM SPSS, New York, USA).

RESULTS

The retest reliability was identical in both the Norwegian and the
Australian sample (both ricc =0.78) and slightly higher than the
reliability of the PC version (ricc = 0.70; Norwegian sample only;
see also Figures 1 and 2). Validity, tested in the Norwegian sample
by correlating the results of MD and PC version (see Figure 3)
was slightly higher for test run 2 (rjcc = 0.82) than for test run 1
(ricc =0.76).

The ANOVA conducted for the Norwegian sample revealed
main effects of Version [F(1,31)=8.64, p=0.01, n>=0.023,
MD > PC] and Timepoint [F(1,31) =4.40, p =0.04, 1> =0.014,
test run 2 > test run 1]. Neither the interaction of the within-
subjects factors [F(1,31) =0.004, p=0.81, n? <0.001], nor the
main effect of the between-subject factor of Sex [F(1,31) =0.001,
p=0.98, 2 <0.001] were significant. In the Australian sample
there was no significant difference between the two test runs
[£(42) = —1.10, p=0.28,d = —0.11].
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A REA was found for both versions of the DL paradigm and in
both samples. In the Norwegian sample, the MD version produced
a LI of 36.5% = 35.3 (test run 1) and 44.2% = 29.3 (test run 2),
while the PC version produced a LI of 27.2% =4 38.5 (test run 1)
and 36.3% =+ 41.9 (test run 2). Each of these LIs was significantly
larger than zero [all #(32) > 4.06, all p <0.001, d=0.71-1.51].
As for the Australian sample, the LI was 9.2% % 27.2 (test run
1) and 12.3% £ 29.4 (test run 2), both significantly larger than
zero [test 1: £(42) =2.21, p=0.03, d = —0.34; test 2: 1(42) =2.75,
p=0.01, d=0.42]. For an overview of the correct ear scores
and laterality indices for both samples see Table Al in Appen-
dix. A comparison of the mean LI across all test runs and
versions of the Norwegian sample (LI=36.0% = 32.5) against
the mean LI across both test runs of the Australian sample
(LI=10.8 £ 26.8) revealed that the Norwegian sample had a sig-
nificantly stronger REA [#(74) =3.7, p <0.01, d=0.85]. Com-
paring only the females of both samples still showed a signif-
icantly larger LI in the Norwegian sample [Norwegian sam-
ple: 36.1% =+ 34.5; Australian sample: 10.8 £26.8; #(63) =3.3,
p <0.01, d=0.82]. Also when only MD results were compared,
the Norwegian sample had a significantly larger LI [Norwegian
sample: 40.3% = 30.6; Australian sample: 10.8 £ 26.8; t(74) = 4.5,
p <0.001,d=1.03].

DISCUSSION

The results from the Norwegian and Australian samples indicate
that the MD version of the DL paradigm produces highly reli-
able results, with intraclass correlation coefficients slightly higher
than that obtained via the PC version in the Norwegian sample.
With an intraclass correlation of 0.78 the reliability of the MD
version is well within the range usually found in studies using
CV DL paradigms (i.e., between 0.61 and 0.91, cf. Voyer, 1998).
Hugdahl and Hammar (1997), using the same DL paradigm on
a Walkman, showed a medium-strong correlation coefficient of
0.61. The authors used a test-retest interval of 2 weeks compared
to the present consecutive administration, which may explain the
higher correlation in the present study. We also assessed criterion
validity in the Norwegian sample and it appears to be high, as
indicated by strong correlations between the results of both MD-
based test runs along with the results obtained with the standard
PC version.

Beyond demonstrating high reliability and validity, the find-
ings revealed some results that deserve further discussion. First, as
indicated by a significant main effect in the Norwegian sample, the
second test run produced a stronger REA than the first, irrespec-
tive of whether MD or PC version was applied. This effect might
be due to practice, habituation effects, or a general familiarization
with stimulus material and testing procedure. For example, prac-
tice effects have been shown to increase performance and reverse
laterality in a mental rotation task (Voyer et al., 1995). Neverthe-
less, the Timepoint effect was small (2.3% explained variance) and
was not replicated in the larger Australian sample.

A second interesting observation in the Norwegian sample was
that the MD produced a stronger REA than the PC version. How-
ever, this effect was also small, accounting for only 2% of the
variance in the dependent variable. Assuming that the MD and
PC version did not produce a systematic effect on laterality in
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FIGURE 2 | Reliability (Australian sample). Scatterplot relating the LI of
the first and second test run in the Australian sample. Laterality index,
percentage difference between correct LE and RE reports. ricc, intraclass
correlation coefficient.

terms of output level (see spectrogram test in Materials and Meth-
ods section), one possible reason for the version effect might be
found by considering the responses that were required. While the
MD version required participants to hold the device in the right
hand and respond with the right thumb, the PC version used
response keys distributed on a keyboard to be used with fingers
of the right hand. This might result in differential demands for
the visual-motor coordination, differentially favoring left or right
hemispheric processing, and thus indirectly affecting the laterality
as measured with the DL paradigm. However, without further evi-
dence any such interpretation remains speculative, and as pointed
out above, the effect was rather small, hence not substantially
affecting the reliability measures which, calculated as ICC(3,1),
also incorporate mean differences in the reliability calculations
(cf. Shrout and Fleiss, 1979).

Finally, the MD version in the female-only, Australian sample
produced a smaller REA than both versions in the Norwegian sam-
ple, suggesting that factors such as native language background and
sex of the subjects may contribute to the magnitude of the REA.
Indeed, a comparison of the mean LI obtained with similar DL
studies conducted in several countries with different languages,
indicates that the REA might be smaller in English speakers [LI
of about 14% in Hirnstein (2011)] than in Norwegian (about
26%, Rimol et al., 2006) or German speakers (about 30%; West-
erhausen et al., 2006). With regard to sex, the REA is frequently
found to be more pronounced in male as compared to female
subjects (e.g., Lake and Bryden, 1976; Zatorre, 1979; Cowell and
Hugdahl, 2000; for a review see Voyer, 2011). Thus, in view of
differences in both the sex distribution and language background
across the two samples, a stronger LI in the Norwegian sample

Frontiers in Psychology | Cognition

February 2013 | Volume 4 | Article 42 | 4


http://www.frontiersin.org/Cognition
http://www.frontiersin.org/Cognition/archive

Bless et al.

Laterality research using smartphones

100
MDI[t1]
80 M
— L]
~N .
S #
+ 60
=] .
— 4
g 40 .
3 W e
£ 20 2 e
g
x 0 - 0.
v
o
=20
-
-T‘-; .
é -40
5 ricc=.76
-60 N=33
-80
-80 -60 -40 -20 O 20 40 60 80 100
Laterality Index MD [t1]
FIGURE 3 | Validity. Scatterplot showing the results yielded with MD
version at test run 1 (left) and 2 (right) when related to the aggregated
results obtained with the PC version. Laterality index, percentage

100

MD[t2]

60

40

20 iy .

Laterality Index PC [mean of t1+t2]

ricc=.82
N=33

-60

-80 z
~80 -60

-40 -20 0 20 40 60
Laterality Index MD [t2]

80 100

difference between correct LE and RE reports. rc, intraclass
correlation coefficient. Dot color indicates sex: light blue, females; dark
blue, males.

would be predicted. However, the present analyses also revealed a
significant difference between the Australian and Norwegian sam-
ple when only results of the female participants were compared,
indicating that sex alone is insufficient in explaining the difference
between the two samples. Based on this observation, Experiment 2
was conducted to further examine the possible effects of language
background and sex on the MD results.

EXPERIMENT 2

In the second experiment, data was collected from volunteer users
around the world who submitted their test results to a database
via the mobile DL application (iDichotic). The main aim was to
explore if smartphones can produce comparable results in the
field as well as in the laboratory and thus be suitable as platforms
for large-scale population studies. In particular, we investigated
the question of sound language, first as to whether the choice of
sound in relation to language background (congruent: Norwegian
and English native speakers who also chose their native sound
vs. incongruent: participants with various language backgrounds
who had to select a non-native sound) influences the results, with
implications for the number of native sounds one should provide;
and second, as a follow-up to the results of the first experiment, as
to whether English and Norwegian syllables selected by native Eng-
lish speakers and native Norwegian speakers, respectively, produce
significantly different LIs in this larger sample.

MATERIALS AND METHODS

Participants

The iDichotic application was promoted via various media chan-
nels (e.g., university news, websites, TV) and word-of-mouth
resulting in 508 downloads over the course of 5 months (between
release of the application on 11th December 2011 and 11th May
2012). In total, 263 results were submitted (i.e., 52% of those who
downloaded the app chose to submit their results). After apply-
ing the exclusion criteria, 167 participants were included in the
study (see Table 1 for details). This constitutes the main sample
and is the basis for exploring whether the choice of native sound

Table 1 | Sample characteristics Experiment 2.

N Sex Age (mean = SD)
Male Female

Stimulus- YES 108 69 39 34.1 (£12.6)
Language NO 59 38 21 30.5(£12.2)
Congruency? % 167 107 60 32.8 (£12.6)
(analysis 1)

Sound NOR 78 55 23 32.5 (£11.2)
Language® ENG 30 14 16 38.3 (+15.1)
(analysis 2) ) 108 69 39 34.1 (£12.6)

N, number of subjects; SD, standard deviation.

aYes, subject selected native sound, No, subject did not select native sound; %,
sum.

"NOR, Norwegian native speaker that selected Norwegian as sound language;
ENG, English native speaker that selected English as sound language.

vs. non-native sound has an effect on the results. In addition, a
sub-sample of N = 107 participants, including only self-reported
native speakers of either Norwegian or English who also selected
their native language as sound language (see Table 1), served as the
basis for investigating whether the differences in LIs found between
Norwegian and English samples of Experiment 1 also emerge in
this larger field data.

The following exclusion criteria were applied to the dataset:
more than three errors in the identification of homonyms, less
than six correct reports, more than 20% hearing asymmetry
(deduced from hearing test results implemented in the application,
see below), and other-than-first submissions from the same par-
ticipant, left-handedness, or ambidexterity (self-reported under
settings).

Material
The iDichotic application (v. 1.1.0) was the same as the pre-release
version used in Experiment 1 with some minor graphical and
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functional changes concerning the presentation and submission
of results.

After downloading and installing the application on their MD,
the participants were first directed to the settings page of the appli-
cation, where they had to select a sound language (Norwegian or
English), fill out information about themselves (age, sex, handed-
ness, and native language), as well as perform a hearing test. In
this test the loudness of a 1000 Hz tone had to be regulated using a
horizontal volume scroll bar to indicate when tone is just inaudi-
ble (separate for LE and RE). When these settings were completed,
participants could start with the DL task (termed “Listen” test in
the application). A pop-up notification reminded the user to wear
the earphones in correct ears and check the main volume. Instruc-
tions were presented on the screen prompting the user to listen to
a series of syllables and report after each trial (by using buttons
on the touch screen) the syllable he/she heard best. At completion
of the test, which takes approximately 3 min, the results were dis-
played and the option to submit the data package (see below) to
our database was presented.

Data collection

The voluntarily submitted user data package was collected via
secure file transfer protocol and stored on the servers at Univer-
sity of Bergen. The data packages were anonymous and included
the results, user settings, and submission date, as well as an
application-ID (date of application download 4+ random num-
ber), which allowed for the exclusion of double submissions.
Informed consent was obtained before submission of results by
means of a pop-up text window which prompted the user to
submit or close.

Statistical analysis

In the main sample, a two-way ANOVA was conducted with LI
as the dependent variable (see Experiment 1) and the between-
subjects factors of Sex and Stimulus-Language Congruency. A
second two-way ANOVA was conducted in a sub-sample (for sam-
ple characteristics, see Table 1) with LI as the dependent variable

(see Experiment 1) and the between-subject factors Sex and Sound
Language. The level of significance was set to o =0.05 and effect
sizes were calculated as 12 and d, respectively. The analysis was per-
formed in PASW 18.0 (IBM SPSS, New York, USA). Power analysis
was performed using GPower 3.0 (Faul et al., 2007).

RESULTS

The first ANOVA revealed a significant main effect of Sex
[F(1,163) =4.76, p=0.031, n?=0.028] with males having
a stronger LI than females (males: 17.6% = 30.8; females
4.7% =+ 25.2). Neither the main effect of Stimulus-Language Con-
gruency [F(1,163) =0.50, p =0.480, n> =0.003] nor the inter-
action was significant [F(1,163) =2.64, p=10.106, 1?2 =0.015].
The statistical power of the test for the non-significant main
and interaction effect of stimulus-language congruency was with
0.83 sufficiently high to exclude population effect explaining
more than 5% of the variance. Finally, a significant intercept
[F(1,163) =23.02, p < 0.001] indicated a significant REA in the
sample (mean LI = 13.0% = 29.5; d = 0.44). Subjects that selected
their native sound language displayed a mean LI of 12.5% £ 32.5
compared to 13.8% = 23.2 of those who did not select their native
sound language. Fifty-three out of 59 (89.8%) non-English/non-
Norwegian native speakers selected English as the sound language.
The distribution of correct RE and LE reports are shown in a
scatterplot in Figure 4.

In line with the results of the first ANOVA, the second
ANOVA revealed a significant main effect of Sex [F(1,104) =7.03,
p=0.009, n>=0.063] with males showing a stronger LI
than females. Neither the main effect of Sound Language
[F(1,104) =1.20, p=10.277, n?=0.011] nor the interaction was
significant [F(1,104) =0.31, p=0.581, 12 = 0.003]. The statisti-
cal power of the test for the main effect of sound language was
with 0.80 sufficiently high to exclude population effect explain-
ing more than 7% of the variance. Finally, a significant intercept
[F(1,104) =6.53, p=0.012] indicated a significant REA in the
sub-sample (mean LI = 12.5% =+ 32.5; d=0.38).
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FIGURE 4 | Distribution of the field data separated by sex; collected via iDichotic. Size of bubble reflects the number of subjects with the same ear scores
(displayed as percentage correct reports of right and left ear stimulus in one test run). Left: female subjects; right: male subjects.
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DISCUSSION

Utilizing a MD DL test we collected data in a large international
field experiment and were able to replicate the REA usually found
with this paradigm (e.g., Studdert-Kennedy and Shankweiler,
1970; Hugdahl and Andersson, 1984), supporting the usability of
MDs as “mobile laboratories.” Furthermore, we also observed a
significant effect of sex, with males displaying a larger REA than
females. This finding is in line with a frequently observed stronger
behavioral laterality in males (e.g., McGlone, 1980). However,
recent meta-analytic evidence (e.g., Voyer, 2011; see also Hiscock
etal., 1994) as well as studies utilizing larger study samples (Hirn-
stein et al., in press), indicate that the sex effect found with DL
is rather small, explaining about 1% of the variance in laterality.
Against this background, the larger sex effect found in Experiment
2 (2.8% explained variance in the complete sample) is likely due
to a sampling bias.

Since large-scale field experiments like this include partici-
pants from many backgrounds and not all native sounds can be
provided, the question was raised as to whether selecting a non-
native sound would have an effect on the ear advantage. This is
an important issue because on it depends whether non-natives
to a selected sound have to be excluded from the analysis. The
results from the first ANOVA showed that also non-native speakers
might be included in the analysis, suggesting that lack of non-
native materials is not necessarily a hindrance in world-wide data
collections.

Based on the findings from Experiment 2, it appears that lan-
guage background cannot explain the differences observed in
Experiment 1, although the same trend toward larger LI in the
Norwegian sample compared to the English sample is seen in the
present experiment as well as in previous studies (see Discussion
of Experiment 1).

GENERAL DISCUSSION

The objective of the experiments reported here was to examine the
feasibility of MD applications in laterality research. Having estab-
lished the validity and reliability of the MD version under con-
trolled conditions in the laboratory (Experiment 1), we examined
how the MD application performed in uncontrolled conditions
in the field (Experiment 2), where circumstances surrounding
self-administration of the test are unknown (e.g., environmental
noise, location, headphone quality, subject’s state of mind etc.). For
example, as seen in an earlier study, background noise can signifi-
cantly reduce the REA (Dos Santos Sequeira et al., 2010) and thus
might also have an effect on the present field data. Despite these
issues, the results displayed a significant REA suggesting that labo-
ratory experiments can be replicated in real-life settings via MDs.
In addition, the REA appears to be “robust” enough to resist “noise”
factors. Thus, the present MD application appears to be a valid and
reliable alternative to the traditional method of administering DL
on a PC, independent of the experimental setting.

The field experiment results further imply that heterogeneity
of a sample should not always be avoided, especially when the
aim is to test universal theories of the brain. Other examples for
this kind of sampling approach are a study on lexical decisions
by Dufau et al. (2011) and another study on mind wandering
and mood by Killingsworth and Gilbert (2010), both employing

smartphone technology to collect data from users world-wide.
Analogous to our experiment, the authors used Apple’s App Store
for distribution of the application.

The results from both experiments show that although a sig-
nificant REA was found in all samples, there are also variations
between them. The Norwegian sample in Experiment 1 appears
to stand out as particularly RE-biased whereas all other samples,
including the Norwegian sub-sample in Experiment 2, displayed
smaller REAs. This cannot be solely explained by the different sex
distributions of the samples, although sex appears to have an effect
on speech laterality, as seen in previous studies (e.g., Hirnstein
et al., in press; Voyer, 2011; see also Discussion under Experi-
ment 2) as well as in the present Experiment 2. Also language
background is not a sufficient factor in explaining the laterality
differences observed Experiment 1, since there was no significant
effect of sound language in Experiment 2, although previous stud-
ies have suggested such a link (see Discussion above). In summary,
the variations we see may be due to a combination of factors, that
is sex (to a lesser degree) or sound language.

LESSONS FOR FUTURE SMARTPHONE FIELD EXPERIMENTS

Given that environment/background noise can have a significant
influence on test results (Dos Santos Sequeira et al., 2010), one
should consider collecting data on the circumstances surrounding
the testing. For example, the participants could be asked to provide
information about their location, or the microphone built into the
MD could be used to determine the background noise level. Also
data on the hardware (device, headphones) and software version
used for the test may be useful information, especially if the test
runs on various platforms. One should be aware of systematic
errors introduced by different hardware/software, e.g., bias toward
one output channel (ear); however, currently, iDichotic is limited
to Apple’s MDs that run iOS software version 5 or later, and we are
not aware of any systematic differences between the versions that
might have affected our results.

CONCLUSION

Taken together, as here demonstrated regarding the REA in DL,
current smartphone technology allows for a validation of later-
ality phenomena and cognitive constructs in the field. Validation
of our mobile application in patients who cannot visit research
facilities, for example, hospitalized patients undergoing neuropsy-
chological assessment, is a logical next step. Also, studies designed
to investigate longitudinal changes, such as infradian effects of
sex hormones like estradiol (e.g., Cowell et al., 2011; Hjelmervik
et al., 2012) on laterality, or symptoms-related cognitive fluctu-
ations (e.g., Green et al., 1994; Escandon et al., 2010), as well as
molecular genetic studies with the need to recruit large cohorts
(e.g., Ocklenburg et al., 2011) could benefit from data collection
using MDs.

ACKNOWLEDGMENTS

The present research was funded by the European Research Coun-
cil (ERC) Advanced Grant #249516 to Prof. Kenneth Hugdahl.
We wish to thank Prof. Karsten Specht for his help with record-
ing the white noise spectrogram. We also like to thank iDichotic
users from around the world who have made the field experiment
possible.

www.frontiersin.org

February 2013 | Volume 4 | Article 42 | 7


http://www.frontiersin.org
http://www.frontiersin.org/Cognition/archive

Bless et al.

Laterality research using smartphones

REFERENCES

Alho, K., Salonen, J., Rinne, T,
Medvedev, S. V., Hugdahl, K., and
Himaildinen, H. (2012). Attention-
related modulation of auditory-
cortex responses to speech sounds
during dichotic listening. Brain Res.
1442, 47-54.

Barak, A., and Buchanan, T. (2004).
“Internet-based psychological test-
ing and assessment,” in Online
Counseling: A Handbook for Men-
tal Health Professionals, eds R.
Kraus, J. S. Zack, and G. Stricker
(San Diego, CA: Elsevier Science),
217-239.

Brancucci, A., Babiloni, C., Babiloni,
E, Galderisi, S., Mucci, A., Tec-
chio, F, et al. (2004). Inhibition of
auditory cortical responses to ipsi-
lateral stimuli during dichotic lis-
tening: evidence from magnetoen-
cephalography. Eur. J. Neurosci. 19,
2329-2336.

Brunswik, E. (1947). Systematic and
Representative Design of Psychologi-
cal Experiments; with Results in Phys-
ical and Social Perception. Berkeley:
University of California Press.

Bryden, M. P. (1975). Speech lateraliza-
tion in families: a preliminary study
using dichotic listening. Brain Lang.
2,201-211.

Bryden, M. P. (1988). “An overview of
the dichotic listening procedure and
its relation to cerebral organization,”
in Handbook of Dichotic Listening:
Theory, Methods and Research, ed.
K. Hugdahl (Oxford: John Wiley &
Sons), 1-43.

Cohen, R. J., Swerdlik, M. E., and
Phillips, S. M. (1996). Psychologi-
cal Testing and Assessment: An Intro-
duction to Tests and Measurement.
Mountain View, CA: Mayfield Pub-
lishing Co.

Courvoisier, D. S., Eid, M., Lischet-
zke, T., and Schreiber, W. H. (2010).
Psychometric properties of a com-
puterized mobile phone method for
assessing mood in daily life. Emotion
10, 115-124.

Cowell, P.,and Hugdahl, K. (2000). Indi-
vidual differences in neurobehav-
ioral measures of laterality and inter-
hemispheric function as measured
by dichotic listening. Dev. Neuropsy-
chol. 18, 95.

Cowell, P. E., Ledger, W. L., Wadnerkar,
M. B,, Skilling, F. M., and Whiteside,
S. P. (2011). Hormones and dichotic
listening: evidence from the study of
menstrual cycle effects. Brain Cogn.
76, 256-262.

Dos Santos Sequeira, S., Specht, K.,
Moosmann, M., Westerhausen, R.,
and Hugdahl, K. (2010). The effects
of background noise on dichotic

listening to consonant-vowel sylla-
bles: an fMRI study. Laterality 15,
577-596.

Dufau, S., Dunabeitia, J. A., Moret-
Tatay, C., McGonigal, A., Peeters,
D., Alario, FE-X., (2011).
Smart phone, smart science: how
the use of smartphones can rev-
olutionize research in cognitive
science. PLoS ONE 6:€24974.
doi:10.1371/journal.pone.0024974

Escandon, A., Al-Hammadi, N., and
Galvin, J. E. (2010). Effect of
cognitive  fluctuation on
ropsychological ~performance in
aging and dementia. Neurology 74,
210-217.

Fahrenberg, J.
assessment:

et al

neu-

(1996). “Ambulatory

issues and perspec-
tives,” in Ambulatory Assessment:
Computer-Assisted Psychological and
Psychophysiological Methods in Mon-
itoring and Field Studies, eds S. J.
Fahrenberg and M. Myrtek (Seattle:
Hogrefe and Huber), 3-20.

Faul, F, Erdfelder, E., Lang, A.-G., and
Buchner, A. (2007). GxPower 3:
a flexible statistical power analysis
program for the social, behavioral,
and biomedical sciences. Behav. Res.
Methods 39, 175-191.

Green, M. E, Hugdahl, K., and Mitchell,
S. (1994). Dichotic listening during
auditory hallucinations in patients
with schizophrenia. Am. J. Psychiatry
151, 357-362.

Hirnstein, H. (2011). Dichotic listening
and left-right confusion. Brain Cogn.
76,239-244.

Hirnstein, M., Westerhausen, R.,
Korsnes, M. S., and Hugdahl, K. (in
press). Sex differences in language
asymmetry are age-dependent and
small: a large-scale, consonant-
vowel dichotic listening study with
behavioral and fMRI data. Cortex.
doi: 10.1016/j.cortex.2012.08.002

Hiscock, M., Inch, R., Jacek, C., Hiscock-
Kalil, C.,and Kalil, K. (1994). Is there
a sex difference in human lateral-
ity? An exhaustive survey of audi-
tory laterality studies from six neu-
ropsychology journals. J. Clin. Exp.
Neuropsychol. 16, 423435

Hjelmervik, H., Westerhausen, R,
Osnes, B., Endresen, C. B., Hug-
dahl, K., Hausmann, M., et al.
(2012). Language lateralization and
cognitive control across the men-
strual cycle assessed with a dichotic-
listening paradigm. Psychoneuroen-
docrinology 37, 1866—1875.

Hugdahl, K. (2003). “Dichotic listening
in the study of auditory laterality,”
in The Asymmetrical Brain. Cam-
bridge, eds K. Hugdahl and R. J.
Davidson (Cambridge: MIT Press),
441-476.

Hugdahl, K. (2011). Fifty years of
dichotic listening research — still
going and going and . . . Brain Cogn.
76,211-213.

Hugdahl, K., and Andersson, L. (1984).
A dichotic listening study of dif-
ferences in cerebral organization in
dextral and sinistral subjects. Cortex
20, 135-141.

Hugdahl, K. and 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., Brennick, K., Kyllings-
baek, S., Law, I, Gade, A., and
Paulson, O. B. (1999). Brain acti-
vation during dichotic presenta-
tions of consonant-vowel and musi-
cal instrument stimuli: a 150-
PET study. Neuropsychologia 37,
431-440.

Hugdahl, K., Carlsson, G., Uvebrant,
P, and Lundervold, A. J. (1997).

Dichotic-listening performance
and intracarotid injections of
amobarbital in  children and
adolescents. Arch. Neurol. 54,
1494-1500.

Hugdahl, K., and Hammar, A. (1997).
Test-retest  reliability —for the
consonant-vowel syllables dichotic
listening paradigm. J. Clin. Exp.
Neuropsychol. 19, 667—-675.

Hugdahl, K., Westerhausen, R., Alho,
K., Medvedev, S., and Himaldinen,
H. (2008). The effect of stimulus
intensity on the right ear advantage
in dichotic listening. Neurosci. Lett.
431, 90-94.

Jancke, L., Wiistenberg, T., Scheich, H.,
and Heinze, H.-J. (2002). Phonetic
perception and the temporal cortex.
Neuroimage 15, 733-746.

Kennedy, D. O., Veasey, R. C., Wat-
son, A. W,, Dodd, F. L., Jones, E.
K., Tiplady, B., et al. (2011). Vita-
mins and psychological functioning:
a mobile phone assessment of the
effects of a B vitamin complex, vit-
amin C and minerals on cognitive
performance and subjective mood
and energy. Hum. Psychopharmacol.
Clin. Exp. 26, 338-347.

Killingsworth, M., and Gilbert, D. T.
(2010). A wandering mind is an
unhappy mind. Science 330, 932.

Kimura, D. (1961). Cerebral dominance
and the perception of verbal stimuli.
Can. J. Psychol. 15, 166-171.

Kimura, D. (1967). Functional asymme-
try of the brain in dichotic listening.
Cortex 3, 163.

Kimura, D. (2011). From ear to brain.
Brain Cogn. 76, 214-217.

Lake, D. A., and Bryden, M. P. (1976).
Handedness and sex differences in

hemispheric asymmetry. Brain Lang.
3,266-282.

McGlone, J. (1980). Sex differences in
human brain asymmetry: a critical
survey. Behav. Brain Sci. 3, 215-263.

Miller, G. (2012). The smartphone psy-
chology manifesto. Perspect. Psychol.
Sci. 7,221-237.

Milner, B., Taylor, L., and Sperry, T.
W. (1968). Lateralized suppression
of dichotically presented digits after
commissional section in man. Sci-
ence 161, 184-186.

Ocklenburg, S., Arning, L., Hahn, C,
Gerding, W. M., Epplen, J. T., Gun-
turkun, O., et al. (2011). Variation in
the NMDA receptor 2B subunit gene
GRIN2B is associated with differ-
ential language lateralization. Behav.
Brain Res. 225, 284-289.

O’Leary, D. S., Andreasen, N. C., Hur-
tig, R. R., Hichwa, D. R., Watkins, G.
L., Boles Ponto, L. L., et al. (1996).
A positron emission tomography
study of binaurally and dichotically
presented stimuli: effects of level
of language and directed attention.
Brain Lang. 53, 20-39.

Pollmann, S. (2010). “A unified
strucutral-attentional ~ framework
for dichotic listening,” in The Two
Halves of the Brain, eds K. Hugdahl
and R. Westerhausen (Cambridge:
MIT Press), 441-468.

Rimol, L. M., Eichele, T., and Hug-
dahl, K. (2006). The effect of
voice-onset-time ~ on  dichotic
listening with  consonant-vowel
syllables.  Neuropsychologia 44,
191-196.

Shankweiler, D., and Studdert-Kennedy,
M. (1967). Identification of conso-
nants and vowels presented to left
and right ears. Q. J. Exp. Psychol. 19,
59-63.

Shrout, P.E.,and Fleiss, J. L. (1979). Intr-
aclass correlations: Uses in assess-
ing rater reliability. Psychol. Bull. 2,
420-428.

Springer, S. P., and Gazzaniga, M. S.
(1975). Dichotic testing of partial
and complete split brain subjects.
Neuropsychologia 13, 341-346.

Studdert-Kennedy, M., and
Shankweiler, D. (1970). Hemi-
spheric specialization for speech
perception. J. Acoust. Soc. Am., 48,
579-594.

Tiplady, B., Oshinowo, B., Thom-
son, J, and Drummond, G. B.
(2009). Alcohol and cognitive func-
tion: assessment in everyday life
and laboratory settings using mobile
phones. Alcohol Clin. Exp. Res. 33,
2094-2102.

van den Noort, M., Specht, K., Rimol,
L. M., Ersland, L., and Hugdahl,
K. (2008). A new verbal reports

Frontiers in Psychology | Cognition

February 2013 | Volume 4 | Article 42 | 8


http://dx.doi.org/10.1371/journal.pone.0024974
http://www.frontiersin.org/Cognition
http://www.frontiersin.org/Cognition/archive

Bless et al.

Laterality research using smartphones

fMRI  dichotic listening para-
digm for studies of hemispheric
asymmetry. Neuroimage 40,
902-911.

Voyer, D. (1998). On the reliability
and validity of noninvasive laterality
measures. Brain Cogn. 36, 209-236.

Voyer, D. (2011). Sex differences in
dichotic listening. Brain Cogn. 76,
245-255.

Voyer, D., Voyer, S., and Bryden, M.
P. (1995). Magnitude of sex differ-
ences in spatial abilities: a meta-
analysis and consideration of crit-
ical variables. Psychol. Bull. 117,
250-270.

Westerhausen, R., and Hugdahl, K.
(2008). The corpus callosum in

dichotic listening studies of hemi-
spheric asymmetry: a review of clini-
cal and experimental evidence. Neu-
rosci. Biobehav. Rev. 32, 1044—1054.

Westerhausen, R., Woerner, W., Kreuder,
E, Schweiger, E., Hugdahl, K., and
Wittling, W. (2006). The role of
the corpus callosum in dichotic lis-
tening: a combined morphological
and diffusion tensor imaging study.
Neuropsychology 20, 272-279

Wexler, B. E., Halwes, T., and Heninger,
G. R. (1981). Use of statistical sig-
nificance criterion in drawing infer-
ences about hemispheric dominance
for language function from dichotic
listening data. Brain Lang. 13,
13-18.

Zatorre, R. J. (1979). Recognition of
dichotic melodies by musicians and
nonmusicians. Neuropsychologia 17,
607-661.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that
could be construed as a potential con-
flict of interest.

Received: 29 October 2012; accepted: 19
January 2013; published online: 07 Feb-
ruary 2013.

Citation: Bless JJ, Westerhausen R, Arci-
uli ], Kompus K, Gudmundsen M and

Hugdahl K (2013) “Right on all occa-
sions?” — On the feasibility of lateral-
ity research using a smartphone dichotic
listening application. Front. Psychology
4:42. doi: 10.3389/fpsyg.2013.00042
This article was submitted to Frontiers
in Cognition, a specialty of Frontiers in
Psychology.

Copyright © 2013 Bless, Westerhausen,
Arciuli, Kompus, Gudmundsen and Hug-
dahl. This is an open-access article dis-
tributed under the terms of the Creative
Commons Attribution License, which
permits use, distribution and reproduc-
tion in other forums, provided the original
authors and source are credited and sub-
ject to any copyright notices concerning
any third-party graphics etc.

www.frontiersin.org

February 2013 | Volume 4 | Article 42 | 9


http://dx.doi.org/10.3389/fpsyg.2013.00042
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org
http://www.frontiersin.org/Cognition/archive

Bless et al. Laterality research using smartphones

APPENDIX

Table A1 | Correct report (mean + standard deviation) for each sample, test version, and timepoint.

t1 t2
LE RE LI LE RE LI
NOR pPC 32.5(+16.9) 58.0 (+£19.4) 272 (+£38.3) 279 (£17.7) 62.0 (+21.8) 36.3 (+41.9)
MD 28.8 (£16.3) 62.3 (£17.7) 36.5 (£35.3) 25.5 (£12.3) 671 (£15.7) 44.2 (+£29.3)
AUS MD 36.2 (£12.3) 44.0 (£14.0) 9.2 (£272) 376 (£14.0) 48.8 (+15.6) 12.3 (£29.4)

t1/t2, first and second testing, respectively. LE, left ear; RE, right ear; LI, laterality index; NOR, Norwegian sample; AUS, Australian sample.
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