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The  direction  of  a diphthong  yields  differences  in  the  P1-N1-P2  responses.
N1-P2  responses  to  diphthongs  occur  even  when  attention  is  on  a visual  task.
P2 vertex  amplitude  evoked  with  a diphthong  varies  with  attention  condition.
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The  modulation  of  auditory  event-related  potentials  (ERP)  by  attention  generally  results  in  larger  ampli-
tudes  when  stimuli  are  attended.  We  measured  the  P1-N1-P2  acoustic  change  complex  elicited  with
synthetic  overt  (second  formant,  F2�  =  1000  Hz)  and  subtle  (F2�  =  100  Hz)  diphthongs,  while  subjects
(i)  attended  to the auditory  stimuli,  (ii)  ignored  the auditory  stimuli  and  watched  a film,  and  (iii)  diverted
their  attention  to  a visual  discrimination  task.  Responses  elicited  by  diphthongs  where  F2  values  rose  and
fell  were  found  to  be different  and  this  precluded  their  combined  analysis.  Multivariate  analysis  of  ERP
components  from  the  rising  F2  changes  showed  main  effects  of attention  on  P2  amplitude  and  latency,
and  N1-P2  amplitude.  P2  amplitude  decreased  by 40%  between  the  attend  and  ignore  conditions,  and
1
2
coustic change complex
owel perception

by  60%  between  the  attend  and divert  conditions.  The  effect  of diphthong  magnitude  was  significant  for
components  from  a broader  temporal  window  which  included  P1  latency  and  N1  amplitude.  N1  latency
did  not  vary  between  attention  conditions,  a finding  that  may  be  related  to  stimulation  with  a continuous
vowel.  These  data  show  that  a discernible  P1-N1-P2  response  can  be  observed  to  subtle  vowel  quality
transitions,  even  when  the  attention  of  a  subject  is diverted  to  an unrelated  visual  task.
. Introduction

As Simons and Chabris’ invisible gorilla convincingly demon-
trates [23], when we direct our attention to a specific occurrence,
ther events can go unnoticed. Functional descriptions of the mod-
lation of perception by attention attribute a central role to salience
lters that monitor perceptual input, and bias signals that regu-
ate sensitivity control by priming neural populations in sensory
ortices, see [13] for a review. Sensitivity and neural responsive-
ess is upregulated when a perceptual decision must be rendered,

Abbreviations: dB HL, deciBel hearing level; EEG, electroencephalography;
RP, event-related potential; F2, second formant; MMN,  mismatch negativity; RT,
esponse time.
∗ Corresponding author at: Department of Nordic Studies and Linguistics, Univer-

ity  of Copenhagen, Njalsgade 120, Copenhagen−S 2300, Denmark.
E-mail address: dmorris@hum.ku.dk (D.J. Morris).

ttp://dx.doi.org/10.1016/j.neulet.2016.05.002
304-3940/© 2016 Elsevier Ireland Ltd. All rights reserved.
©  2016 Elsevier  Ireland  Ltd.  All  rights  reserved.

and this may  co-occur with downregulation of sensitivity for neu-
ral populations tuned to non-task relevant stimuli [10,27]. This
complimentary co-regulation of top-down sensitivity is evident in
cross-modal electrophysiology studies, where the introduction of
visual stimuli typically results in a decrease in the amplitude of late
auditory event-related potentials (ERPs). For example, the effect of
simultaneously-performed tasks on auditory ERPs was  investigated
by Lavoie et al. [14] in presentation conditions which were: eyes
open; eyes closed; reading a book; watching a movie, and; adding
3 digit numbers. N1-P2 amplitudes to click stimuli from 10 nor-
mal  hearing listeners were reported to be lowest when arithmetic
was performed concurrent with the presentation of auditory stim-
ulus, and highest when subjects performed no task and had their
eyes closed. Oray et al. [20] presented loud white noise tone bursts

alone and also asynchronously paired with visual stimuli which
were black and white vertical bars. They found mean decreases in
amplitude between auditory alone and auditory-visual conditions

dx.doi.org/10.1016/j.neulet.2016.05.002
http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neulet.2016.05.002&domain=pdf
mailto:dmorris@hum.ku.dk
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hat, when measured at the vertex, were 40% for N1 and 25% for P2.
hey attributed this attention-related reduction to a suppressive
echanism that benefited auditory perception when presented in

he absence of visual stimuli.
The advantage that selective attention provides auditory per-

eption has also been attributed to a temporal boost that promotes
he neural processing of attended stimuli, an increase that may  be
ndexed by N1 latency [21,26]. Folyi et al. [6] investigated this N1
atency acceleration, with ERP measurements to near-threshold
onebursts, in conditions where participants ignored the stimuli
nd watched a silent movie, or responded to stimulus onset. They
ound that N1 latencies decreased and amplitudes increased in the
ttend condition relative to the ignore condition. Effects of atten-
ion on auditory ERPs have also been investigated in mismatch
egativity (MMN)  studies. While the auditory MMN, elicited with
ne frequency changes between standard and deviant tones, was

ound to decrease in amplitude when subjects sat passively or read
 book [18], it was not affected by the level of difficulty of a simul-
aneously performed visual discrimination task [19].

In the present study we examined the P1-N1-P2 complex
ecorded in response to synthesized diphthongs, defined here as
pectral changes that alter the quality of the vowel. It has been
emonstrated that when recorded with speech stimuli, the P1-
1-P2 is stable over test sessions [28] and it can be elicited
ith synthetic speech [1,32], although component peaks can have

horter latencies relative to elicitation with natural speech stim-
li [25]. The synthetic vowels that we used were presented to
ubjects in a stimulus paradigm akin to the ‘alternating strategy’
sed in Martin et al. [17]. It has been suggested that measurement
aradigms involving continuous acoustic stimulation with alter-
ating changes in a-b-a-b form have the potential to benefit the
lectrical signal-noise ratio of the response, as the number of sam-
les in the average ERP may  be doubled by combining a-b and
-a transitions. We  also included a subtle diphthong, in order to
xamine how the P1-N1-P2 response to fine-grained vowel quality
ransitions were affected by different attention conditions. In an
uditory-visual presentation condition we instructed subjects to
ivert their attention from the concurrently presented diphthongs,
o a cognitive task which was visual discrimination of Japanese
ymbols. The visual discrimination task required subjects to attend
o the spatial detail of the symbols, in this way competing for atten-
ional resources with the vowel formant transitions, a competition
hat we hypothesised may  override ERP markers of subtle diph-
hongs.

. Material and methods

.1. Subjects

Sixteen healthy subjects who were university students and staff
articipated in this study. Data from four subjects were eliminated

rom analysis due to excessive noise in the responses. The remain-
ng 12 subjects (6 female) had a mean age of 29 years 6 mos  (SD

 years 7 mos). All subjects reported that their right hand was  dom-
nant and they used this hand to provide responses during the test
ession. They all had normal vision and normal hearing as revealed
y audiometric screening (pure tone thresholds less than 25 dB HL
t 250–4000 Hz, in both ears) and all provided informed consent
rior to the experiment. All subjects were native Danish speakers
nd none of the subjects had any prior knowledge of Japanese Kanji
rthography, which was used in the visual task.

.2. Stimuli
The auditory stimuli were two one-second and two  two-second
udio files that were vowels synthesized from a Klatt grid in PRAAT
3]. Overt diphthongs, where second formant (F2) values increased
Fig 1. Example of stimuli from the visual task. The three Japanese Kanji ideograms
were presented on a computer screen where two were the same and one was
different.

by 1000 Hz and subtle diphthongs, where F2 increased by 100 Hz
occurred in the middle portion of the audio files, while all other
acoustic parameters remained constant. The onset and offset F2
value was 1000 Hz which corresponded approximately to cardinal

vowel 15 as described in [8,pp. 12–13] or . The vowel qual-
ity after the subtle transition was slightly fronted, while after the
overt transition, it corresponded approximately to cardinal vowel

two. This vowel quality is closest to an in Danish. A compressed
version of the one second stimuli are available supplemental to this
article as audio files 1 and 2, for stimuli with F2 transitions to 1100
and 2000 Hz, respectively. Fig. 2 shows the spectral details of the
vowel and the transitions, which were 40 ms in duration. The four
audio files were presented randomly so that they formed a contin-
uous triphthongal chain (interstimulus interval = 0) within which
vowel quality transitions were followed by steady-state portions
of 460 and 960 ms.  The sound field presentation level of the con-
tinuous stimuli was 70 dB (A) and this varied by less than 1 dB across
the 3 vowel qualities. In total, 1440 dipthongs were presented
to each participant and presentation conditions were counterbal-
anced across subjects.

2.3. Presentation conditions

Subjects underwent EEG testing in three conditions: attend,
ignore and divert. During the attend condition they were instructed
to respond to the auditory stimuli when F2 increased by 1000 Hz,

that is, when the transition was  from an to an . These
rising overt diphthongs occurred irregularly due to the random-
ization of the one and two  second stimulus files. In the ignore
condition subjects watched a silent film. During the divert con-
dition subjects performed a visual discrimination task involving
three Japanese symbols, where two were the same and one was
different (see Fig. 1). This was similar to the visual search task that
was used in [2], where subjects were required to identify words
from a grid of letters. However, we were hesitant about the pos-
sibility of interference between lexical items in combination with
synthetic speech, and therefore created the stimuli for the visual
task from five pairs of Kanji ideograms. Further motivation for the
selection of this task in the divert condition is based on the assump-
tion that it would require subjects to devote cognitive, particularly
visuo-spatial, processing resources to the features of the Kanji sym-
bols, but would only minimally task the subjects’ episodic working
memory. Presentation of the visual trials was temporally indepen-
dent of the diphthongal change, as we  were interested in unmixing
the crosstalk between the auditory ERP and the response from the
visual task, an undertaking that would not be able to be accom-
plished if we  had used sequential presentation of auditory and
visual stimuli as, for instance, employed in [15].

During the divert condition subjects were instructed to devote
their attention to the visual task and select as quickly and accu-
rately as possible the symbol that was different by pressing the

corresponding button on a response box. Prior to testing, subjects
completed a training round with 12 visual trials in the absence of
auditory stimuli, during which onscreen feedback to responses was
provided as correct or incorrect. Feedback was  not provided dur-
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ig. 2. Spectral and temporal details of the synthesized vowel stimuli (upper panel
ars  (lower right panels) indicate latencies in which the first-rising F2 and secon
F2�  = 100 Hz) diphthongs.

ng the 360 randomized presentations that occurred during the ERP
est session, where the intertrial interval was 0 and response times
RT) were measured.

.4. EEG recording

Recordings were made in an electrically shielded and sound-
reated room. Subjects were seated in an armchair with a speaker
irectly in front of them. To the right of the speaker was  a laptop
hich was used to present the silent film in the ignore condition

nd the visual stimuli in the divert condition. Sintered Ag-AgCl
lectrodes were positioned at 16 scalp locations (O1, Oz, O2, P3,
z, P4, C3, Cz, C4, F3, Fz F4, Fp1, Fp2, T7, and T8) according to the
xtended international 10–20 system. Four additional electrodes
ere positioned around the eyes to monitor horizontal and verti-

al eye movements, and two electrodes were fixed to the left and
ight mastoids (M1  and M2). The Biosemi Active Two system was
sed to make EEG recordings at a sampling rate of 2048 Hz.

.5. Data processing and statistical analysis

The continuous EEG data from all three conditions underwent
dentical processing. This involved down-sampling to 256 Hz and
ltering between 0.1–30 Hz. The mean of the two mastoids was
sed as reference as these sites are below the Sylvian fissure and
ould therefore provide robust P1-N1-P2 responses [17,29]. Data
ere inspected visually and sections showing strong atypical arte-

acts were removed. Noisy channels were interpolated with the
ignal from surrounding electrodes and the continuous EEG data
as submitted to Independent Component Analysis. Independent
omponents, with topographic maps that were indicative of either
ye movements or noisy channels, were removed from the data of
ach subject. The mean number of components removed was 1.6,
EM ±0.2. Epochs of −200–470 ms  around the vowel changes were
ed with group vertex (Cz) ERPs from the three attention conditions (lower panels).
ling F2 responses differed (p < 0.05), black overt (F2� = 1000 Hz) and grey subtle

then extracted and rejected if the electrical amplitude exceeded
±50 �V, or if linear trends exceeded 100 �V within a 500 ms sliding
window.

Permutation statistics were used to compare vertex responses
in the full latency window to the first and second vowel qual-
ity changes. It is appropriate to use permutation statistics as this
method preserves the pairing of data points, in our case from
change 1 and 2, in the pooled data from which surrogate copies
were drawn and from which the underlying distributions were gen-
erated. The comparison was  based on 2000 surrogate data copies
and all reported p values have been corrected for multiple com-
parisons with the false detection rate as implemented in EEGLAB
[4]. After this initial pass we conducted parametric analysis of non-
specific component data including P1, N1 and P2, from the vertex
recording site. This was in order to observe the effects of atten-
tion and vowel quality transition at relevant points on the ERP time
course and to facilitate comparison with previous studies including
[6,17,24]. All processing and statistical analyses were performed
with EEGLAB 13.4.4b, SPSS v. 22 and R [22].

3. Results

3.1. First and second vowel quality changes

Comparison of the responses from the first and second vowel
quality changes in the three presentation conditions showed that
there were significant differences and these occurred in both the
subtle and the overt diphthongs. The latency windows in which the
first and second changes were significantly different (p < 0.05), are

shown in Fig. 2. A P3 (P300) peak can also be seen in the ERP from the
first overt diphthong in the attend condition, as subjects had been
instructed to respond to this transition. Due to these differences
we did not collapse the ERP data from the first and second vowel
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Table  1
First vowel quality transition: ANOVA results based on component data from the
ERPs according to effect (df).

Component metric Condition
(2,60)

Diphthong
(1,60)

Condition ×
Diphthong
(2,60)

F p F p F p

P1 amplitude 1.74 0.18 0.03 0.86 0.55 0.55
P1  latency 0.21 0.81 15.04 <0.01* 0.01 0.99
N1  amplitude 0.12 0.88 9.34 0.01* 0.12 0.12
N1  latency 0.03 0.97 0.54 0.46 0.82 0.44
P2  amplitude 5.89 <0.01* 9.89 <0.01* 2.43 0.09
P2 latency 4.49 0.01* 7.19 <0.01* 0.42 0.66
N1-P2 amplitude 4.43 0.01* 27.49 <0.01* 2.19 0.12
P1-N1 amplitude 0.57 0.57 13.02 <0.01* 0.52 0.59

Table 2
Group mean differences in ERP component metrics for the first change between
the three conditions, with values expressed as percentages of *attend and #ignore
responses.

Attend-Ignore* Attend-Divert* Ignore-Divert#

F2 � 1000 Hz 100 Hz 1000 Hz 100 Hz 1000 Hz 100 Hz
P1  amplitude 7.6 10.6 56.7 33.6 53.1 25.8
N1  amplitude 14.6 −11.5 1.3 5.6 −15.5 15.4
P2  amplitude 39.7 54.9 59.6 −15.0 32.9 −88.3
P1-N1 11.9 0.9 22.3 21.3 11.8 20.6
N1-P2 30.6 33.9 38.5 12.1 11.3 −33.0
P1  latency 0.8 2.4 −3.4 9.5 −4.2 7.3
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N1  latency 8.1 −6.5 7.0 2.8 −1.1 8.8
P2  latency 11.1 6.4 9.5 11.4 −1.8 5.4

uality changes and subsequent analysis is based on the first change
here there is an identifiable P1.

In order to examine the effects of both attention state and
owel formant transition on the first change, we quantified the
eak amplitude and latency of ERP components from all subjects.
eak amplitudes were defined as the maximum value from base-

ine within the 50–150 ms  and 200–350 ms  post change latency
indows for P1 and P2, respectively. The high upper limit of the

atency window for P2 was chosen in order to include peaks from
esponses to the subtle vowel transition which, as shown in the
roup traces (Fig. 2), occurred later for the attend and ignore con-
itions. N1 was defined as the minimum value of the ERPs in the
00–200 ms  post change latency window. P1-N1 and N1-P2 values
ere derived by subtracting the amplitudes of P1 from N1 and P2

rom N1, respectively. These data were submitted to multivariate
nalysis with presentation condition, diphthong and their inter-
ction as effects. Table 1 shows that the significant main effect of
ondition was concentrated at P2 (P2 amplitude and latency and
1-P2 amplitude). A significant main effect of diphthong, was  found
t P2 component metrics and also P1 latency, N1 amplitude and
1-N1 amplitude.

Bonferroni corrected post hoc analysis of the amplitudes of P2
nd N1-P2 showed that there was a significant difference between
he attend and ignore conditions (P2, � = 2.25, p = 0.01; N1-P2,

 = 2.44, p = 0.03), and the attend and the divert conditions (P2,
 = 2.35, p = 0.01; N1-P2, � = 2.17, p = 0.05), but not the ignore and
ivert conditions (P2, � = 0.1, p = 1; N1-P2, � = −2.7, p = 1). This anal-
sis also showed that mean P2 latency was significantly longer
n the attend than in the divert condition (� = 31.61, p = 0.02), but
here were no significant differences between the attend and ignore
� = 25.92, p = 0.07) or the divert and ignore conditions (� = −5.68,

 = 1).

As we were interested in the net effect of presentation condi-

ion on overt and particularly subtle vowel quality transitions, we
alculated the percentage changes in peak amplitude and latency
ased on the first vowel quality change (see Table 2). These showed
tters 626 (2016) 158–163 161

considerable reductions in P2 and N1-P2 amplitudes between the
attend and the other two conditions. Most ERP component ampli-
tudes also decreased between the ignore and the divert conditions.
However, P2 amplitude in response to subtle diphthongs increased
from 1.5 �V in the ignore condition to 2.8 �V in the divert con-
ditions, and over the same conditions N1-P2 amplitude increased
from 3.2 �V to 4.3 �V.

3.2. Visual task responses

One subject completed all of the visual discrimination items in
the course of the test session and ERP responses recorded from this
subject in the period when the task was  not performed were dis-
carded from analysis. Analysis of the behavioural responses from
the visual task showed that there were 143 trials with RTs lower
than 200 ms.  These were approximately 2.5% of the trials and they
were removed from the data as this is shorter than visual uptake
and response. Mean accuracy for all participants on the visual dis-
crimination was 97.7% (SD 15) and the mean RT was 948 ms  (SD
346 ms).

To examine the possibility that the RT data reflected the atten-
tion that subjects devoted to the task, we compared mean RTs from
each subject to the individual difference in ERP amplitudes between
the attend and the divert conditions across all vowel formant tran-
sitions. No significant correlations were found for the differences in
mean P1 amplitude (Spearman’s rho = 0.19, p = 0.5), N1 amplitude
(Spearman’s rho = 0.3, p = 0.3), P2 amplitude (Spearman’s rho = 0.2,
p = 0.5), or N1-P2 amplitude (rho = 0.02, p = 0.9).

4. Discussion

The present study replicates the effect whereby selective atten-
tion in a condition where subjects respond to stimuli, enhances the
amplitude of auditory ERPs, while when subjects ignore the stimuli
or divert their attention to a visual task, the amplitude is dimin-
ished. Vertex P2 response amplitude decreased by approximately
40% in the ignore condition, and by approximately 60% in the divert
condition, relative to the attend condition. Furthermore, P2 latency
was significantly longer in the attend condition relative to the
divert condition, but there was no significant difference between
the divert and ignore conditions for P2 amplitude and latency. In
comparison to the effect of attention, the effect of diphthong was
found to be significant for components that occur across a broader
post change latency window, which included P1 and P2 latency, and
N1, P2, N1-P2 and P1-N1 amplitude. The main effect of diphthong
on components over a broader post change latency window may
reflect the temporal jitter that occurs with near-threshold stimuli
[26], such as a subtle change in vowel quality. However, even for
the subtle diphthongs, landmark components of the late auditory
ERP were not completely eliminated by simultaneous performance
of the visual task in the divert condition. This indicates that in
everyday listening scenarios, where attention may  be focussed on
visual tasks, like driving or operating a mobile telephone, there is
a discernible neural change response to even fine-grained acoustic
changes.

Significant differences in vertex N1 latency where not found in
the ERP from the different attention conditions employed in the
present study. Studies investigating the effect of attention on audi-
tory neural measures have reported that attend conditions result
in N1 amplitude enhancement [9,15] and N1 latency decreases
in many [6,21,26] but not all [16] investigations. These previous

reports indicate that N1 is an early and distinct marker of attention
in the vertex ERP. Given the robust attentional effect on P2 ampli-
tude that we  observed, along with the absence of any effect on N1,
our results suggest that this may  not be so straightforward. It is
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nclear why a significant attentional N1-latency decrease was  not
resent in our data, however a factor that may  have contributed to
his was the continuous vowel stimuli which may  not have allowed
or sufficient refraction in neural populations responsible for N1
eneration. Moreover, post hoc analyses of the P2 component data
rom the present study extend the findings of [19] and support the
osition that differences in the complexity of a simultaneously per-

ormed visual task do not have a significant influence on vertex
omponents.

Presentation of the three Japanese symbols involved in the
isual task in the divert condition occurred immediately after
esponse selection from the preceding trial. In choosing a visual
ask with no interval between stimulus presentations, our inten-
ion was to constantly provide the subject with visual stimuli to
hich their attention would be diverted. Nonetheless, it may  have

een possible for subjects to switch their attention between audi-
ory and visual stimuli. Accounts of the time course of attentional
witching vary from 50 ms  [31] to 500 ms  [5]. Therefore, in the
indow between the presentation of visual stimulus and subse-

uent response, where the mean RT was approximately 1 s, subjects
ould conceivably have accomplished an attentional switch. How-
ver, as the continuous auditory stimuli was of constant amplitude
nd offered little novelty for the subject, it may  be assumed that
ttentional switching was unlikely. The lack of correlation between
esponse times on the visual task and decreases in component
mplitudes between the attend and divert conditions does not
upport a capacity model of attention [11], where decreases in
ttention to the auditory stimuli would have been reflected in
ehavioural measures.

We  report significant differences between ERPs from the first
nd second vowel quality changes in all conditions. The waveform
orphology from the vertex electrode (see Fig. 2) shows that sec-

nd vowel changes are generally smaller in amplitude and that
hey lack a distinct P1 component. A seemingly plausible explana-
ion for this asymmetry is that one direction of diphthongal change

ay  have been more familiar to the subjects. However, this is not
ikely because the Danish vowel inventory includes diphthongs in

hich the place of articulation changes between front and back
n both directions [7]. That means that the differences in the ERP
hat we observed between the first and second changes are unlikely
o be attributable to listener familiarity with one direction of the
iphthong.

The asymmetry in the ERP to the first and second changes may
nstead be attributable to several, possibly related factors. Firstly,
uditory-cortical responses may  be preferentially sensitive to ris-
ng spectral change. This directional explanation is supported by
he finding that N1-P2 responses are present when pure tone stim-
li transition from a steady state to an upward glide, but are absent
hen the transition is from a downward glide to a steady state

30]. Similarly, late auditory evoked potentials to the onset and
ffset of noise have been shown to differ, with offset responses
ypically showing a bifid N1 component [12]. In our study, the
rst and second changes where the value of F2 increased and
ecreased, respectively, may  be processed in a way that is similar to
nset and offset responses. Secondly, if auditory-cortical changes
re preferentially sensitive to rising diphthongs, then these, and
nly these, may  have elicited a processing negativity that could
ave overlapped and interfered with the N1-P2 responses from the
ownward diphthongs, or the baseline of these. While this expla-
ation is plausible given that the duration over which processing
egativity extends may  be up to a second, it does not explain the
orphology of the waveform to the second changes during the
gnore and divert conditions, where little or no negativity would
e expected. Thirdly, the acoustic characteristics of the steady-state
ortion of the vowel may  have played a role, as Agung MMN,  mis-
atch negativity et al. [1] reported significant differences in the

[

[

tters 626 (2016) 158–163

peak latency of N1 recorded in response to naturally produced [i]
and [u] vowels, which both had similar formant values to our overt
diphthong. Regardless of the underlying cause, the asymmetry that
we found in the responses to different directions of the diphthong
is relevant to the adoption of speech stimuli in clinical settings.
Specifically, the directional asymmetry in the P1-N1-P2 response
can prevent the combined analysis of ERPs from both directions of
a speech contrast, thus reducing efficiency in continuous acoustic
stimulation paradigms.
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